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The steady-state mRNA levels of the proliferating cell nuclear antigen (PCNA) gene are growth regulated.
We have begun to identify the elements in the human PCNA gene that participate in its growth regulation by
transfecting appropriate constructs in BALB/c3T3 cells. The results can be summarized as follows. (i) The 400
base pairs of the 5'-flanking sequence of the human PCNA gene upstream of the preferred cap site are sufficient
for directing expression of a heterologous cDNA (S. Travali, D.-H. Ku, M. G. Rizzo, L. Ottavio, R. Baserga,
and B. Calabretta, J. Biol. Chem. 264:7466-7472, 1989). (ii) Intron.4 is necessary for the proper regulation of
PCNA mRNA levels in Go cells. Removal of intron 4 leads to abnormally high levels of PCNA mRNA in
serum-deprived cells, although the shortened PCNA gene with its own promoter is still responsive to serum
stimulation. (iii) The presence of introns also increases the steady-state levels of PCNA mRNA in proliferating
cells. These results are especially interesting for two reasons: (i) because of the extensive sequence similarities
among introns and between introns and exons of the human PCNA gene, and (ii) because, usually, the presence
of introns leads to increased expression, whereas in this case, removal of intron 4 caused an increase in mRNA
levels, and this occurred only in quiescent cells.

The proliferating cell nuclear antigen (PCNA) is a nuclear
protein of molecular mass 29,000 whose synthesis correlates
with the proliferative state of the cells (5, 38). The protein
itself is part of the DNA-synthesizing machinery, since it has
been identified as the cofactor of DNA polymerase delta (6,
31). Almendral et al. (1) were the first to report the cloning
and sequencing of a cDNA for human PCNA. Subsequently,
we isolated in our laboratory (19) a slightly longer cDNA,
while the cDNA from rat cells was isolated by Matsumoto et
al. (25). More recently (41), we molecularly cloned the full
gene for human PCNA and sequenced approxinmately seven
kilobases of it. The cloned gene included extensive 5'- and
3'-flanking sequences, and a functional promoter was iden-
tified in the 5'-flanking sequence (41). The human PCNA
gene localizes to chromosome 20; there is a pseudogene on
chromosome X and possibly a second pseudogene on chro-
mosome 6 (21).
The PCNA mRNA is growth regulated. It was shown to be

induced in quiescent 3T3 cells by stimulation with fetal calf
serum, becoming detectable 12 h after stimulation and reach-
ing a maximum at about 16 to 18 h, which is the maximum of
DNA synthesis, as also shown by hybridization of the same
filter to a histone probe (1). Jaskulski et al. (19) confirmed
that the levels ofmRNA are growth regulated in BALB/c3T3
cells, being very low in Go cells and increasing markedly
when the cells are stimulated to proliferate by serum or

growth factors. In this study, we have begun to localize the
elements that regulate the growth-related expression of the
human PCNA gene. We have limited ourselves, because of
the complexity of the problem, to elements that regulate the
steady-state levels ofPCNA mRNA, leaving to a subsequent
investigation the determination of whether these levels are

regulated at the transcriptional or posttranscriptional level.

* Corresponding author.

MATERIALS AND METHODS

Plasmid construction. The full sequence of the human
PCNA gene has been previously reported (41). The sequence
of the human PCNA cDNA has also been reported by
Almendral et al. (1) and Jaskulski et al. (19). By using these
sequences, i.e., the human PCNA gene and the human
PCNA cDNA, we have constructed the various plasmids
that have been used in these experiments (see Fig. 1 and 5).
The construction of the various plasmids is described below.

(i) PCNA gene. The full-length human PCNA gene is the
BamHI fragment described and sequenced by Travali et al.
(41). It includes 2.8 kilobase pairs (kbp) of 5'-flanking
sequence, 6 exons, 5 introns, and 400 base pairs (bp) of 3'
untranslated region.

(ii) BamHI-m-gene. The BamHI-m-gene contains the
PCNA promoter (2.8 kbp) driving the PCNA gene until the
EcoRI site (+ 1343) and cloned in the KpnI and EcoRI sites
of the polylinker of Bluescript KS. To this was added the 3'
untranslated region of PCNA from the XmnI site (+4903),
cloned in the SmaI and BamHI sites of the same polylinker.

