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The role of the promoter in the expression of the PCNA gene
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Gi-specific tem perature-sensitive (ts) m utants of the cell cycle arrest in Gi after serum  stim ulation 
at the restrictive tem perature. U nder these conditions, the RNA levels of late growth-regulated 
genes (such as DNA polymerase alpha, PCNA, thym idine kinase, and  core histones) are m arkedly 
decreased or even undetectable, while early growth-regulated genes (for instance, c-myc) are no r
mally expressed, and certain  prom oters are actually super-induced. We have used the hum an PCNA 
gene transfected into TK~tsl3 cells (a Gi-specific ts m utant) to investigate w hether the inhibition 
of gene expression caused by this type of growth inhibition  occurs at a transcrip tional or post- 
transcrip tional level. Constructs were m ade in which the 5 'and  3 'flanking sequences of the hum an 
PCNA gene were replaced by the corresponding elem ents of the SV40 T antigen coding gene. 
Using these constructs and  data from  run-on assays and  RT-PCR, we conclude that the failure of 
expression of the PCNA gene in Gi-arrested TK~tsl3 cells occurs at the transcriptional level.

T he product of the PCNA gene, as the co
factor of DNA polymerase 6 (Prelich et al., 

1987; Bravo et al., 1987), is necessary for DNA 
replication (Tsurimoto and Stillman, 1989; Pre
lich et al., 1987a,b; Bravo et al., 1987), and for 
cellular proliferation (Jaskulski et al., 1988a; 
Liu et al., 1989). The PCNA mRNA levels are 
growth-regulated (Almendral et al., 1987; Jas
kulski et al., 1988b; Shipm an et al., 1988). Both 
transcriptional and posttranscriptional m ech
anisms operate in the growth regulation of 
PCNA mRNA levels (Chang et al., 1990; Shipman- 
Appasamy et al., 1990). Specifically, the ability 
of the PCNA gene to respond to serum  stim u
lation resides in a -7 3  promoter, i.e., a p ro 
m oter reduced to the 73 bp immediately u p 
stream of the capsite (Pietrzkowski et al., 1991). 
Elements in intron 4 (Ottavio et al., 1990) and 
intron 1 (Alder et al., 1992) also participate in 
the regulation of PCNA mRNA levels.

While the prom oter and intragenic sequences 
necessary for a response to serum have been 
identified (for a review, see Baserga, 1991), Gi- 
specific tem perature-sensitive (ts) m utants of 
the cell cycle offer a unique system to study the 
regulation of genes whose expression is growth- 
regulated. When these ts mutants are stimulated 
with serum  or growth factors at the permissive 
tem perature of 34°C, all growth-regulated genes 
increase normally, as in o ther cell types (Hirsch- 
horn et al., 1984; Jaskulski et al., 1988b; Koniecki 
et al., 1991; Travali et al., 1991). W hen the cells 
are serum -stim ulated at the restrictive tem per
ature, the RNA levels of early growth-regulated 
genes like c-myc increase normally, bu t genes 
that are expressed at the Gi-S boundary, such 
as thymidine kinase, DNA polymerase a, and 
histones, are inhibited, i.e., their mRNAs can
not be detected in ordinary RNA blots (Hirsch- 
horn  et al., 1984; Liu et al., 1985; Ide et al., 1985;
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Jaskulski et al., 1988b; Koniecki et al., 1991; Trav
ail et al., 1991). This is also true for PCNA, whose 
mRNA is easily detectable in Gi specific ts m u
tants stim ulated at the permissive tem perature 
of 34°C, bu t is undetectable, or m arkedly de
creased, in the same cells serum -stim ulated at 
the restrictive tem perature of 39.6°C (Jaskulski 
et al., 1988b; Koniecki et al., 1991; Travali et al.,
1991). The inhibition in the expression of late 
growth-regulated genes is m ade even m ore in 
teresting by the fact that at this stage o ther p ro 
moters are still actively transcribed. For instance, 
while the RNA transcribed from a thymidine 
kinase (TK) gene is no longer detectable in Gi- 
specific ts m utants serum -stim ulated at the re
strictive tem perature, it becomes easily detect
ab le— in fact overexpressed —when transcribed 
from  its cDNA placed under the control of the 
early SV40 prom oter (Lipson et al., 1989). It 
seems, therefore, that transcriptional m echa
nisms are still operating in these cells, even at 
the restrictive tem perature, and that the inh i
bition affects only a subset of genes, specifically 
the genes that are involved in chromosomal rep
lication (Liu et al., 1985). It is im portant to 
notice that in this model, the cells are always 
serum-stimulated, whether at the permissive or 
restrictive tem peratures. The failure of late 
growth-regulated genes to be expressed (at the 
mRNA levels) is therefore related, not to serum, 
bu t to the ts block (see also Discussion). In this 
paper we have investigated the regulatory ele
ments involved in the expression of the PCNA 
gene in a Gi-specific ts m utant of the cell cycle, 
TK~tsl3 cells (Shen et al., 1982). These results 
show unequivocally that at the restrictive tem 
perature  of 39.6°C the prom oter is responsible 
for the lack of expression of the PCNA gene 
and that the failure to express PCNA mRNA 
can be fully explained by a transcriptional 
inhibition.

