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Activation of the Mouse Proliferating Cell Nuclear Antigen Gene Promoter

by Adenovirus Type 12 E1A Proteins
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A plasmid carrying the 5'-flanking region (— 1584 to +47 with respect to the transcription initiation
site) of the mouse proliferating cell nuclear antigen (PCNA) gene was fused with the chloramphenicol
acetyltransferase (CAT) gene, and then cotransfected into mouse N18TG2 cells with expression
plasmids for the adenovirus type 12 E1 genes. Expression of E1A gene products elevated the CAT
expression by 5- to 9-fold, but expression of the E1B gene product did not. RNase protection analysis
revealed that the activation of the PCNA gene promoter by E1A was at the transcription step. Both
the 138 E1A and the 128 El1A activated the PCNA gene promoter, indicating that the activation
domain of E1A resides in a common region(s) of 13S and 128 E1A products. The major target region
of E1A was mapped within the 68 base-pair region (—21 to +47) of the PCNA gene, which includes
consensus sequences for transcription factors PEA3 and E2F, although the upstream region (—83 to

—21) including ATF(CREB}-hinding consensus had an additional effect in the transactivation.
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The proliferating cell nuclear antigen (PCNA} is a
co-factor of DNA polymerase 8" and is necessary for
simian virus 40 DNA replication” as well as cellular
proliferation.** The amino acid sequence of this protein
has been highly conserved during evolution.” Homologs
have been identified in mammals,* plants,'” insects,'”
amphibia,'” yeast™ and even bacteriophage T4.'¥ Al-
though the mammalian PCNA protein and mRNA levels
change relatively little during the cell cycle,* ™ they can
be induced upon growth stimulation of quiescent cells by
agents such as serum, growth factors and viral infec-
tion.®™ '8 1" Since the induction of PCNA mRNA levels
by these agents requires protein synthesis and occurs
after a delay of several hours,*'” the PCNA gene is a
so-called late growth-regulated gene, like the thymidine
kinase gene and other genes coding for proteins of the
DNA synthesizing machinery.”” Expression of the
human PCNA gene in relation to cell cycle progression is
under the control of complex regulatory mechanisms.'®

The adenovirus El1A gene products are able to
transactivate five adenovirus early genes and a number
of cellular genes.'"” Most of the positive transcriptional
effects of the E1A protein were mapped to the so-called
conserved region 3 which is unique to the 13§ ElA
protein.”” However, a virus expressing only the 128 E1A
mRNA, which lacks the conserved region 3, can induce
expression of cellular genes such as PCNA,'® hsp70,2!
cdc2?® and brain creatine kinase.” An adenovirus type 2
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(Ad2) El-responsive element of human PCNA gene was
mapped in the 85 base-pair (bp) region (—87 to —2).¥
Recently the target region has been narrowed down to
the transcription factor ATF(CREB)-binding consensus
sequence located at approximately — 50 nucleotide posi-
tion.”” Previously, we cloned the mouse PCNA gene
and analyzed its nucleotide sequence.” By a transient
expression assay of chloramphenicol acetyliransferase
(CAT), the promoter of this gene was localized within a
200 bp region upstream of the transcription initiation
site, where several putative transcriptional regulatory
elements were found.”

In the present study, expression plasmids for each of
adenovirus type 12 (Ad12) El gene products were con-
structed in the same plasmid backbone to determine
which of the E1 gene products is responsibie for the
transactivation. The data indicate that both the 13§ E1A
product and the 128 E1A product can transactivate the
PCNA gene promoter. The major target region of the
activation by E1A was localized in the region between
—21 and +47 of the mouse PCNA gene promoter that
contains transcription factors PEA3- and E2F-binding
consensus sequences surrounding the transcription initia-
tion site.

MATERIALS AND METHODS

Plasmid constructions The BamHI-EcoR] fragment con-
taining Ad12 E1A promoter and E1A gene was isolated
from the plasmid gAE1A,*® then inserted into the
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BamHI and EcoRI sites of the plasmid pUC19 to obtain
plasmid pAd12E1A. The plasmid pABAZ® was digested
with BamHI, then partially with EcoRI. The 2.8 kb
fragment containing Ad12 E1A promoter and E1B gene
was isolated. This fragment was inserted into BamHI and
EcoRI sites of the pUC19 to obtain plasmid pAd12E1B.
The plasmid pNeol3SE1A* was digested with EcoRI
and BamHI. The 1.5 kb fragment containing Ad12 E1A
promoter and E1A 138 ¢cDNA was isolated. This frag-
ment was inserted into BamHI and EcoRI sites of the
pUC19 to obtain plasmid pAd12-13SE1A. The plasmid
pNeo12SE1A™ was digested with EcoRI and BamHI.
The 1.4 kb fragment containing Ad12 E1A promoter and
E1A 128 ¢DNA was isolated. This fragment was inserted
into BamHI and EcoRI sites of the pUCI19 to obtain the
plasmid pAdi2-12SE1A.