(iii) EcoRI-m-gene. The EcoRI-m-gene contains the
PCNA promoter from EcoRI (-1257) driving the PCNA
gene until the EcoRI site (+ 1343 on the 3rd exon), cloned at
the EcoRI site of the polylinker of Bluescript KS plus the 3'
untranslated region of PCNA from XmnI (+4903), cloned in
the Smal and BamHI sites of the same polylinker.

In these two constructs, we truncated the PCNA trans-
lated region at the EcoRl site (+1373 on the 3rd exon) and
we eliminated the last 400 bp of the coding sequence, the first
50 bp of the untranslated region, and the 3rd, 4th, and 5th
introns.

(iv) BamHI-m-cDNA and EcoRI-m-cDNA. The BamHI-
m-cDNA and EcoRI-m-cDNA fragments are like the
BamHI-m-gene and the EcoRI-m-gene, with the promoters
driving the PCNA cDNA truncated at EcoRI (+540) plus the
3' untranslated region (from XmnI +991 of the cDNA).

(v) BamHI PCNA without 4th and 5th intron. The BamHI
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PCNA without introns 4 and 5 is a fragment containing the
2.8-kbp PCNA promoter driving the PCNA gene until the
BglII site (+2343) plus PCNA cDNA from the BglII site until
the 3' end, cloned in the BamHI site of the polylinker of
pGEM 3. To prepare this construct, we digested the BamHI
promoter driving the full PCNA gene and the PCNA cDNA
with BglII. There are two BgIH sites on the PCNA gene:
+2348 on the 4th exon and +4848 on the 3' untranslated
region (+607 and 1136 of cDNA). We then substituted the
BglII fragment containing the 4th and 5th introns with the
BglII fragment from the PCNA cDNA.

(vi) BamHI PCNA without 5th intron. The BamHI PCNA
without intron S is a fragment containing a 2.8-kbp PCNA
promoter driving the PCNA gene until the KpnI site (+4419
on the 5th exon) plus PCNA cDNA from the KpnI site until
the 3' end. We digested the BamHI promoter driving the full
PCNA cDNA with KpnI and HpaI. On the PCNA gene there
is only one KpnI site (+4419 on the 5th exon, +793 on the
cDNA) and only one HpaI site (+4862 on the 3' untranslated
region, + 1150 on the cDNA). We substituted the KpnI-HpaI
fragment of the gene with the KpnI-HpaI fragment of the
cDNA.

(vii) BamHI PCNA without 5th intron and truncated. The
BamHI PCNA without intron 5 and truncated is a fragment
containing a 2.8-kbp PCNA promoter driving the PCNA
gene truncated in the KpnI site (+4419 on the 5th exon) plus
part of the 3' untranslated region. We digested the BamHI
promoter driving the full PCNA gene with KpnI and HpaI
(see BamHI PCNA without 5th intron), eliminated the
KpnI-HpaI fragment (-450 bp), made blunt ends with T4
DNA polymerase, and religated the extremities. In this
construct, we truncated the translated region of the PCNA
gene in the 5th exon and eliminated the last 150 bp of
translated region and the 5th intron and 207 bp of the 3'
untranslated region.

(viii) BamHI PCNA without introns 1, 2, and 3. The
full-length human PCNA gene was digested with StuI and
religated. This digestion removes part of exon 1, introns 1
and 2, exons 2 and 3, and most of intron 3 (41).

Cell lines. BALB/c3T3 cells were grown in our laboratory
as previously described (19). 3T3 cells were transfected in
suspension (34) with one of the desired constructs. Each
construct was cotransfected with plasmid pLHL4 (15),
which contains the bacterial gene for hygromycin B resis-
tance. The cells were then selected in hygromycin; the
resultant clones were analyzed for the presence of the PCNA
construct and then investigated as described in Results.
RNA extraction and RNA blots. Total RNA was extracted

from cells by the method of Chomczynski and Sacchi (10),
and RNA blots were carried out by standard procedures
(40). Radioactive probes were prepared by the random-
priming method (14). The following probes were used: (i) the
full-length PCNA cDNA (19), cloned in pGEM-3; (ii) the 5'
portion of the human PCNA cDNA (18) extending from the
BamHI (cap site) to the Avall site at + 178 of the cDNA (it
includes the 5' untranslated region plus 20 bp of coding
sequence); and (iii) the histone H3 probe, previously de-
scribed (19). To monitor the amounts of RNA in each lane,
we used as a probe a mouse cDNA insert (isolated from a
differential screening of a cDNA library and designated as
L4) whose expression is not growth regulated. Since the
amounts of RNA in the different lanes did not vary by more
than 10 to 20%, this control has been omitted from Results.