Materials and methods 

Cell lines

TK~tsl3 Syrian hamster fibroblasts (Shen et al., 
1982), a TK-deficient ts m utant cell line derived 
from  tsl3 cells, which arrest in the G l phase 
of cell cycle at the non-permissive tem perature 
of 39.6°C (Talavera andBasilico, 1977), were co
transfected using the calcium -phosphate p re
cip itation procedure (Shen et al., 1982) with

one of the desired constructs and pTKll (hu
man TK cDNA cloned into an Okayama-Berg 
vector; Flemington et al., 1987) as a selectable 
marker. Selection started 2 days after trans
fection, in glycine-hypoxanthine-aminopterine- 
thymidine (gHAT) m edium  supplem ented with 
10% calf serum (CS). Cell lines were m aintained 
in selective medium.

Plasmid construction

Using the sequences of the hum an PCNA gene 
(Travali et al., 1989) and the hum an PCNA cDNA 
(Almendral et al., 1987; Jaskulski et al., 1988b), 
we have constructed the various plasmids used 
in these experiments.

Strategy to construct the SV40pr/PCNA gene/3'

1. cob 12 (PcDX, Okayama Berg vector) contain
ing the PCNA cDNA (Okayama and Berg, 1983; 
Jaskulski et al., 1988b) was digested with Pvu I 
(nucleotide 1953 in the vector’s ampicillin re
sistance gene) and Nru I (nucleotide + 61 in the 
PCNA cDNA). The fragm ent containing part 
of the ampicillin resistance gene, the SV40 early 
prom oter and splice junction, and the first 61 
bases of the PCNA cDNA were isolated.
2. The p3BamFullPCNA (BamH I prom oter 
and full-length hum an PCNA gene cloned in 
pGEM 3) was digested with Pvu I (nucleotide 
1543 in the vector’s ampicillin resistance gene) 
and Nru I (nucleotide +61 in the PCNA gene). 
The fragm ent containing part o f the am picil
lin resistance gene, the origin of replication, 
and the PCNA gene from +61 to the end was 
isolated.
3. The 2 fragments were ligated, generating a 
construct in which the early SV40 prom oter was 
driving the full-length hum an PCNA gene with 
its own 3' flanking sequence.

Strategy to construct the Bampr/cDNA/SV40 
poly(A)

1. The p3BamFullPCNA was digested with 
Pvu I (nucleotide 1543 in the vector’s ampicillin 
resistance gene) and Nru I (nucleotide +61 in 
the PCNA gene). The fragm ent containing part 
of the ampicillin resistance gene, the PCNA pro
m oter from BamH I, and the first 61 bases of 
the gene was isolated.
2. cob 12 was digested with Pvu I (nucleotide 
1953 in the vector’s ampicillin resistance gene) 
and Nru I (nucleotide + 61 in the PCNA cDNA).
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The fragm ent containing part o f the ampicil- 
lin resistance gene, the origin of replication for 
the plasmid, the SV40 polyadenylation signal, 
and the PCNA cDNA from +61 to the end was 
isolated.
3. The 2 fragments were ligated to generate 
a construct in which the PCNA prom oter was 
driving its own cDNA, but with an SV40 poly(A) 
signal.

Strategy to construct the Bampr/cDNA/3'

1. The pBampr /cDNA/SV40 poly(A)—see above— 
was digested with H pa I (nucleotide +1150 in 
the PCNA cDNA) and Pvu I (nucleotide 1543 
in the vector’s ampicillin resistance gene). The 
fragm ent containing part of the am picillin re
sistance gene, the PCNA prom oter from BamH I 
to the first 61 bases of the PCNA gene, and the 
PCNA cDNA from Nru I ( + 61) to H pa I (+1150) 
was isolated.
2. The p3Bam FullPCNA was digested with 
Pvu I (nucleotide 1543 in the vector’s am picil
lin resistance gene) and Hpa I (nucleotide + 4682 
in the PCNA gene), and the fragm ent contain
ing part of the ampicillin resistance gene, the 
origin of replication for the plasmid, and the 
3' end of the PCNA gene from H pa I (+4862) 
to the end was isolated.
3. The 2 fragments were ligated to generate a 
construct similar to pBampr/cDNA/SV40 poly(A), 
bu t with the 3' flanking sequence of the PCNA 
gene.