The plasmid pE2CAT(pEC)* contains Ad5 E2 gene
promoter { —285 to +40) placed upstream of the CAT
gene. A series of 5-end unidirectional deletion deriva-
tives of mouse PCNA gene promoter were constructed
as described.” Deletion end points of the mutants are
summarized in Fig. 1. All of these mutants contain the
PCNA gene sequence up to position +47 that is placed
upstream of the CAT gene. The plasmid p5 —89-
mgPCNACAT” was digested with Sacl and Pvull. The
290 bp fragment was isolated, then inserted into Sacl and
Smal sites of Bluescript SK(—) to obtain plasmid
pSPmPCNA, which was used to prepare the RNA. probe
for RNase protection analysis.

Cell culture, DNA transfection and CAT assay Mouse
NIH/3T3 cells were cultured in Dulbecco’s modified
minimal essential medium (DMEM) supplemented with
10% (v/v) calf serum. Mouse neuroblastoma N18TG2
celis®*® were cultured in DMEM supplemented with
10% (v/v) fetal calf serum. The DEAE-dextran method
with chloroquine treatment®” was used for DNA trans-
fection into N18TG2 cells at 20 h after seeding 8 X 10°
cells per 60 mm dish. Each transfection contained 2
£g of reporter plasmid DNA together with 5 gg of the
effector plasmid DNA per dish. Cells were harvested at
48 h after transfection. Cell extracts were prepared and
CAT activity in 100 g protein of the extract was mea-
sured as described previously.”® To quantify the CAT
activity, radioactive spots corresponding to acetylated
chloramphenicols were taken from the thin layer plaie,
and radioactivity was measured in a toluene-based scin-
tillation cocktail using a Beckman scintillation counter.
CAT activities were normalized to protein amounts,
which were determined by Bio-Rad protein assay.’® Al-
though experiments were repeated multiple times to
avoid errors caused by fluctuation in DNA-transfection
efliciencies, the relatively high efficiency of DNA-
transfection with N18TG2 cells enabled us to obtain
reproducible results.

Determination of the transcription initiation site by a
primer extension method RNA was exiracted from
NIH/3T3 cells by an acid-guanidinium thiocyanate-
phenol-chloroform extraction method.”® Poly(A*)RNA
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Fig. 1. Nucleotide sequence in and around mouse
PCNA gene promoter. Nucleotide + 1 denotes the
transcription initiation site which is indicated by
an arrow, and residues preceding it are indicated
by negative numbers. The first exon is indicated by
an underline. The numbered vertical lines with
arrows indicate positions of the 5'-break points of
5’-deletion mutants. These mutants contain the
CAT pgene inserted at position +47 as indicated.
The sequence which matches 9 out of 10 residues
of the Spl-binding consensus sequence™ is en-
closed with a solid bex and the 5-GGGCGG
sequences are underlined. The decanucleotide se-
quences which are similar to the promoter element
found in the DNA polymerase § gene®™* are
enclosed with solid boxes. The regions that maich
ATF(CREB)-binding consensus sequences are un-
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was purified using an oligo(dT)-Sepharose column. The
35mer primer (5 -TCAAACATGGTGGCGGAGT-
TGTGGCGACTAGATGA-3") was chemically synthe-
sized so as to have the sequence complementary to the
region containing the ATG initiation codon (nucleotide
positions + 118 to + 152 with respect to the determined
CAP site) of the PCNA gene. The primer was 5 -end-
labeled by using T4 polynucleotide kinase and [y-"P1-
ATP. The primer was then hybridized with 20 pg of
poly(A")RNA and extended using avian myeloblastosis
virus reverse transcriptase for 90 min. The product
was analyzed by electrophoresis in a 6% polyacrylamide
gel under denaturating conditions, followed by auto-
radiography.

