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We have investigated the DNA polymerase o promoter sequence requirements for the expression of a
heterologous gene in actively cycling cells and following serum addition to serum-deprived cells. An 11.4-kb
genomic clone that spans the 5’ end of this gene and includes 1.62 kb of sequence upstream from the translation
start site was isolated. The transcription start site was mapped at 46 * 1 nucleotides upstream from the
translation start site. The upstream sequence is GC rich and lacks a TATA sequence but has a CCAAT
sequence on the opposite strand. Analysis of a set of deletion constructs in transient transfection assays
demonstrated that efficient expression of the reporter in cycling cells requires 248 bp of sequence upstream
from the cap site. Clustered within these 248 nucleotides are sequences similar to consensus sequences for Sp1-,
Apl-, Ap2-, and E2F-binding sites. The CCAAT sequence and the potential E2F- and Ap1-binding sites are
shown to be protected from DNase I digestion by partially purified nuclear proteins. The DNA polymerase o
promoter can confer upon the reporter an appropriate, late response to serum addition. No single sequence
element could be shown to confer serum inducibility. Rather, multiple sequence elements appear to mediate the

full serum response.

The transition of quiescent cells to active proliferation is
characterized by a temporal program of gene expression (1,
15, 49). Genes that display induced expression during this
program can be classified into two groups, early- and late-
response genes. The expression of early-response genes
does not require protein synthesis and is frequently super-
induced by cycloheximide. Late-response genes generally
do require prior protein synthesis, as cycloheximide can
prevent their expression.

The best-characterized early-response gene is c-fos.
Within 15 min of serum addition, the upstream serum
response element (SRE) mediates transcriptional activation
and deactivation that result in a transient increase in the
level of c-fos mRNA (24, 33, 36, 53, 57, 61). Sequences in the
3’ end of the gene contribute to the short half-life of the
mRNA which enables the steady-state mRNA level to reflect
the transcriptional state of the gene (61). The induction of
c-fos is closely followed by a transient increase in the
expression of another early-response gene, c-myc. Both
transcriptional and posttranscriptional mechanisms contrib-
ute to the induction of c-myc mRNA (6, 14, 24). There is no
SRE in the c-myc promoter. However, the c-myc promoter
can confer an appropriate serum response upon a heterolo-
gous gene, and this capacity may involve the E2F-binding
sites in this promoter (48).

Many genes encoding enzymes and proteins involved in
either nucleotide metabolism or DNA replication are late-
serum-response genes. The enzyme activities or protein
levels of histones, dihydrofolate reductase (dhfr), thymidine
kinase (tk), thymidylate synthase, proliferating cell nuclear
antigen, DNA polymerase a, primase, ligase, topoisomer-
ase, and others increase shortly before or simultaneous with
the onset of DNA synthesis. In a few cases, the isolation of
cDNA and genomic clones has enabled in-depth studies of
the mechanism of the late serum induction. Like expression
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of the early response genes, expression of histones, tk, and
dhfr is induced by a combination of transcriptional and
posttranscriptional mechanisms. The promoters of these
three genes can also impose serum inducibility with the
appropriate late Kinetics upon heterologous genes (2, 22, 31,
Sla, 60). However, the precise mechanism of induction is
unique to each gene.

Several cis elements have been implicated in mediating
S-phase-specific expression of histone genes (52). A 32-bp
upstream sequence of the hamster H3.2 gene was suggested
to confer serum-induced expression of this gene (3), and the
DNA-binding activity of the H2b octamer-binding factor
increases in response to serum stimulation (28). tk protein
and enzyme activity levels are apparently independent of the
level of tk mRNA (27). However, the level of tk mRNA does
increase during the course of serum stimulation as a conse-
quence of a transient increase in transcription rate (56), a
change in nuclear processing of heterogeneous nuclear
RNA, and an increase in mRNA stability (12, 25, 38). While
sequences that mediate serum induction of tk gene expres-
sion have yet to be identified, the ability of dhfr sequences to
direct serum-induced expression has been attributed to the
upstream sequence between —322 and —113 of the human
gene (22) and to the leader sequence of the murine gene
(51a). The leader may impose the appropriate regulation by
mediating a change in the transcription rate or the rate at
which reporter mRNA is degraded or translated.

In contrast to the regulation of serum induction of his-
tones, tk, and dhfr, serum induction of proliferating cell
nuclear antigen is suggested to use an entirely posttranscrip-
tional mechanism (10). The increase in the level of mRNA is
achieved by increasing the stability of both heterogeneous
nuclear RNA and mRNA.

The expression of most of the serum-inducible genes does
not vary through the cell cycle of actively cycling cells. Only
the early-response gene, c-myb (59), and the late-response
histone genes are known to display cell cycle regulation. We
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have previously reported that in actively cycling cells, DNA
polymerase a mRNA, protein, and in vitro activity levels are
constitutively expressed through the cell cycle. However, in
serum-deprived cells, these parameters are low, and the
addition of serum results in their coordinate increase in
parallel with the onset of DNA synthesis (62). These findings
indicate that during the cellular transition from quiescence to
proliferation, gene expression is regulated independently of
the mechanisms in force during continuous proliferation.
Furthermore, the up-regulation of the expression of late-
response genes, such as DNA polymerase «, is an important
function of the signal transduction cascades initiated by
growth factors.

In this report, we describe the isolation of a genomic clone
that includes the 5’ end of the human DNA polymerase o
gene. This clone contains the promoter, and we have inves-
tigated the sequences that are required for expression in both
actively cycling cells and serum-starved cells that have been
induced to proliferate by the addition of serum.

MATERIALS AND METHODS

Isolation of a human DNA polymerase o genomic clone.
DNA from the 4X-chromosome cell line GM1202B was
digested with EcoRI. The sizes of the EcoRI fragments that
hybridized to the 5' cDNA probe EcoRI-PstI (which con-
tains sequences between the EcoRlI site of the vector and the
Pstl site of the cDNA) (63) were determined by Southern
hybridization. This size range was used to construct a
genomic library in Charon 35 (39) by published methods (40).
This library was packaged in Promega Biotec Packagene
extracts, infected into Escherichia coli LE392, and screened
with the EcoRI-PstI cDNA probe. Two positive clones were
plaque purified and determined to contain the same genomic
EcoRI fragment by restriction mapping. Southern hybridiza-
tion of the cDNA EcoRI-Pstl fragment to restriction enzyme
digests of this genomic clone delineated regions that contain
exons. The 5’ EcoRI-BamHI genomic fragment (see Fig. 1A)
was subcloned into M13 for dideoxy sequencing (see Fig.
1B) (51) and into pGEM-3 for the generation of fragments for
sequencing by chemical cleavage (41).

Construction of plasmids. A genomic DNA-cDNA chi-
meric clone was constructed to generate the fragments used
to map the transcription start site. The 5’ EcoRI-PstI cDNA
fragment was inserted into the EcoRI and Ps:I cloning sites
of vector pT7-7 (58), and the EcoRI-Ncol fragment was
replaced with the genomic EcoRI-Ncol (—1570 to +46)
fragment. The resultant clone contained the upstream ge-
nomic sequence linked to the 5'-most portion of the coding
sequence of DNA polymerase a (see Fig. 2A).