The strategies used to construct the o ther 
expression plasmids were essentially similar (with 
m inor variations in restriction sites) to gener
ate the constructs listed in Table 1. Details for 
one m ore construct are given below.

Strategy to construct SV40pr/cDNA/SV40 poly(A) 
without the SV40 splicing site

1. The SK plasm id (Stratagene) was linearized 
with BamH I. The overhanging end was filled 
with the Klenow fragm ent of DNA polymerase, 
and the plasmid was digested with Pst I.
2. cob 12 was digested with Pst I; the 273 bp 
fragm ent was subsequently digested with Stu I. 
The fragm ent containing the first 194 bases of 
the PCNA cDNA was isolated, and the two frag
ments were ligated.
3. The plasmid resulting from the first two steps 
was digested with Nru I (nucleotide +61) and

Table 1. TK-ts13 cells were cotransfected with one of 
the construct and p T K II as a selectable marker (see 
Materials and Methods).

Established cell lines were made quiescent and then serum- 
stimulated for 24 hours. RNA blots were hybridized to the Ava 
ll-Pst I fragment of the human PCNA cDNA, to the histone H3 
probe and to the 3A10 cDNA. The densitometry readings of 
the autoradiographs represent the ratios of the PCNA bands 
to the 3A10 bands (PCNA/3A10), and the H3 bands to the 
3A10 bands (H3/3A10).

Cell Line H3/3A10 PCNA/3A10
Bam pr-PCNA gene-3' GO 0.19 0.018

34° 0.66 0.04
39°6 0.06 0.015

SV pr-PCNA gene-SV GO 0.38 0.06
34° 0.88 0.12
39°6 0.21 0.17

Bam pr-PCNA gene-SV GO 0.8 2.74
34° 1.9 2.5
39°6 0.2 0.5

SV pr-PCNA gene-3' GO - -

34° 1.9 1.8
39°6 0.4 3.1

Bam pr-PCNA cDNA-3' GO — —

34° 0.6 0.62
39°6 0.1 0.2

SV pr-PCNA cDNA-SV GO 0.28 0.05
34° 0.6 0.3
39°6 0.05 0.8

Bam pr-PCNA cDNA-SV GO 0.04 0.05
34° 1.18 0.2
39°6 - -

SV pr-PCNA cDNA-3' GO 0.03 0.08
34° 0.5 0.5
39°6 0.05 0.9

Sea I (nucleotide 2526 in the vector’s am picil
lin resistance gene). The fragm ent containing 
part o f the ampicillin resistance gene and the 
first 61 bases of the PCNA cDNA was isolated.
4. cob 12 was digested with Sea I (nucleotide 
2063 in the vector’s am picillin resistance gene) 
and N ru I (nucleotide +61). The fragm ent con
taining part of the ampicillin resistance gene, 
the origin of replication of the plasm id and 
the PCNA cDNA from +61 to the end, was iso
lated and the 2 fragments were ligated.
5. The resulting plasm id was linearized with 
Sal I (674).
6. cob 12 was digested with Sal I and Xho I. 
The fragm ent containing the SV40 prom oter 
without the splice junction was isolated and the 
2 fragments ligated.

The Dsal-PCNA gene was previously described 
(Pietrzkowski et al., 1991). It is the full-length 
hum an PCNA gene with a 73 bp promoter.
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RNA isolation and Northern blot analysis

RNA was isolated by the m ethod of Chomczyn- 
ski and Sacchi (1987). RNA blots were performed 
by standard procedures (Thomas, 1983). Radio
active probes were prepared  by the random  
prim er m ethod (Feinberg and Vogelstein, 1984). 
The following probes were used:
1. A 186 bp Pst I-Ava II fragm ent corresponding 
to the hum an specific part o f the hum an PCNA 
cDNA (subcloned into pGEM 3-Z; Promega).
2. The histone H3 probe previously described 
(Jaskulski et al., 1988b).
3. 3A10 cDNA (Lin and Lee, 1984) was used as 
an internal control in all of the RNA hybrid
ization m easurem ents reported  here. The 3A10 
cDNA was derived from a cDNA library con
structed by using poly(A)+ RNAs extracted 
from ham ster K12 cells incubated at the restric
tive tem perature. 3A10 encodes an RNA species 
that is expressed at constant levels throughout 
the cell cycle and at either restrictive or p e r
missive tem peratures.