RNase protection analysis Total cellular RNA was
extracted from DNA-transfected N18TG2 cells by the
guanidinium HCI-CsCl gradient method.’™ The isolated
RNA was treated with DNase I in the presence of 100 U
of human placental RNase inhibitor to remove con-
taminating plasmid DNA.*

RNase protection assay was carried out as described
elsewhere.”® Plasmid pSPmPCNA was linearized with
Sall and transcribed with T7 RNA polymerase in the
presence of [@-*P]UTP to obtain an RNA probe of 330
nucleotides. Ten zg of N18TG2 cell total RNA or yeast
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tRNA was mixed with 5X10° cpm of RNA probe in a
solution containing 80% formamide, 40 mM piperazine-
N,N’.bis{2-ethanesulfonic acid) (PIPES; pH 6.4), 0.4 M
NaCl and 1 mM EDTA. The solution was heated at 85°C
for 10 min, then hybridizations were carried out at 42°C
for 16 h. RNase digestions were performed by incubation
at 37°C for 15 or 45 min after addition of a solution
containing 0.3 M NaCl, 10 mM Tris-HCI (pH 7.4}, 1
mMEDTA, 2 1g/ml RNase T1, and 40 z2g/ml RNase A.
RNases were inactivated by proteinase K digestion
followed by phenol-chloroform extraction. The protected
fragments were applied to a 6% polyacrylamide gel con-
taining 8 M urea. **P-Labeled pUC19 Mspl fragments
were used as size markers.

RESULTS

Effects of Ad12 E1A and E1B on PCNA promoter activ-
ity in N18TG2 cells To examine the effects of E1A and
E1B, the plasmid p5’ —1584mgPCNACAT carrying
mouse PCNA gene regulatory region fused with the CAT
gene was cotransfected with either E1A or E1B expres-
sion plasmid into mouse N18TG2 cells. The CAT expres-
sion level was determined by measuring CAT activity in
the cell extracts prepared at 48 h after transfection.
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Fig.2. Effects of Ad12 E1A and E1B on the function of PCNA gene promoter. Reporter plasmids (indicated at the top; 2 g each)
were cotransfected with 5 g each of effector plasmids (indicated in each lane} into N18TG?2 cells. At 48 h after transfection, cell
extracts were prepared to measure CAT activity as described in “Materials and Methods.” Values of CAT expression (averages T
standard deviations) are expressed relative to the value of each reporter plasmid with the pUC19. The sets of two adjacent lanes
represent duplicate independent transfections. Acetylated and non-acetylated forms of [“C]chloramphenicol are marked by Ac and

CM, respectively.
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Fig. 3. Mapping of the transcription initiation site by a primer
extension analysis. The **P-labeled 35mer primer complemen-
tary to the region containing the ATG initiation codon of the
mouse PCNA gene was hybridized with poly(A*) RNA
isolated from NIH/3T3 cells and then extended by reverse
tramscriptase. To align the extended products with the genomic
DNA sequence, dideoxy-sequencing reaction was performed
using [**8]dCTP and the same 35mer primer (lanes A, C, T and
G). The products of the sequencing reaction and primer exten-
sion reaction (lane P) were analyzed by electrophoresis in the
same gel! under denaturing conditions, followed by auto-
radiography.
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Examples of the experimental results are shown in Fig, 2.
Cotransfection of E1A expression plasmid caused a 5- to
9-fold increase of the CAT expression in comparison
with those in cells cotransfected with the vector plasmid
pUCI19 (Fig. 2A, lanes a to d; Fig. 2B, lanes a, b, g and
h; Fig. 5, lanes a to d; Fig. 6, lower panel). In contrast,
cotransfection of the E1B expression plasmid showed no
effect (Fig. 2A, lanes ¢ to f). As noted previously,” *® the
expression of E1A extensively stimulated the adenovirus
E2 promoter activity, while the expression of E1B
showed no significant effect (Fig. 2A, lanes g to 1). Co-
transfection of E1A and E1B expression plasmids along
with the plasmid p5'—1584mgPCNACAT showed no
enhancement of the E1A effect by EIB on the PCNA
gene promoter activity (data not shown),

Both 13S and 12S E1A’s can transactivate the PCINA
gene promoter Two kinds of aiternatively spliced
mRNAs of 128 and 138 are expressed from E1A gene
during the early phase of adenovirus infection. The E1A
protein coded by the Ad12-13S mRNA consists of 266
amino acid residues,’” while the E1A protein coded by
the Ad12-128 mRNA consists of 235 amino acid resi-
dues. The latter is identical to the 138 E1A product
except for the deletion of 31 residues, including most of
the so-called conserved domain 3.*"