The following constructs were used to evaluate the up-
stream sequence of the DNA polymerase a gene. A nega-
tive-control plasmid, pSVOALAS’, was constructed by in-
serting the luciferase cDNA HindIII-Smal fragment from
pSV2ALAS’' (16) between the HindIIl and BglIl sites of
pSVOA (23, 30) with the addition of a Bgl/lIl linker (5’'-
GAAGATCTTC-3'; New England BioLabs) at the Smal
site. A set of test plasmids was constructed such that the
luciferase cDNA was under the control of different amounts
of DNA polymerase a upstream and leader sequences. Xhol
(5'-CCCTCGAGGG-3'; New England BioLabs) and Bglll
linkers were added simultaneously to the 1,560-bp Avall
fragment (—1515 to +45) of the DNA polymerase a genomic
clone. An Xhol linker was added at the HindIIl site of
pSVOA, and the modified Avall polymerase fragment was
inserted in the Xhol and BgllIlI sites of this vector. The
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plasmid in which the 3’ end of the polymerase fragment was
at the BgllI site was designated pDPA. 5’ deletions of pDPA
were created by digestion with HindIIl (—1158), Ball
(—525), Sphl (—248), Sacll (—116), Eagl (—65), and Narl
(—17), addition and digestion of Xhol linkers, and recircu-
larization of the large vector-containing fragments. A Bgl/II
fragment of the luciferase cDNA (LAS5’') was generated from
pSVOALAS’ by the addition of Bg/II linkers at the HindIII
site and inserted into the BglII site of pDPA and its 5'-
deletion constructs. For each construct, the orientation of
the luciferase cDNA was selected such that its 5’ end was
juxtaposed to the 3’ end of the DNA polymerase a genomic
sequence. The designation pDPALAS’ refers to the plasmid
that contains the full-length Avall fragment of the DNA
polymerase o upstream sequence. Deletion constructs are
denoted by pDPA- followed by the abbreviation for the
restriction site at which they are deleted. The deletion
construct pDPA-BsLAS’ was derived from pDPALAS’,
rather than pDPA, by the same strategy used for the other
deletion constructs. The construct pDPA-AVLAS' was cre-
ated by partial digestion of pDPA-HLAS' with Aval, gel
isolation of the full-length linear molecules, addition and
digestion of Xhol linkers, and recircularization. The con-
struct pSc-AvLAS’' was created by partial digestion of
pDPA-Sc (the same as pDPA-ScLAS’ but without the lu-
ciferase cDNA) with Aval, addition and digestion of Bg/II
linkers, recircularization, and insertion of the luciferase
cDNA at the Bgl/II site. To construct pAattgL.AS’, complete
Narl digestion of pDPA-Sc was followed by partial Aval
digestion. Appropriately sized molecules were recircular-
ized. The recombinant junctions of pDPALAS’ and
pSVOALAS’ were verified by sequencing. All derivations
were verified by restriction mapping.

Three plasmids were used to generate probes for S1
nuclease analysis of RNA from transfected NIH 3T3 cells.
Plasmid pGEM3/B-gal contains the 1,160-bp EcoRV-Bgll
LacZ fragment inserted into the Smal site of pPGEM3. The
1,100-bp Sphl-EcoRI fragment of the luciferase cDNA was
inserted into the same sites of pGEM3 and designated
pGEM3/luc. Plasmid pGEM3/Mpola contains the 550-bp
Pstl-BamHI fragment of the murine DNA polymerase o
cDNA. This cDNA clone was originally isolated from a
mouse cDNA library by hybridization to the conserved
region (770-bp BamHI-HindIII) of the human DNA polymer-
ase a cDNA (47a).

All procedures were essentially as described previously
(5, 40). All plasmids were propagated in HB101, except
pGEM3/B-gal, which was propagated in a dam mutant strain.
For transfection into mammalian cells, plasmid DNA was
CsCl banded twice, phenol-chloroform extracted twice, and
chloroform extracted twice.

Primer extension and S1 nuclease analysis. Total RNA was
isolated from KB or NIH 3T3 cells (9) and poly(A)* selected
as described elsewhere (40). Probes used to map the tran-
scription start site were derived from the chimeric genomic
DNA-cDNA clone plasmid. The Xhol-digested DNA was 5’
end labeled and then digested with Ncol or Eagl. The
labeled strands were isolated from a strand-separating gel.
For primer extension, 5 X 10* cpm of 5’-end-labeled single-
stranded antisense Ncol-Xhol primer was hybridized to 20
g of poly(A)* RNA or 20 pg of E. coli tRNA and extended
with avian myeloblastosis virus reverse transcriptase-XL
(Life Sciences, St. Petersburg, Fla.) as described previously
(8) except for the following specifications. RNA and primer
were denatured at 90°C for 3 min and hybridized at 55°C for
3 h. The reaction contained 10 U of reverse transcriptase
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(the enzyme stock was diluted 10-fold prior to use) (34),
1 mM rather than 0.5 mM deoxynucleoside triphosphates, 10
ng of bovine serum albumin (BSA) per ml, 0.5 mM spermi-
dine HCI, and 4 mM NaPP;, but dactinomycin was omitted.

S1 nuclease analysis was performed as described else-
where (40) with the following modifications. To map the
transcription start site, 40 pg of total RNA or 40 pg of E. coli
tRNA was coprecipitated with 5 X 10° cpm of 5’-end-labeled
single-stranded antisense Eagl-Xhol DNA from the genomic
DNA-cDNA chimeric construct, denatured as for primer
extension, and hybridized at 48°C. Digestion with 200 U of
S1 nuclease was carried out at 37°C in 30 mM sodium acetate
(pH 4.5)-250 mM sodium chloride-1 mM zinc chloride-10 pg
of denatured salmon sperm DNA per ml. Products were
separated on an 8% acrylamide-7 M urea gel with Maxam
and Gilbert sequence ladders of the Eagl-Xhol chimeric
fragment as markers.

S1 nuclease analysis of RNA isolated from transfected,
serum-induced NIH 3T3 cells was as for transcription start
site mapping except for the following. Three probes were
prepared by digestion of pGEM3/B-gal, pPGEM3/Mpola, and
PGEM3/luc, with Bcll, Styl, and Avall, respectively. These
DNAs were dephosphorylated and digested within the vec-
tor at either Nhel (P GEM3/luc and pGEM3/Mpol) or Hin-
dIII (p GEM3/B-gal). The resultant 270-bp HindIII-Bcll B-ga-
lactosidase, 643-bp Nhel-Styl mouse polymerase, and
761-bp Nhel-Avall luciferase fragments were gel isolated
and 5’ end labeled. Each of the three probes (2 X 10* cpm
each) was simultaneously hybridized to total RNA at 46°C
and digested with 50 U of S1 nuclease, and the products
were separated on a 4% polyacrylamide-7 M urea sequenc-
ing gel.