Nuclei isolation and nuclear run-on assays

For each growth condition, 3 x 107 cells were 
grown on Petri dishes. Cells were washed twice 
with ice-cold PBS and collected by scraping. 
After centrifugation, the cell pellet was gently 
resuspended in lysis buffer containing Nonidet 
P-40 (NP-40) (10 mM Tris-HCl, pH 7.4; 10 mM 
NaCl; 3 mM MgCl2; 0.5% NP-40). After 5' incu
bation on ice, the lysed cells were centrifuged, 
the pellet resuspended in NP-40 lysis buffer, and 
centrifuged again. The nuclear pellet was then 
resuspended in glycerol storage buffer (50 mM 
Tris-HCl, pH 8.3; 40% glycerol; 5 mM MgCl2; 
0.1 mM EDTA). The nuclei were kept at -70°C .

Nuclear run-on assays were perform ed as de
scribed previously (Groudine et al., 1981; Koni- 
ecki et al., 1991). The single-stranded PCNA 
probes were generated from fragments sub
cloned into SK (Stratagene). The subcloned frag
ments were: (1) exon 1, Nru I-Pst I; (2) exons 2 
and 3, EcoR V-EcoR I. These plasmids were res
cued as single-stranded phagmids using a helper 
phage (R408, Stratagene), and the inserts were 
excised as described (Sell et al., 1992). The actin 
probe was obtained by digestion of pHF-P- 
A-l plasmid (Gunning et al., 1983) with BamH I.

The X DNA used as a negative control was 
a H ind III digest commonly used as an electro
phoresis m arker (Boehringer M annheim).

Reverse transcriptase-polymerase chain reaction 
(RT-PCR)

The RT-PCR techniques used were similar to 
published m ethods (Rappolee et al., 1988; 
Rappolee et al., 1989; Saiki et al., 1988). The 
am plim ers used for the amplification (exon 1- 
intron 1) and the intron 1 probe have been de
scribed previously (Chang et al., 1990).

Results

In previous experiments it was shown that the 
hum an TK gene under the control of its own 
prom oter was not expressed when transfected 
into TK "tsl3 cells serum-stimulated at the re
strictive tem perature of 39.6°C, while its mRNA 
was easily detectable in the same cells stimulated 
at the permissive tem perature. However, when 
the hum an TKcDNA was placed under the con
trol of the early SV40 prom oter and transfected 
into the same cells, it was expressed both at the 
permissive and the restrictive temperatures (Lip- 
son et al., 1989). Indeed, at the restrictive tem 
perature the human TKcDNA, under the control 
of the SV40 promoter, was actually overex
pressed. The same observation was found to 
be true for the PCNA cDNA and gene (see be
low). Such a discrepancy at the restrictive tem 
perature in the expression of the TK or PCNA 
genes versus that of an SV40 controlled cDNA 
could only depend on one of three components: 
the 5' flanking sequences, the presence of in- 
trons, or the 3' untranslated sequences. We there
fore proceeded to make constructs in which 
these three components were varied. We started 
from  the PCNA gene, as cloned and sequenced 
by Travali et al. (1989). This hum an PCNA gene 
contains 2.8 kb of 5' flanking sequence, the whole 
gene which consists of 6 exons and 5 introns, 
and about a kilobase of 3' flanking sequences. 
Figure 1 shows three constructs made with the 
PCNA gene. The first has its own promoter, but 
with the SV40 3' flanking sequence. The second 
has the SV40 prom oter instead of the PCNA 
prom oter, and the SV40 3' untranslated se
quence. The th ird  construct has the SV40 p ro 
m oter and the hum an PCNA gene with its own 
3' flanking sequence. All these constructs were 
cloned in pGEM 3. Similar constructs were made 
using— instead of the PCNA gene — the hum an 
PCNA cDNA (Jaskulski et al., 1988b).

These various constructs were transfected into
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Figure 1. Constructs made with the hum an PCNA gene. The diagram  shows only the constructs m ade with the 
gene, but sim ilar constructs were also made with the hum an PCNA cDNA (see M aterials and Methods). Empty boxes: 
PCNA gene; black boxes: SV40 prom oter; white striped boxes: pGEM 3; black striped boxes: SV40 polyadenylation 
sequence; spotted boxes: PCNA cDNA; black squares: Okayama-Berg vector sequences; Amp: ampicillin resistance gene.
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TK~tsl3 cells together with pTKll, which is a 
plasm id containing the hum an TKcDNA u n 
der the control o f the SV40 prom oter. Mixed 
populations (from 40 or more independent col
onies) were selected in gHAT and used for sub
sequent experiments.