To determine which of the E1A gene products is

responsible for the transactivation of the PCNA gene
promoter, each of the 138 and 125 E1A ¢cDNAs was
placed under the control of E1A promoter and cotrans-
fected with the plasmid, p5’—1584mgPCNACAT into
NI18TG2 cells. As shown in Fig. 2B, both 128 E1A and
138 E1A expression plasmids stimulated the PCNA gene
promoter activity. The 138 EJA expression plasmid
showed a slightly higher extent of stimulation than the
128 one (Fig. 2B, lanes c to f). The results indicate that
the transactivation function of E1A resides in the com-
mon domain(s) of 13 8 and 125 E1A products.
E1A products stimulate the transcription from the PCNA
gene promoter The transcription initiation site of mouse
PCNA gene was determined by the primer extension
method as described in the “Materials and Methods”
section. A single site was identified as shown in Fig. 3
and numbered +1 position (Fig. 1). RNase protection
analysis was performed to determine whether the proper
transcription initiation site was utilized in the transient
expression assay and whether the increase in CAT activ-
ity observed upon transfection of the ElA-producing
plasmid was due to increase in the mRNA level.

Total RNA was isolated from N18TG2 cells at 48 h
after transfection and hybridized to an excess amount of
uniformly labeled antisense RNA probe shown in Fig,
4A. After digestion with RNase A and RNase T1, pro-
tected fragments of nearly the appropriate size, as pre-
dicted from the primer extension analysis, were detected



A Protection 5217 bp -
. | =

Sacl o) Mg

Kpnl »
Pyu ll/Smal

T7 prornoter

‘RNA -Prob’e‘ 379 nt )

<<‘>

o WP N

. Q ? '
M Pf—“‘ﬂr"'—u—-lM =

1545 1545 1545

©501/480°
404

331 -

147 —-

A e

abcd € fgh

Fig. 4. RNase protection anaIysis. (A) Probe: Plasmid
PSPmPCNA was linearized with Sa/l, and T7 RNA polymerase
was used to synthesize an RNA probe of 379 nucleotides {nt).
The expected protection fragment was about 217 nt. (B) RNase
protection analysis of RNA extracted from NISTG2 cells
transfected with 2 ¢g each of p5° — 1584mgPCNACAT and 5 ug
each of effector plasmids indicated at the top (lanes ¢ to f).
Similar amounts of total RNA were recovered from cells
cotransfected with each combination of plasmids. Lanes a and
i, DNA size markers; lane b, undigested probe; lanes ¢, ¢ and g,
digested with RNases for 15 min at 37°C; lanes d, { and h,
digested with RNases for 45 min at 37°C; lanes g and h, RNase
treatment in the presence of yeast tRNA. The arrow indicates
RNase-protected fragments.

(Fig. 4B). The intensity of radioactive bands shown in
Fig. 4B was quantified by densitometry. Cotransfection
of the p5’— 1584mgPCNACAT plasmid with E1A-pro-
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Fig. 5. Mapping of the target region in the PCNA gene for
activation by ElA products. Two pg each of the indicated
5’-deletion mutants with 5 gg each of pAd12EIA(+) or
pUCI%( —) was transfected into N18TG2 cells. At 48 h after
transfection, cell extracts were prepared to measure CAT
activity. The sets of two adjacent lanes represent duplicated
independent transfections.

ducing plasmid resulted in about 12-fold increase of the
protected fragments (Fig. 4B, lanes ¢ to f). The extent of
increase was in a similar range to that determined by
measurement of CAT activity, These resuits suggest that
the E1A products stimulate transcription from the
PCNA gene promoter.

Mapping of the target region of the E1A products A set
of 5’-deletion mutants of the mouse PCNA gene was
constructed in the previous” and the present studies.
Each of these deletion derivatives was cotransfected into
N18TG2 cells with either the E1A-producing plasmid or
the control vector plasmid. The CAT expression level
was measured at 48 h after transfection (Fig. 5). Quan-
titative data from the experiment shown in Fig. 5 and
two additional experiments not shown are summarized in
Fig. 6. The CAT expression of each deletion derivative is
shown in the upper panel and the extent of the stimula-
tion by ElA-producing plasmid is shown in the lower
panel.
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Fig. 6. Quantitative analysis of CAT expression of 5'-deletion

mutants of the PCNA gene with and without E1A-expressing
plasmid. The radioactivities of spots corresponding to acety-
lated ["“C]chloramphenicols on thin-layer chromatographic
plates shown in Fig. 5 and others not shown were quantified.
Upper panel, averages and standard deviations obtained from
three independent experiments using 5’-end deletion derivatives
without El1A-expressing plasmid shown as fractions of CAT
expression with p5"—200mgPCNACAT. The averaged 100%
value was 10,280 cpm. Lower panel, average stimulations
(fold) of 5'-end deletion derivatives by ElA-expressing
plasmid.