Cell culture. GM1202B cells were cultured in RPMI 1640
supplemented with 15% heat-inactivated fetal bovine serum.
KB and HelLa suspension cells were cultured in suspension
minimum essential medium with the addition of 10% calf
serum, 20 mM N-2-hydroxyethylpiperazine-N’'-2-ethane-
sulfonic acid (HEPES), and 1.6 mM sodium bicarbonate.
Attached HeLa cells were cultured in Dulbecco modified
Eagle medium supplemented with 10% fetal bovine serum.
NIH 3T3 cells were cultured in Dulbecco modified Eagle
medium supplemented with 10% calf serum. All media
contained 100 U of penicillin G per ml and 100 pg of
streptomycin sulfate per ml.

NIH 3T3 cells were serum stimulated as follows. At 12 to
16 h after the addition of CaPO,-DNA coprecipitate, the
cells were washed twice with phosphate-buffered saline
(PBS) and starved in medium supplemented with 0.5% calf
serum for 30 to 45 h. Electroporated cells were immediately
resuspended in medium supplemented with 0.5% calf serum
for starvation. Starved cells were stimulated with medium
supplemented with 15% calf serum. To monitor DNA syn-
thesis, cells were pulse-labeled with [*H]thymidine for 30
min, washed twice with PBS containing 0.4 mg of thymidine
per ml, lysed with 0.5 M NaOH containing 0.1 mg of carrier
DNA per ml, and precipitated with 20% trichloroacetic acid.
The precipitate was filtered on GF-C paper (Whatman) and
counted with scintillation cocktail.

DNA transfection. For CaPO, transfection, 10-cm-diame-
ter dishes were seeded with approximately 1 x 10° HeLa or
3 x 10° NIH 3T3 cells 1 day before transfection. CaPO,
coprecipitation was performed as described previously (4).
Each plate was transfected with 10 pg of test plasmid DNA,
5 pg of pRSVB-gal (42), and 5 pg of salmon sperm DNA.
Exponentially growing NIH 3T3 cells were electroporated in
0.5 ml of 1x HeBS (11) at 960 w.F, 230 or 280 V, and 25°C in
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a Bio-Rad Gene Pulser with 30 pg of test plasmid and 10 or
30 pg of pRSVB-gal.

Enzyme and protein assays. Cells were harvested and lysed
as described elsewhere (18). Extracts were assayed for
luciferase (16) and B-galactosidase (50) as described previ-
ously. Protein was quantified by the method of Bradford (7).

Partial purification of nuclear proteins. Nuclear extracts
from HeLa cells were prepared (26) and nuclear protein
factors were partially purified (35) as described elsewhere,
with the exception that 10 mM sodium bisulfite was added to
all buffers. Nuclear extract was first dialyzed to 70 mM NaCl
and applied to phosphocellulose. The column was eluted in
steps with 200 and 600 mM KCI. The flowthrough and the
eluates were further fractionated on heparin-Sepharose.
Proteins were eluted by a linear gradient from 150 to 600 mM
KCI. The specific DNA-binding activity of each fraction was
measured by a gel mobility shift assay (20, 21) using restric-
tion fragments containing the element of interest.

DNase I protection. The DNase I protection assays were
performed as described previously (20, 21, 26) with 0.2 to 1
ng (or 5,000 to 10,000 cpm) of labeled restriction fragment,
0.5 to 2 pg of partially purified nuclear proteins, and 1 or 2 pg
of poly(dl - dC) (double-stranded deoxypolymer in 10 mM
Tris-HCI [pH 7.9}-1 mM EDTA-100 mM NaCl) in a 20-pl
total volume. After incubation at room temperature for 20 to
30 min, the DNA-protein mixture was adjusted to S mM
MgCl, and 1 mM CaCl,, and 0.01 to 0.04 U of DNase I was
added for a further 25- to 90-s incubation at room tempera-
ture. The reaction was quenched by the addition of 100 p.l of
stop solution (0.375% sodium dodecyl sulfate, 15 mM
EDTA, 100 mM NaCl, 100 mM Tris-HCIl, pH 7.6), 15 pg of
tRNA, and 15 pg of proteinase K and incubated at 37°C for
15 min. Samples were extracted once with phenol-chloro-
form and once with chloroform, ethanol precipitated, resol-
ubilized in sequencing gel loading buffer, and analyzed on a
6 or 8% polyacrylamide-7 M urea sequencing gel. Control
protections were performed with 20 pg of BSA instead of
nuclear proteins.

RESULTS

Human DNA polymerase « genomic clone. A genomic
clone spanning the 5’ end of the DNA polymerase o gene
was isolated from a genomic library of a human 4X-chro-
mosome cell line (GM1202B) constructed in bacteriophage A
vector Charon 35. This clone hybridizes to a 455-bp restric-
tion fragment, EcoRI-Pstl, of the very 5’ end of the human
polymerase o cDNA (see Materials and Methods and refer-
ence 63) and is 11.4 kb. By Southern hybridization and
restriction mapping, this 11.4-kb genomic sequence contains
1,571-bp of S'-flanking sequence, the first three exons, the
first two introns, and a portion of the third intron (Fig. 1A).
Sequence analysis of the genomic DNA fragments that
hybridized to the cDNA fragments revealed the exon-intron
boundaries of the first two exons. The presence of the third
exon was defined only by hybridization with cDNA frag-
ments, and its precise boundaries were not established by
sequence analysis. The first exon is 70 bp, and the second
exon is 125 bp. These two exons are separated by an
approximately 5,120-bp intron. The second intron is at least
3,400 bp. The entire upstream region and the first exon were
sequenced (Fig. 1B).