The type of promoter determines the expression 
of PCNA at the restrictive temperature

The experim ents described in Figure 2 were 
carried out with the cells stably transfected with 
different constructs (see above) under three 
different conditions: serum  deprived cells (lane 
1), cells serum -stim ulated for 24 hours at the 
permissive tem perature of 34°C (lane 2), and 
cells stim ulated for the same period of time at 
the restrictive tem perature of 39.6°C (lane 3). 
RNA was extracted, and RNA blots were sim ulta
neously hybridized to the human-specific PCNA 
probe (see M aterials and Methods), to a hu 
m an histone H3 probe, and to the 3A10 probe 
that is constantly expressed throughout the cell 
cycle (Lin and Lee, 1984). Figure 2 shows that 
the expression of the hum an PCNA (PCNA pro/ 
PCNA 3') gene is completely suppressed at the 
restrictive tem perature, although hum an PCNA 
RNA is abundantly present in cells stim ulated 
at 34°C.

The same result was obtained in cells carry
ing e ither (1) the construct with the PCNA pro 
moter, the PCNA gene, and the SV40 3' flanking 
sequence (PCNA pro/SV40 3' m iddle panel); (2) 
the construct with the PCNA prom oter, the 
PCNA cDNA, and the SV40 3' flanking sequence 
(PCNA pro/SV40 3' lower panel); or (3) the PCNA 
5' and 3' flanking sequences and the PCNA cDNA 
(not shown). In all instances, the hum an PCNA 
mRNA levels were markedly decreased at the 
restrictive tem perature, following the same pat
tern  o f histone H3 RNA levels.

The results were different when the cells car
rying the constructs in which the SV40 p ro 
m oter driving the hum an PCNA gene or cDNA 
were analyzed. PCNA mRNA levels were as high 
at the restrictive tem perature as at the perm is
sive tem perature (Fig. 2; the construct with the 
SV40 prom oter, the PCNA cDNA, and the SV40 
3' flanking sequence is not shown). N either the 
presence or absence of introns, nor the type 
o f 3' flanking sequence has any influence on 
the expression of PCNA mRNA at the restric
tive tem perature. The absence of histone H3 
in lane 3 confirms that the cells had been 
blocked in Gi in all instances.

The results of these experim ents are sum 
m arized in Table 1, where they are presented 
as ratios of H3 RNA levels to 3A10 RNA levels, 
and of PCNA RNA levels to 3A10 RNA levels, in 
serum  deprived Go cells and in the same cells 
stimulated for 24 hours at either 34°C or 39.6°C. 
The H3/3A10 ratio is always markedly decreased 
in cells stimulated at the restrictive temperature. 
The PCNA/3A10 ratio is decreased at the restric
tive tem perature only when the transfected con
struct had the original PCNA promoter. W hen 
the cells carried sim ilar constructs bu t with the 
SV40 prom oter, the ratios were essentially the 
same at 34°C and 39.6°C, although the abso
lute levels may have varied.

The activity of the SV40 promoter at 39.6 °C 
is not due to its splicing site

The SV40 prom oter used in all these experi
ments is derived from the Okayama-Berg vec
tor (Okayama and Berg, 1983); it contains a very 
small intron with the appropriate  splicing sig
nals. It is possible that the ability of this SV40 
prom oter to generate PCNA mRNA levels may 
be due to the presence of these splicing signals 
and the small intron. In the next construct we 
removed the SV40 intron and splicing sites (see 
M aterials and Methods), and used it again to 
drive the hum an PCNA cDNA. The construct 
was transfected as usual in TK "tsl3 cells, to
gether with pTKll; mixed populations were se
lected; and RNA was extracted. The resultant 
blots are shown in Figure 3. Clearly, the hum an 
PCNA cDNA is vigorously expressed at the re
strictive tem perature, although this SV40 p ro 
m oter does not contain the splicing signals.

Transcriptional activity of the PCNA promoter 
and of the SV40 promoter at both permissive 
and restrictive temperatures