A deletion from position —1584 to —516 showed a
significant increase of the CAT expression, suggesting the
existence of a negative regulatory element in this region.
A deletion from position —3516 to —200 caused no
significant change in the CAT expression level, indicating
that this region does not contain any sequences affecting
the PCNA gene expression, at least in N18TG?2 cells. A
further deletion to position — 184 that removed one of
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the sequences similar to the ATF(CREB)-binding con-
sensus caused reduction of the CAT expression by 60%
(Fig. 6, upper panel).

Deletions to position — 133 did not show any signifi-
cant effects on the CAT expression. However, the dele-
tion from —133 to —89 or —83 that removed the
putative Spl-binding consensus sequence further reduced
the CAT-expression to 20% (Fig. 6, upper panel). A
further deletion to position —21 that removed another
sequence similar to the ATF(CREB)-binding consensus
reduced the CAT-expression to 10%.

Four- to seven-fold transactivation by E1A products
was observed with deletion mutants up to position —83
(Fig. 6, lower panel). The deletion derivative whose
break point was at — 21 still showed three-fold activation
of its promoter activity by E1A (Fig. 6, lower). There-
fore, the major target region of ElA-induced activation
is concluded to be in the region downstream of posi-
tion —21, although the upstream region between — 83
and —21 may have some additional roles in the trans-
activation.

DISCUSSION

Nucleotide sequence analysis of mouse PCNA gene in
our previous study revealed several sequences similar to
the binding sites for several mammalian transcription
factors.” Analysis with deletion mutants in mouse
N18TG?2 cells has suggested that one Spl-binding con-
sensus and two ATF({CREB)-binding consensus se-
quences are required for the maximum promoter activity.
Transactivations by E1A products were observed with all
deletion mutants of the PCNA gene promoter examined,
although the extent of stimulation varied between 3- and
9-fold. Removal of sequences between —83 and —21
reduced the E1A response, but did not abrogate it,
suggesting that the main E1A responsive element resides
in the region downstream of position —21.

In the region between —21 and +47 of the PCNA
gene, there are two sequences similar to the transcription
factor-binding sites. One of them, starting at position
—13, matches 6 out of 7 nuclectides of the PEA3-
binding sequence, 5-AGGAAGT.*™ Binding sites for
PEAl and PEAS3, the polyomavirus enhancer binding
proteins, are primary components of the polyomavirus
late transcription initiator element and have been found
in and around the transcription initiation sites of many
cellular and viral promoters lacking TATA motifs.*

Another site starting at position + 10 is very similar to
the transcription factor E2F-binding consensus sequence,
5-TTTCGCGC.> Although the sequence in the PCNA
gene matches 7 out of 8 nucleotides of the consensus
sequence, it should be noted that E2F can, in fact, bind to
several divergent sequences from this consensus such as



5-GATCGCGC of the c-mye gene, 5'-CTGCGCGC
of the c-myb gene, and 5'-GTTCGCGC of the DHFR
gene.*” Interestingly, the E2F-binding site of the DHFR
gene is located at the immediate 3’ side of the major tran-
scription initiation site.*"” This E2F site has been proved
to be required for efficient expression of the DHFR gene in
vivo.*" Judging from the arrangement of the PEA3-bind-
ing sequence, E2F-binding sequence and the transcrip-
tion initiation site, these two putative binding sequences
may consist of the transcriptional initiator element of the
mouse PCNA gene. Further analysis with internal dele-
tions or deletions from the 3’-terminus would be neces-
sary to clarify the function of these two putative tran-
scription factor-binding sites.

Both 138 E1A and 128 E1A transactivated the PCNA
gene promoter function, indicating that the conserved
domain 3 is dispensable for the transactivation. This is
consistent with the previous report that the N-terminal
region common to both the 135 and 128 E1A proteins is
sufficient for the induction of synthesis of PCNA by
adenovirus infection.'®® A number of recent studies
have indicated that the conserved domains 1 and 2 of
ElA protein are responsible for E2F-dependent trans-
activation of a number of viral and cellular genes as
well as for the dissociation of E2F from compiexes with
other cellular proteins such as cyclin A protein or
retinoblastoma (Rb) gene product.*” Therefore, the re-
lease of E2F from such complexes by E1A might be the
most probable mechanism for the activation of the mouse
PCNA gene promoter.

Although the major target of the transactivation by
E1A was mapped in the region downstream of —21, the
region between —83 and — 21 also has an additional role
in the transactivation, since the constructs having this
region showed significantly higher response to E1A than
those without it. A likely candidate is the ATF(CREB)-
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