Transcription start site. The previously isolated cDNA
clone of human DNA polymerase a contains only 15 bp
upstream of the designated translation start site (63). To
locate the transcription start site and confirm the translation
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-1571 GAATTCCAAG ATCAAGGTGC CGGCAGATTC AGTGTTTGGG GTAGGCCCAC TTTTTGGTCC ATAGATGGTG CCTTATTGCT CTGTTCTCAC ATGGAAGAAG
-1471 GGGCAAGGCA GCTCTCTGGA GCCTCTTTTC CGAGGGCACT AATCCTATTC ATGAGGGAGG GTTCCTGCTG ATGACCTAAT CACCTCCCAG AGGCCCTACC
-1371 TCCTAACACC ACCACACTGG TGATTAGGTT TCAACGCATA CATTTTATGT GGAGAGAAAC ATTCAGACCA CAGCAGTAGT GAAAGAGAAA AGAGGTTTGA
-1271 AATGCCTAGA GTTATACCCG GGCATGTGGG AAGTAATCAG CTGTGAAATT GTTAAGGTAA GGATTTGGTT CTTATTAATG ACTAGCCAAC ATGGTTCTCT
-1171 CCTGGTTGGA AAAAGCTTGA TAATAAAACT ATAAAACTTC CATCAGTTTT TAAAAGGGAA GTGTAGGAAT AAATCTGTCG TAGTACTTTA AATAGGAAGT
-1071 TATGTCTAAG TGTAAATTAC TACATGTTAT GTATCACAAC ATATGGATCA CATAACATGA TATTAAATGA TTATGAAGCT GAAAGACATT TTCTAAACAA
-971 TCAGAAATTA AGAAACAAGT ATTGATCAAC CATGCTAGAA GACAGATTGA ATTATCTTTA TATCCTCTTT GGAGAAAATA TTACAAAATT GTTGTCACAT
-871 GAAGAAGGGA TCAATAAGCA TGTGGGCAAT AATGTAGGAA AAAATACAAA TGTGTGGCAG GCATTATTTA ATAAAAATGT TATACCTTTT TGGAAAGAGA
-771 TAACATGAGA TGTACACATT ACAGCCATTG TATCATACAC AAAAATTGAA TACCCTTTTT GTTTTTCATA ACATTGAAAT TTTGGAGTTC ACGTCAGGTG
-671 TTTTGTAGAT TGTCCTACAT TTTGAATACA TCTGATTGTT TCTTCATGGT TAGATTCAGG TTAGACATTT TTTGCAAGAA GACCATATAG GCGAAGTTTT
-571 TCCTTTTTCA TACGCATTAC ATCAGGAGGC ATATGAGATC AGATGGCCAT TTATTGGTAA TGCTACTTCT GGTTATTTGG TTAAGACGGA GCATATATCT
-471 TTAAGTTGTT AATCACACAG CCACTGTATC CAGACTGCTG AGAAGCAAAC TATCAGGCAA AATTCAGGGC GCGCAGCAGG AGGCAGTCGC TTTCCCGGCT
-371 CTGGGGAAAA CGATCCAACC ACGCCCACTC TCCTGCCCGC CCGCGCCTCC TTTCCGGGAA AATGGGCTCT GAGAACCAGA GCGCCCTTTC TCCCACGCGC
-271 CCAAATCTTT TCCCATCAGC ATGCGTGCGC TTGCGCAGTC TCCAGGCGGC TCCTTTCCAG CGCCCGACCG CTTCTTTCTC CTGCTCTCCT CCGGCTTCCC
=171 CTCAGCTCTA GCTTTTCCCT AAGGGGTCAT CACAGGGCGC CAAACGCGCG TCCGCGGGAA GGCCGGGGGC GGAGCGCGGC GCGGCGCGGC ACGTCAGTGG

{

-71 CCTTCCGGCC GGAAGTCCGC AGCCTCCCGA GCCGCTGATT GGCTTTCAGG CTGGCGCCTG TCTCGGCCCC CGCGCCAGTT TTGAGCTAGT TGGCGCOAAA

'

+30 TCGGGAGATT COGAACCATG GCACCTGTGC ACGOCGACGA CTGTGAGATA GGGGCGAGTG GTGAGGGACA ATTCGCGCGC GGGGCTCCGG GTTGGGACAG

FIG. 1. Analysis of the DNA polymerase o genomic clone. (A) Restriction maps of the human DNA polymerase a cDNA and genomic
clones. The cDNA clone is 5.4 kb. The genomic clone is 11.4 kb, and the 572-bp Ball-Ncol fragment is expanded. Stippled boxes represent
coding sequences of the cDNA and the first two exons of the genomic clone. The third exon, the precise boundaries of which are not yet
defined, is represented by the striped box. Open boxes represent introns and the sequence upstream from the transcription start site. The 5’
leader sequence of the cDNA is represented by the solid box, and the 3’ noncoding region is shown by the solid line. Abbreviations: N, Ncol;
Xh, Xhol; P, Pstl; B, Ball; BH, BamHI; R1, EcoRl; H, HindIll; Xb, Xbal; S, Sphl; E, Eagl; ATG, translation start codon; TAA, translation
stop codon; AATAAA, polyadenylation signal. (B) DNA sequence of the 5’ portion of the DNA polymerase a clone. The first exon is
underlined and in boldface. The coding portion of the first exon is in italics. Arrows indicate the location of the transcription (+1) and
translation (+47) start sites.
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FIG. 2. Location of the transcription start site. (A) Restriction
map of the genomic DNA-cDNA chimeric construct (see Materials
and Methods). Abbreviations of restriction sites are as described in
the legend to Fig. 1. Restriction fragment Eagl-Xhol from this
chimeric clone was prepared as probe for S1 nuclease protection.
Restriction fragment Ncol-Xhol was derived from the Eagl-Xhol
fragment and prepared for use as a primer for primer extension. (B)
Primer extension and S1 nuclease protection. Experiments were
performed as described in Materials and Methods. Lanes contain
the following: antisense Maxam and Gilbert sequence ladders of the
Eagl-Xhol fragment, G+ A (lanes 1 and 8) and C+T (lanes 2 and 7);
primer extension of the Ncol-Xhol primer with poly(A)* RNA from
KB cells (lane 3) or E. coli tRNA (lane 4); S1 nuclease protection of
the Eagl-Xhol probe with total RNA from KB cells (lane 6) or E.
coli tRNA (lane S5). The arrows point to the nucleotide designated
+1, the transcription start site.

start site, S1 nuclease protection was performed. A chimeric
clone was constructed to overcome the lack of appropriate
restriction sites in the short first exon. This construct com-
bines the 1,617 bp of genomic sequence upstream from the
designated translation start site (EcoRI-Ncol fragment) with
the first 438 bp of coding sequence from the cDNA (Ncol-
Pstl fragment) (Fig. 2A). The 167-bp restriction fragment,
Eagl to Xhol, of the chimeric construct was used for Maxam
and Gilbert sequence ladders. S1 nuclease protection analy-
sis showed a single major product that included 47 nucleo-
tides upstream from the designated translation start site (Fig.
2B, lane 6).

To confirm the S1 protection result, primer extension was
performed with a single-stranded 57-bp primer, isolated from
the Ncol-Xhol fragment of the cDNA (Fig. 2A). Two dou-
blets, each containing a major and a minor band, were
observed (Fig. 2B, lane 3). The longest of these four exten-
sion products was a minor product and reached the sense
strand nucleotide G (corresponding to a C of the antisense
Maxam and Gilbert sequence ladder) at 46 nucleotides
upstream from the ATG codon. The longest major product
reached the sense strand nucleotide C at 45 nucleotides
upstream of the ATG. For numbering, we designate this C as
+2, the G as +1, and the S1 nuclease-protected C, 47
nucleotides upstream from the ATG, as -1 (Fig. 1B).
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TABLE 1. Comparison of human DNA polymerase a upstream
sequence and known transcriptional regulatory elements

Similar sequence

Factor Canonical element of human DNA
polymerase o

CTF —CCAAT- —CCAAT-
ATF -(T/G)(T/A)CGTCA- ~CACGTCA-
SP1 —-GGGGCGG—- —GGGGCGG-
E2F —TTTCGCGC- -TTTGGCGC-
AP1 ~T(T/G)AGTCA- —GGGGTCA-
AP2 —CCCCAGGC- —CTCCAGGC-
CArG/SRE —CC(A/T)eGG- —CCATTTATTGG-

“ Underlined nucleotides are those which are different from the canonical
elements.