The transcriptional activity of these two p ro 
m oters was analyzed by two different methods. 
The first m ethod we used was that of the re
verse transcriptase polymerase chain reaction 
(RT-PCR) as outlined by Rappolee et al. (1989), 
and Lipson and Baserga (1989). Only two cell 
lines were studied in this case. The first cell line 
was the one containing the hum an PCNA gene, 
with its 5' and 3' flanking sequences, and the 
second cell line was the one in which the hum an 
transfected PCNA gene had an SV40 prom oter 
and an SV40 3' flanking sequence. A ppropriate 
am plim ers of exon 1 and intron 1 were used 
to generate hnRNA, originating from the human
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Figure 2. Expression of the 
transfected PCNA gene in 
TK~tsl3 cells. Experiments 
were carried out with cell lines 
obtained after transfection of 
TK~tsl3 cells with the con
structs diagrammed in Figure 1 
and in Materials and Methods. 
The cells were cotransfected 
with the selectable marker as 
described in Materials and 
Methods. Mixed populations 
were then selected and ampli
fied. The cells were made quies
cent and subsequently serum- 
stimulated for 24 hours. Total 
RNA was extracted and ana
lyzed by Northern blot, the 
filters were hybridized to the 
Ava Il-Pst I fragment of the hu
man PCNA cDNA (which rec
ognizes only the human PCNA 
mRNA), to the histone H3 
probe, and to the 3A10 cDNA. 
Lane 1, quiescent cells; lane 2, 
serum-stimulated cells at the 
permissive temperature; lane 3, 
serum-stimulated cells at the 
restrictive temperature. The 
top four panels are from cells 
carrying the human PCNA 
gene, pro: promoter; 3': 3' flank
ing sequences.
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Figure 3. Effect of the removal of the SV40 intron and 
splicing sites on the ability of the SV40 promoter to 
generate PCNA mRNA levels. We used the construct 
in which the SV40 intron and splicing sites were re
moved from the promoter (see Materials and Methods) 
to cotransfect TK_ tsl3 cells together with pTK 11. Total 
RNA was extracted and analyzed as described in Fig
ure 2. Lane 1, quiescent cells; lane 2, serum-stimulated 
cells at the permissive temperature; lane 3, serum- 
stimulated cells at the restrictive temperature.

PCNA gene. The amplification products were 
then transferred by a Southern blot and hybrid
ized to a PCNA intron 1 probe. The expected 
size of the amplification product was 493 bp, 
and the results are shown in Figure 4. Very little 
hum an PCNA hnRNA is present in cells that

are serum-deprived (lanes 1 and 4). In cells stim
ulated at 34°C, the hum an PCNA hnRNA is 
clearly detectable, both in cells carrying the hu 
man PCNA gene construct and in cells carry
ing the same gene but under the control of the 
SV40 prom oter (lanes 2 and 5). At 39.6°C, how
ever, the results are different: no transcripts are 
detectable in cells carrying the full-length, hu 
man PCNA gene (lane 3), while transcripts are 
easily detectable in cells in which the hum an 
PCNA gene was driven by the SV40 prom oter 
(lane 6). A ppropriate controls to the RT-PCR 
were made as follows: (1) when the RT-PCR was 
run in the absence of the reverse transcriptase, 
no amplification products were obtained, in 
dicating that DNA had been totally excluded; 
and (2) two different cycles of amplification were 
used to ascertain that the quantitation was cor
rect (data not shown).

The second technique we used to investigate 
transcriptional activity of this construct was the 
run-on assay (Groudine et al., 1981) as described 
in Materials and Methods. The cells were treated 
as in Figure 4, except that the nuclei were p re
pared and analyzed for transcriptional activity. 
To detect PCNA transcription, we used single- 
stranded probes from exon 1 and from exons 2 
and 3. A p-actin probe was used as the positive 
control, and X DNA as the negative control. 
The results are shown in Figure 5. Confirming 
the results obtained with RT-PCR, run-on tran 
scription shows that there is no detectable sig
nal at 39.6°C in cells carrying the hum an PCNA 
gene with its own flanking sequences (Panel A). 
The run-on assay of cells —with the same gene, 
but under the control of the SV40 prom oter—

0 0 V 493 bp

Figure 4. PCNA hnRNA levels -|
in TK~tsl3 cells with either 
Bampr/PCNA gene or SV40pr/
PCNA gene. mRNA levels were 
measured by RT-PCR. One tig 
of total RNA was amplified 
with 2 amplimers from exon 1 
and intron 1 of the human
PCNA gene for 20 cycles. After amplification, the amplification products were blotted and hybridized to an oligo
nucleotide from intron 1 of the human PCNA gene. Lanes 1-3, RT-PCR performed with the cells transfected with 
the human PCNA gene with its own flanking sequences; lanes 4-6, RT-PCR performed with the cells transfected 
with the human PCNA gene under the control of the SV40 promoter and with the SV40 polyadenylation signal; 
lanes 1 and 4, quiescent cells; lanes 2 and 5, serum-stimulated cells at the permissive temperature; lanes 3 and 6, 
serum-stimulated cells at the restrictive temperature.
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gives instead a very clear signal that is as strong 
at 39.6°C as at 34°C (panel B). These experi
ments were done with single-stranded probes to 
avoid the problems of antisense transcription 
(Sell et al., 1992).