Together, S1 nuclease protection and primer extension lo-
cated the preferred transcription start site of human DNA
polymerase a gene between 45 and 47 nucleotides upstream
from the ATG proposed to be the translation start site. No
other start codons are contained in this region.

Potential transcription factor-binding sites. The 200-bp
sequence immediately upstream of the preferred transcrip-
tion start site has a GC content of 70%. There is no obvious
TATA sequence, whereas a CCAAT sequence is located on
the opposite strand (—30 to —34). Further upstream, from
—70 to —57, there is a novel 14-bp palindrome (PAL),
5'-CTTCCGGCCGGAAG-3'. Several additional potential
transcription factor-binding sites were identified by their
similarity to consensus sequences for known transcription
factor-binding sites (Table 1). From —82 to —76, the hepta-
nucleotide -CACGTCA- is similar to the ATF-binding site
found in viral and cellular transcription control regions (35).
A canonical Spl-binding site, -GGGGCGG- (29, 46), is
located between —106 and —100. On the opposite strand,
from —128 to —1385, the sequence -TTTGGCGC- differs by
only 1 base from the adenovirus E2F site (29, 54). Except for
2 mismatched nucleotides, the sequence from —149 to —143,
-GGGGTCA-, is similar to the Apl-binding site (29, 46). The
sequence -CTCCAGGC- differs by 1 nucleotide from the
consensus Ap2 element (29, 46) and is found between —232
and —225. Further upstream, from —525 to —515, there is
the motif 5'-CCATTTATTGG-3'. Interestingly, this se-
quence is similar to the core sequence of the human c-fos
SRE (61), and the CArG boxes of actin genes (19, 45).
However, the polymerase a motif has 7, instead of the
frequently observed 6, A/T residues between the -CC and
GG-.

Promoter delineation. To determine the limits of the up-
stream sequence required for the expression of human DNA
polymerase a gene in cycling cells, a set of deletions of the
1.62-kb upstream sequence was constructed and tested for
the capacity to direct expression of the luciferase cDNA
reporter. These constructs were transiently transfected into
exponentially growing HeLa cells. Plasmid pRSV-gal (42)
was cotransfected to monitor transfection efficiency. This
plasmid carries the Rous sarcoma virus long terminal repeat
which directs expression of E. coli LacZ. In every experi-
ment, luciferase activity (in light units) was normalized to
B-galactosidase activity (50). Results of these transfection
experiments are presented in Fig. 3. The luciferase activity
produced by the Avall construct pPDPALAS' (—1515 to +45)
was defined as 100% activity and was the standard with
which the luciferase activity produced by other constructs
was compared. On average, pDPALAS’ yielded 60% of the
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luciferase activity produced by the simian virus 40 promoter-
enhancer in pSV2ALAS’ (16) (data not shown). Neither the
construct pSVOALAS' nor transfection with salmon sperm
DNA produced any luciferase activity above the background
produced by luciferase reaction buffer alone. The HindIII
(—1158) and Ball (—525) deletion constructs expressed lu-
ciferase at essentially the same level as did pDPALAS’. On
average, the BssHII (—402) deletion construct, which ex-
cluded the -CC(A/T),GG motif, and the Sphl (—248) deletion
construct resulted in only a modest reduction of luciferase
activity. One hundred percent activity was within the stan-
dard deviations of luciferase activity produced by these
constructs. Therefore, sequences upstream of the Sphl site
do not appear to contribute significantly to the activity of the
DNA polymerase o promoter. However, an additional dele-
tion to Sacll (—116) removed the sequence containing sim-
ilarities to the Ap2-, Apl-, and E2F-binding sites and re-
duced the luciferase activity to about 30% of that produced
by pDPALAS’. A deletion to Eagl (—65) eliminated the
potential Spl- and ATF-binding sites and part of the PAL
sequence. This deletion decreased the luciferase activity to
14%. The remainder of the palindrome was eliminated by an
additional 20-bp deletion, to Aval (—45), and decreased the
luciferase activity to 4%. A deletion beyond the CCAAT
sequence, to Narl (—17), removed only 28 bp and reduced
luciferase activity 10-fold, to 0.4%. This set of experiments
identifies the sequence from —248 to +45 of the human DNA
polymerase « gene as the sequence that controls the expres-
sion of this gene in cycling cells. Within this region, even
small deletions result in significant reduction of reporter
activity.

Nuclear proteins bind the upstream sequence in vitro. The
binding of nuclear proteins to restriction fragments of the
upstream sequence was tested by DNase I protection as-
says. A portion of the DNase I protection pattern of the
Sacll-Ncol (—116 to +46) restriction fragment, which con-
tains the Spl, PAL, and CCAAT sequences, is shown in Fig.
4A. Each of these motifs was protected, although protection
of the CCAAT sequence was most apparent. The protection
spanning the CCAAT sequence, from —46 to —22, closely
matches the deletion, from —45 to —17, that results in a
10-fold reduction of luciferase activity produced in the
transient transfection assay described above. Protection of
the BstNI-Eagl (—228 to —65) fragment spans the sequences
with similarity to the Apl- and E2F-binding sites (Fig. 4B).
When other restriction fragments were assayed for DNase I
protection, the sequences with similarity to SRE and the
Ap2-binding site were footprinted, but the ATF-like binding
sequence was not (data not shown). Competition assays of
gel mobility shift were performed with synthetic duplex
oligonucleotides (30-mers) corresponding to the DNA poly-
merase o genomic sequences that have similarity to CCAAT
and SRE and the binding sites of Spl, Apl, and Ap2. In each
case, a 5- to 20-fold molar excess of the duplex oligonucle-
otide proportionally depleted the formation of unique nu-
clear protein-DNA complexes. These results indicate the
specificity of these interactions (data not shown). The ability
of PAL or the sequence similar ta the E2F-binding site to
compete for nuclear factors was not tested.

The DNA polymerase o upstream sequence confers a late
serum response upon a heterologous cDNA. It is possible that
the positive induction of DNA polymerase a as a response to
the addition of serum to serum-starved cells (62) is mediated
at least in part by an increase in the transcription rate of this
gene. If so, the upstream sequence of the DNA polymerase
a gene should impose this response upon a heterologous
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sequence. To test this hypothesis, NIH 3T3 cells were
transiently transfected with the longest construct, pD-
PALAS’, serum deprived for 30 to 40 h, and then induced to
proliferate by the addition of serum. NIH 3T3 cells were
chosen for this experiment because they are readily brought
to quiescence by serum starvation and are therefore suitable
for transient transfections. At various times after serum
addition, cells were harvested and extracts were prepared.
Luciferase activity was normalized to B-galactosidase activ-
ity expressed from cotransfected pRSVB-gal to correct for
transfection efficiency. The results of a typical experiment
are shown in Fig. SA. DNA synthesis, as monitored by the
incorporation of [*H]thymidine, began 7 to 12 h after serum
addition, peaked between 14 and 18 h, and began to decline
by 20 h. Luciferase activity was usually higher in serum-
starved cells than in cells that had been exposed to serum for
5 h. Beyond 5 h, luciferase activity, like DNA synthesis,
followed a late course of induction that began between 7 and
12 h and peaked 16 to 20 h after serum addition. To test the
possibility that the luciferase cDNA contains sequences that
mediate the observed late serum response, cells were trans-
fected with pRSVB-gal and pRSVLAS’ (in both constructs,
the Rous sarcoma virus long terminal repeat directs lu-
ciferase expression [16, 42]) and subjected to a course of
serum deprivation and readdition. In this case, serum stim-
ulation resulted in a reproducible decrease in normalized
luciferase activity (Fig. SA). Vector sequences of pRSVg-
gal, pRSVLAS’, and all of the polymerase constructs are the
same except that polymerase constructs contain two head-
to-tail simian virus 40 polyadenylation signal sequences (237
bp, Mbol-Mbol) between the pBR322 and polymerase se-
quences. Introduction of this double polyadenylation se-
quence into pRSVLAS’ accentuated the serum-induced de-
cline of normalized luciferase activity (data not shown).
These results eliminate the possibility that vector sequences
impose the serum induction and suggest that the in vivo
stability of luciferase RNA or protein is lower than that of
B-galactosidase.

Because the efficiency of CaPO, transfection can vary
from plate to plate, the response profile of the B-galactosi-
dase activity could not be determined from these experi-
ments. However, this information is critical for interpreta-
tion of the luciferase activity response profile. Therefore, the
serum response experiments were repeated with NIH 3T3
cells that had been transfected with pDPALAS’ and pRSVB-
gal by electroporation. All cells were transfected simulta-
neously and then distributed in plates for harvest at various
times. The total protein content was determined for each
lysate. The specific activities of B-galactosidase and lu-
ciferase were calculated, and the specific activity of lu-
ciferase was normalized to the specific activity of B-galac-
tosidase. The response profiles are shown in Fig. SB. The
decrease in luciferase activity between 0 and 5 h that is
characteristic in serum-stimulated CaPO,-transfected cells
was not observed in electroporated cells. With respect to
total protein, B-galactosidase activity slowly increased to a
maximum of twofold by 20 h after serum addition. However,
luciferase activity, when normalized to total protein, in-
creased 1.5-fold by 7.5 h and then underwent a more rapid
increase to 8-fold over the minimum by 20 h after serum
addition. However, after normalization to B-galactosidase
activity, the increase in luciferase activity was only fourfold.
The consequence of normalizing luciferase activity to B-ga-
lactosidase activity was that the peak luciferase response
was underrepresented by, at most, a factor of 2.

Deletions of the DNA polymerase a promoter reduce the
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FIG. 4. DNase I protection analysis of the DNA polymerase o upstream sequence. Protections were performed as described in Materials
and Methods with either the coding (top) strand or the noncoding (bottom) strand labeled. For all panels, Maxam and Gilbert sequence ladders
are indicated by C and lane (—) is the control protection with BSA. (A) Footprinting of the inverted CCAAT sequence. The 161-bp SaclI-Ncol
(—116 to +46) fragment was incubated with 3 pl (lanes 3) or 8 pl (lanes 8) of 6.1-pg/il HeLa cell nuclear protein, heparin-Sepharose-purified
phosphocellulose flowthrough. (B) Footprinting of the sequences with similarity to the Apl- and E2F-binding sites. The 163-bp BstNI-Eagl
(—228 to —65) fragment was incubated with 2 ul (lanes 2) or 4 pl (lane 4) of 17.4-ug/ul HeLa cell nuclear protein, heparin-Sepharose-purified

phosphocellulose 600 mM eluate.

magnitude of the serum response. If a single, short region of
the promoter is necessary to direct the late response to
serum, deletion of that region from the promoter would be
expected to abolish the serum induction. To test for the
existence of such a sequence, several of the 5’'-deletion
constructs, one 3’-deletion construct, and one internal-
deletion construct were CaPQ, transfected into NIH 3T3
cells. Their ability to confer a serum response upon the
reporter was analyzed. The serum response of the longest
construct, pDPALAS’, was always assayed in parallel for
comparison, and [*H]thymidine incorporation was moni-
tored to assess the competence of the cells. Initial experi-
ments included a number of time points, as in Fig. 5A, to
follow the time course of induction of the deletion construct
expression. Both of the deletion constructs pDPA-BsLAS’
(—402) and pDPA-ELAS5’ (—65) responded to serum with the
same kinetics as pDPALAS’ (data not shown). Three signif-
icant time points, 0, 5, and 18 h after serum addition, were
chosen for the remainder of the experiments. As before, the

minimum level of luciferase activity occurred at 5 h. The
level of luciferase activity at 0 h was variable and could not
be correlated with either the length of time that the CaPO,-
DNA coprecipitate was left on the cells or the number of
hours that the cells were starved of serum. Therefore, the
quiescent level of luciferase activity at 0 h and the level of
induction at 18 h were normalized to the activity at 5 h. The
relative luciferase activities produced by these constructs at
18 h were similar to those expressed in cycling NIH 3T3 or
HelLa cells.

The serum response profiles of the various constructs are
shown in Fig. 6. No correlation could be made between the
relative level of expression in serum-starved cells and any
specific portion of the polymerase upstream sequence. How-
ever, with one exception, successive 5’ deletions of the
upstream sequence resulted in a decreasing magnitude of the
18-h response. The relative magnitude of the serum response
produced by the BssHII (—402) deletion construct was
nearly the same as that of pDPALAS’. The relative magni-
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tude of the serum response produced by the Sacll (—116)
deletion construct was lower. The exception mentioned
above is that the response of pDPA-ELAS’ (—65) was greater
than that of pDPA-ScLAS’ (—116) (5.07-fold and 3.93-fold,
respectively). The Aval (—45) construct produced a re-
sponse that was lower than that of the pDPA-ScLAS’ con-
struct. The Narl (—17) construct did not appear to respond
to serum.

The effect of the internal deletion that eliminated the
CCAAT sequence (—45 to —17, pAattgl.AS’) or the 3’
deletion of the CCAAT, initiation, and leader sequences
(—45 to +45, pSc-AvLAS5’) from pDPA-ScLAS’ was also
tested. As compared with the response of pDPA-ScLAS’, the
deletion of only the CCAAT sequence resulted in a twofold
reduction in the 18-h response and deletion of the CCAAT,
initiation, and leader sequences reduced the response three-
fold (to 2.12 and 1.24, respectively). The 18-h luciferase
activity produced by pAattgl.A5’ was lower than that of
pDPA-ScLAS5’, as expected. The 18-h luciferase activity
produced by the 3’-deletion construct pSc-AvLAS' was 24%
of that of pDPALAS’. This activity was unexpectedly high,
considering that the natural transcription start site had been
removed.