A 73 bp promoter of the PCNA gene is 
thermosensitive

In a previous paper (Pietrzkowski et al., 1991), 
we had shown that a hum an PCNA prom oter 
consisting only of the 73 bp immediately u p 
stream of the CAP site is fully active and is 
growth-regulated, i.e., its mRNA levels are m ark
edly increased by serum stimulation. The same 
cell line used by Pietrzkowski et al. (1991) of 
transfected TK "tsl3 expressing the hum an 
PCNA gene driven by a 73 bp prom oter was used 
again. These cells are stably transfected, and 
Figure 6 shows that in this cell line (1) the PCNA 
mRNA levels increase when the cells are stim u
lated at the permissive tem perature; and (2) the 
increase is negligible when the cells are serum- 
stimulated at the restrictive temperature. Again, 
histone H3 serves as a control for both stim ula
tions. At the restrictive tem perature, the -  73 bp 
prom oter also fails to produce PCNA mRNA 
when driving the cDNA, instead of the gene, 
with the SV40 3' end (not shown).

Discussion

The PCNA mRNA levels are growth-regulated 
(see review in Baserga, 1991). Both serum- and 
platelet-derived growth factor increase PCNA 
mRNA expression in 3T3 cells (Almendral et 
al., 1987, Jaskulski et al., 1988b). The serum- 
responsive elem ent in the PCNA prom oter has 
been localized to the 73 bp immediately u p 
stream of the CAP site (Pietrzkowski et al., 1991). 
In this paper we have addressed a different prob
lem, namely, the element(s) in the PCNA gene 
responsible for its failure to generate mRNA 
in Gi-specific ts mutants of the cell cycle stimu
lated at the restrictive tem perature.

The rationale for this investigation is based 
on the fact that late growth-regulated genes, like 
histones and DNA synthesis genes, are not ex
pressed in Gi-specific ts m utants of the cell 
cycle serum-stimulated at the restrictive tem 
perature  (Hirschhorn et al., 1984b; Liu et al., 
1985; Ide et al., 1895; Jaskulski et al., 1988b; 
Koniecki et al., 1991; Venturelli et al., 1990; 
Travali et al., 1991). U nder the same conditions,

early growth-regulated genes (like c-myc) are nor
mally expressed (Hirschhorn et al., 1984a; Koni
ecki et al., 1991), and certain prom oters are ac
tually superinduced (Lipson et al., 1989; Travali 
et al., 1991). Gi-specific ts mutants, therefore, 
offer a very attractive system for studying the 
regulation of gene expression — specifically, why 
the expression of a subset of genes is inhibited 
at the restrictive tem perature, while other genes 
are normally expressed. The fact that some 
genes are expressed while others are not, rules 
out trivial explanations, such as a total inhibi
tion of unique copy gene transcription. The pos
sibility of identifying a factor or a mechanism 
specific to a subset of genes is clearly of interest.

We have selected for our purpose one Gi- 
specific ts m utant, TK~tsl3 cells (Shen et al., 
1982) and the hum an PCNA gene (Travali et al., 
1989), since our laboratory has had considerable 
experience with both of them. In preliminary 
experim ents based on a previous observation 
by Lipson et al. (1989), we had established that 
a hum an PCNA cDNA under the control of an 
early SV40 prom oter and with an SV40 poly(A) 
signal, stably transfected in TK~tsl3 cells, was 
expressed vigorously at the restrictive tem per
ature. Different constructs were made in which 
the hum an PCNA gene or cDNA were flanked 
by either PCNA or SV40 sequences. These con
structs were transfected into TK "tsl3 cells to 
generate cell lines derived from multiple clones 
and expressing hum an PCNA mRNA, which is 
easily distinguishable in N orthern blots from 
ham ster PCNA mRNA (Chang et al., 1990). 
These cell lines were then tested for the expres
sion of hum an PCNA mRNA at both perm is
sive and restrictive tem peratures. The results 
unequivocally show that the PCNA prom oter 
is responsible for the failure of expression of 
the PCNA gene at the restrictive tem perature. 
Presence of absence of introns, and the 3' 
flanking sequence do not seem to play an ap
preciable role in the regulation of the PCNA 
gene under these conditions. We have already 
shown in previous papers that the endogenous 
ham ster PCNA gene is completely inhibited at 
the restrictive tem perature (Jaskulski et al., 
1988b; Travali et al., 1991; Koniecki et al., 1991), 
like the transfected hum an PCNA gene.

By run-on transcription and by RT-PCR we 
show that the inhibition is at the transcriptional 
level. Furthermore, we show that a -  73 bp PCNA 
prom oter is fully incapable o f expression at the
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Figure 5. Transcriptional activity of the 
different constructs measured by run- 
on assay. The experiments were per
formed as described in Materials and 
Methods. The cells were made quiescent 
(lane 1), then serum-stimulated for 20 
hours at either the permissive temper
ature (lane 2) or the restrictive temper
ature (lane 3). A. Cells transfected with 
the human PCNA gene with its own 
flanking sequences. B. Cells transfected 
with the human PCNA gene under the 
control of the SV40 promoter and with 
the SV40 polyadenylation signal. The 
amount of DNA/slot was 1 pig. The 
probes used were the Nru I-Pst I frag
ment of the exon 1 of the human PCNA 
gene, the EcoR V-EcoR I fragment con
taining both exon 2 and 3 of the PCNA 
gene, the X DNA and the p-actin DNA 
(see Materials and Methods).