The relative serum responses of the various polymerase
promoter constructs suggest that the dominant late serum

response control lies within the sequence from —65 to —17.
That more than one late serum response element is con-
tained within this region is suggested by the intermediate
magnitude of the serum response produced by the —45
construct. Sequences outside of this region also appear to
influence the magnitude of the late serum induction of DNA
polymerase a

Induction of luciferase transcript in response to serum. In
our previous report (62), serum addition to serum-starved
cells resulted in an increase in DNA polymerase a enzyme
activity that paralleled an increase in the level of polymerase
mRNA. It was therefore of interest to determine whether the
serum induction of luciferase activity is paralleled by an
increase in luciferase RNA. This question was addressed by
electroporation of NIH 3T3 cells with polymerase promoter
deletion constructs and pRSVB-gal followed by serum star-
vation and readdition. Transfection by electroporation al-
lowed direct comparison of luciferase and DNA polymerase
a RNAs because the difference in transfection efficiencies
between plates is minimal. The quantities of luciferase,
B-galactosidase, and endogenous polymerase a RNAs at 0,
5, and 20 h after the addition of serum were determined by
S1 nuclease analysis (Fig. 7). The cDNA probe for the
endogenous mouse DNA polymerase a specifically detected
processed transcripts. However, the probes for luciferase
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FIG. 5. The DNA polymerase a upstream sequence confers a late serum response upon the luciferase reporter. Experiments were
performed as described in Materials and Methods. (A) Serum response profiles of luciferase activity from CaPO,-transfected cells. Pol
a-luciferase activity and RSV-luciferase activity represent the luciferase activities derived from the test plasmids pPDPALAS’ and pRSVLAS’,
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and B-galactosidase could not distinguish between processed
and unprocessed RN A because the simian virus 40 splice site
provided by the vector was outside of the regions of homol-
ogy to these probes. Therefore, the protection of these
probes from S1 nuclease provides information about the
level of the total luciferase or B-galactosidase RNA and not
specifically the level of the mature messages. Cell extracts
were prepared in parallel for the determination of *H-
thymidine incorporation (data not shown).

Upon the readdition of serum, B-galactosidase RNA was
induced. Without further characterization of this response,
pRSVB-gal was considered to be an inappropriate control, so
luciferase RNA levels were normalized to the endogenous
mouse polymerase « mRNA levels. Therefore, no quantita-
tive comparison could be made between the level of lu-
ciferase RNA and the level of luciferase activity, which was
normalized to B-galactosidase activity (Fig. 6).

The induction profiles of luciferase RNA as expressed
from the constructs pDPALAS’ and pDPA-ScLAS’ (Fig. 7,
lanes 1 to 3 and 4 to 6) closely followed the induction profile
of the endogenous DNA polymerase o« mRNA. Luciferase
RNA expressed from the 3'-deletion construct pSc-AvLAS’
(Fig. 7, lanes 7 to 9) was also induced in parallel with the
endogenous polymerase mRNA and to a level similar to that
expressed from pDPA-ScLAS’, the —116 deletion construct.
Finally, the construct pDPA-AVLAS5’ (—45) produced an
unexpectedly high level of luciferase RNA in serum-starved
cells (Fig. 7, lane 10). This level had decreased by 5 h of
serum stimulation and then underwent a modest increase
between 5 and 18 h (Fig. 7, lanes 11 and 12).

These results demonstrate that the Avall fragment (—1515
to +45) of the DNA polymerase a upstream sequence can
confer an appropriate response to serum addition upon a
reporter gene at the level of RNA. Furthermore, the Sacll-
Avall fragment (—116 to +45) of the polymerase gene also
imposes appropriate serum induction kinetics upon the
expression of reporter RNA, although to a lower magnitude
than directed by the Avall fragment. A larger 5’ deletion
(pDPA-AVLAS') and a 3’ deletion (pSc-AvLAS’) of the DNA
polymerase a upstream sequence not only lower the magni-
tude of the serum induction of reporter RNA but may also
alter the kinetics of this response.

DISCUSSION

We have isolated a human genomic clone that contains the
promoter of the DNA polymerase a gene. By locating the
start site of this gene, we have confirmed our previous
conclusion that the cDNA clone contains the translational
start ATG and therefore the entire coding sequence (63). The
promoter of this gene is contained within 248 bp upstream of
the transcription start site. Deletion through this sequence
reduces promoter activity in cycling cells, serum-starved
cells, and cells stimulated with serum. Furthermore, deletion
through this region reduces the magnitude of the induced
expression observed in response to serum stimulation of
serum-starved cells.

The DNA polymerase a promoter sequence is typical of
mammalian promoters in that it is GC rich and contains a
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number of potential transcription factor-binding sites (46).
Although there is no apparent TATA sequence, transcription
initiation occurs within a small region, predominantly within
45 to 47 nucleotides upstream of the translation start. Imme-
diately upstream of the proposed transcription initiation site,
5 of 6 nucleotides match the TATA-less initiator signal of
murine lymphocyte-specific terminal deoxynucleotidyltrans-
ferase (55). Of 11 nucleotides spanning the polymerase
initiation site, 7 match the dhfr initiation signal (44). There-
fore, initiation of transcription of the DNA polymerase a
gene may occur by a mechanism similar to that of terminal
deoxynucleotidyltransferase or dhfr.

Our studies of the DNA polymerase a promoter in cycling
cells indicate that the sequence motifs, similar to consensus
sequences of transcription factor-binding sites, may control
the transcription rate of this gene. The inverted CCAAT
sequence has precedent in both the human and herpes
simplex virus tk promoters (17, 43). In the DNA polymerase
a promoter, a 28-bp sequence (—45 to —17) includes the
inverted CCAAT and enhances transcriptional activity in
cycling cells 10-fold over the minimal activity of the Narl
(—17) deletion construct (Fig. 3). Nuclear protein binds this
region specifically (Fig. 4A). While the identity of this
protein has not been established, it could be the previously
characterized CTF/NF-I or CP1 (46). Nuclear proteins also
bind to the potential Ap2, Apl, E2F, and Spl transcription
factor-binding sites and the unique PAL sequence in vitro,
and deletion of sequences containing these sites reduces in
vivo promoter activity. The possibility that other sequence
elements within these regions provide the control functions
has not been ruled out, and the capacity of purified Ap2,
Apl, Spl, or CTF proteins to bind the DNA polymerase a
promoter sequences has not been tested. However, purified
E2F does bind with high affinity to a synthetic oligomer of
the sequence found in the DNA polymerase a promoter,
-TTTGGCGC- (48). The sequence with similarity to SRE at
—525 of the polymerase gene can be deleted without detri-
ment to the in vivo transcriptional activity in actively cycling
HeLa cells (Fig. 3) and yet is readily footprinted by nuclear
proteins in vitro (data not shown). Therefore, the function of
this polymerase motif is unclear. Further analysis of finer
deletions, point mutations, and linker-scanner mutations
should clarify the contribution of the potential transcription
factor-binding sites to the activity of the DNA polymerase a
promoter in cycling cells.