B

B actin

exon 1

exon 2+3  

A

1 2 3

restrictive tem perature. This inhibition, there
fore, m ust be due to a specific mechanism, 
specific not to PCNA but to a subset of genes 
like PCNA, while the SV40 prom oter and the 
prom oters of early growth-regulated genes are 
not affected by this mechanism. We are cogni
zant of the fact that PCNA mRNA levels in Go

cells vary with different constructs, and this is 
the subject of further investigation. In this 
paper, we concentrate only on the difference 
between cells serum-stimulated at either p e r
missive or restrictive tem peratures. As m en
tioned above, it is well established that the ex
pression of the PCNA gene is growth-regulated
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1 2 3

•  PCNA

Figure 6. Expression of the -7 3 b p  PCNA prom oter 
(Dsal) driving the hum an PCNA gene. Experiments were 
carried  out with the transfected hum an PCNA gene u n 
der the control o f the -7 3 b p  PCNA prom oter (Pietrz- 
kowski et al., 1991). The cells were transfected, and mixed 
populations were then selected and amplified. The cells 
were m ade quiescent and subsequently serum-stimu
lated for 24 hours. Total RNA was extracted and ana
lyzed by N orthern  blot; the filters were hybridized both 
to the Ava Il-Pst I fragm ent o f the hum an PCNA cDNA 
that recognizes only the hum an PCNA mRNA and to 
the histone H3 probe. Lane 1, quiescent cells; lane 2, 
serum -stim ulated cells at the permissive tem perature; 
lane 3, serum-stimulated cells at the restrictive tem per
ature.

and that this regulation occurs at both transcrip
tional and posttranscriptional levels (Ottavio 
et al., 1990; Chang et al., 1990; Shipm an et al., 
1988, 1990). Intron 4 (Chang et al., 1990) and 
intron 1 (Alder et al., 1992) also play a role in 
regulating PCNA mRNA levels. The growth- 
regulated expression of the PCNA gene is still 
evident when the gene is under the control of 
a prom oter consisting of the first 73 bp im m e
diately upstream  of the transcription initiation 
site (Pietrzkowski et al., 1991). In Gi-specific ts 
m utants whose growth is arrested at the restric
tive tem perature, the PCNA prom oter does not 
direct transcription, whether full-length or re
duced to 73 bp.

This 73 bp prom oter contains an enhancer, 
located between -7 3  and -4 5  (Pietrzkowski et 
al., 1991). It also contains a direct repeat of the 
sequence ACGCGG, which matches in 5 out of 
6 nucleotides a sequence present in the region 
imm ediately upstream  of the CAP site in all 
yeast DNA synthesis genes (Lowndes et al., 1991) 
and is essential for cell cycle regulation (Lown
des et al., 1991; Gordon and Campbell, 1991). 
Even in yeast, two genes have this sequence as

5 out of 6 matches, so that the ACGCGG se
quences in the hum an PCNA gene are reason
able candidates for a similar cell cycle role. In 
cidentally, the 5' flanking regions of both the 
hum an DNA polymerase a gene (Wong et al., 
1988) and the hum an thymidine kinase gene 
(Flemington et al., 1987) have similar sequences. 
The PCNA 73 bp prom oter binds proteins by 
gel shift analysis, and the binding is cell cycle- 
dependent (Pietrzkowski et al., 1991). By meth- 
ylation interference analysis, protein binding 
also involves the distal ACGCGG sequence 
(Pietrzkowski et al., 1991), suggesting that this 
sequence plays a role in the growth regulation 
of the PCNA gene. The direct repeats are ac
tually located in the 46 bp immediately u p 
stream  of the CAP site, and it is of interest that 
a 45 bp prom oter, although weak because of 
the loss of the enhancer, is still growth-regulated 
(Chang et al., 1990; Pietrzkowski et al., 1991).

O ur results indicate that, in cells stim ulated 
at the restrictive tem perature, a factor (or fac
tors) is missing that is necessary for the func
tion of the -7 3  bp PCNA promoter. Such fac
tors do not seem to be required for the function 
of the SV40 promoter. Although we have studied 
in this paper only these two prom oters, it is 
possible that the prom oters of early growth- 
regulated genes (like c-myc, expressed at the re 
strictive tem perature) may behave like the SV40 
prom oter, while the Gi-S boundary genes will 
be similar to the PCNA promoter. These findings 
suggest that this model can be used to isolate 
a factor (or factors) necessary for the transcrip
tion of DNA synthesis genes.
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