In response to the addition of serum to serum-starved
cells, the DNA polymerase a genomic sequence from —1515
to +45 directs an increase in expression of the luciferase
reporter activity to an appropriate magnitude and with the
appropriate kinetics for the induction of endogenous DNA
polymerase a activity and protein (Fig. SA) (62). The induc-
tion could be mediated by transcriptional or posttranscrip-
tional mechanisms.

Evidence that the upstream sequence of the DNA poly-
merase o gene directs a transcriptional response to serum
addition is provided by analysis of the serum responses of
polymerase promoter deletion constructs. Complete elimi-
nation of the serum induction should have resulted in a
decreasing luciferase activity response profile like that di-

respectively, and normalized to B-galactosidase activity derived from the cotransfected control plasmid, pRSVB-gal. DNA synthesis is
represented by [*H]TdR ([*H]thymidine) incorporation. (B) Relative serum response profiles from electroporated cells for total protein (<),
luciferase specific activity (l), B-galactosidase specific activity (A), and luciferase specific activity normalized to B-galactosidase specific
activity (O). Approximately 6.3 x 10 cells in 0.5 ml were transfected with 10 wg of pDPALAS’ and 30 pg of pRSVpB-gal.
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FIG. 6. Relative serum response profiles of luciferase activity produced by DNA polymerase a deletion constructs. NIH 3T3 cells were
transfected by CaPO, coprecipitation. At the top of the figure, the portion of the polymerase upstream sequence contained in each transfected
construct is represented by the line drawing. The name of each construct is followed by the average luciferase activity + standard deviation
at 0 and 18 h after serum addition relative to the luciferase activity produced by the indicated construct at 5 h after serum addition. The number
(n) of independent experiments in which a construct was tested is indicated. In each experiment, each construct was tested in duplicate. All
luciferase activities were normalized to B-galactosidase activity before comparison with activities at other time points. At the bottom of the
figure, the luciferase activity produced by each construct at 0, 5, and 18 h (bars from left to right in each group) after serum addition relative

to the value at S h is depicted in the bar graph.

rected by the Rous sarcoma virus long terminal repeat (Fig.
5A). While none of the polymerase 5'-deletion constructs
produced a similarly decreasing serum response (Fig. 6),
successive deletion through the polymerase promoter does
alter the magnitude of the response. These results suggest
that individual sequence regions upstream of the transcrip-
tion start site can modulate the serum response, probably by
modulating the transcription rate. However, no single se-
quence element was found to direct the full response.

The BssHII (—402) deletion construct produces nearly the
same magnitude of serum induction as the longest (Avall,
—1515) construct does (Fig. 6). This result minimizes the
contribution of the sequence with similarity to SRE (—525)

to the control of the late serum induction. This is not
surprising, considering that the canonical SRE is associated
with the immediately-early serum response of c-fos (61) and
the muscle-specific expression of a-actins (47). However,
over the course of serum induction of human IMR90 cells, an
increase in the level of in vitro nuclear protein-binding
activity to this motif was observed with the kinetics of a late
response (data not shown). This contradiction may reflect a
difference in the utilization of sequence elements between
IMR90 and NIH 3T3 cells or that the sensitivity of the in
vivo assay used in NIH 3T3 cells is insufficient.

The magnitude of the serum induction produced from the
Eagl (—65) deletion construct is greater than that of the
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B-galactosidase cDNA probes. Lanes 1, 2, and 3, 0-, 5-, and 20-h time points for cells transfected with pPDPALAS’; lanes 4, 5, and 6, 0-, 5-,
and 20-h time points for cells transfected with pDPA-ScLAS’; lanes 7, 8, and 9, 0-, 5-, and 20-h time points for cells transfected with
pSc-AvLAS’; lanes 10, 11, and 12, 0-, S-, and 20-h time points for cells transfected with pDPA-AvLAS’; lane 13, S1 nuclease analysis of tRNA;
lanes m, 5'-end-labeled $x174 Haelll markers; lane p, cDNA probes. Lanes 1 to 9 utilized 20 pug of RNA, and lanes 10 to 13 utilized 40 pg

of RNA.

Sacll (—116) deletion construct (Fig. 6). This finding may
reflect the presence of sequence elements within the Sacll-
Eagl fragment that negatively regulate the magnitude of the
response. The dominant sequence elements that positively
influence the magnitude of the late serum response appear to
be located between —65 and —17. Additional positive late
serum response sequences may be distributed throughout
the promoter region. Two candidate positive regulatory
elements upstream of —116 are the potential Apl and E2F
transcription factor-binding sites. Apl-binding sites have
been hypothesized to participate in late gene induction (13),
and E2F binding to the c-myc promoter has been shown to
influence that gene’s serum response (48). Another possible
positive regulatory element is the inverted CCAAT se-
quence. Internal deletion of this region (pAattgLLAS’) reduces
the magnitude of the serum induction. However, no change
in the extent of in vitro binding of nuclear protein to this
sequence was observed during serum induction of IMR90
cells (data not shown). Again, this in vitro result may reflect
a difference between cell lines, especially since serum regu-
lation of the interaction between nuclear DNA-binding pro-

teins isolated from BALB/c 3T3 cells and a CCAAT se-
quence of the human tk gene has been reported (32). As is
the case for the sequence elements that control expression in
actively cycling cells, precise definition of the sequence
elements modulating serum induction will require further
analysis by point and linker-scanner mutations.

Luciferase RNA expressed from the polymerase promoter
sequence is induced with kinetics similar to that of the
endogenous DNA polymerase a mRNA (Fig. 7, lanes 1 to 3).
Promoter deletions alter the magnitude and possibly the
kinetics of the RNA response. These data support our
conclusion that the polymerase a promoter controls, at least
in part, the late serum response of this gene. However,
studies using a transfected control that is not serum induced
at the level of RNA would allow a more detailed analysis of
the mechanism of the late serum induction of DNA polymer-
ase a.

The sequence elements in the upstream region of the
polymerase a gene that modulate serum response are either
the same as those required for promoter activity in cycling
cells or distinct and intermingled with those elements. Fu-
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ture studies with individual growth factors may enable the
identification of specific response elements. Without such
specific sequence elements, our findings could be explained
by a serum-induced alteration in the availability of the DNA
template for transcription initiation. It is also possible that
serum addition increases the availability or DNA-binding
activity of the transcription factors that modulate DNA
polymerase a transcription. However, serum induction of
nuclear protein binding to sequence elements in the poly-
merase promoter is not readily correlated to the serum
induction of luciferase RNA or activity. Alternatively, the
induction of transcription of the DNA polymerase a pro-
moter may be mediated by an increase in the availability or
activity of a coactivating protein(s) (37). In this case, the
coactivator(s) would be sensitive to serum stimulation. It
could act through previously bound transcription factors,
possibly the same transcription factors bound to the same
sequence elements as those utilized in actively cycling cells.
This hypothesis reduces the required number of targets of
the signal transduction cascades initiated by the addition of
serum to serum-deprived cells.
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