BamHI -minigene .134
E*Rl

-2800
BamHI

BamHI-minicDNA
-2800

.540 +991
EoRl Xnmnl

BMlI

EcoRi-minigene
-1275
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-1275

+1343 +4703
EooRl Xmnl
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Eo*Rl Xmnl~~~~~~~~ s
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FIG. 1. Diagram of the minigenes and mini-cDNA of human
PCNA transfected into BALB/c3T3 cells. The diagram shows only
two promoters, the BamHI and the EcoRI promoters, but similar
constructs were also made with shorter promoters. Thin lines,
S'-Flanking sequences; black boxes, coding sequences; empty
boxes, introns; striped boxes, 3'-flanking sequences, including the 3'
untranslated region.

RESULTS

Regulation of the human PCNA gene in BALB/c3T3 cells. In
a previous study (41), we had shown that approximately 400
bp of 5'-flanking sequence (PvuII restriction site) was suffi-
cient for the full expression of a linked reporter, in that case
the cDNA of human thymidine kinase.
We have now investigated the regulation of the human

PCNA gene in BALB/c3T3 cells, which are exquisitely
growth regulated (33, 37). The constructs used for these
experiments are shown in Fig. 1. In order to distinguish the
human PCNA mRNA from endogenous mouse PCNA
mRNA (which is approximately the same size), we at first
prepared constructs in which the human PCNA coding
sequence was shortened, thus creating a minigene or a
mini-cDNA. The minigene, as Fig. 1 shows, included the
first two introns (the PCNA gene has 5 introns). Shortening
of the coding sequence resulted in a smaller RNA.
BALB/c3T3 cells were cotransfected with each of the

various constructs and a selectable marker, the plasmid
pLHL4, which contains the bacterial gene for hygromycin
B. Clones were selected, and the established cell lines were
then studied for growth regulation. The experiments were
carried out in the traditional way for BALB/c3T3, i.e., the
cells were made quiescent by decreasing the concentration
of serum for 4 to 5 days (Go cells), and they were subse-
quently stimulated with 10% fetal calf serum. Total RNA
was extracted from the cells in Go and at various times after
serum stimulation (Fig. 2). In these experiments the filters
were hybridized to a full-length human PCNA cDNA probe,
and, as expected, two bands were distinguishable on the
filters, the endogenous mouse PCNA product and the (small-
er) product of the human PCNA minigene or mini-cDNA.
Figure 2 compares the expression of the human PCNA
minigene under the control of the BamHI promoter and the
mouse PCNA gene. It is clear that the BamHI human PCNA
minigene is not correctly regulated. Although it responds to
serum efficiently, minigene mRNA is present in similar
amounts in Go and S-phase cells, while the endogenous
mouse PCNA mRNA is barely visible in Go cells and
strongly expressed in S-phase cells. The same results were
obtained with other promoters and with mini-cDNAs (not
shown). In all cases, however, in serum-stimulated cells the
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FIG. 2. Levels of endogenous PCNA mRNA and of transfected
PCNA minigene RNA in BALB/c3T3 cells. The cells were cotrans-
fected with the BamHI minigene plus a selectable marker (see
Materials and Methods). Mixed populations were used for the
experiment. Lane 1, Serum-deprived cells; lane 2, 4 h after serum
stimulation; lanes 3, 4, and 5, 8, 16, and 24 h, respectively, after
serum stimulation. Total RNA was extracted and blotted, and the
filter was hybridized to a human full-length PCNA cDNA probe.
The higher band represents endogenous PCNA, and the lower band
represents the mRNA from the PCNA minigene.

levels of minigene RNAs were higher than those of mini-
cDNA RNAs (Table 1), indicating that introns have a
favorable effect on the expression of the PCNA gene, as
already reported in the literature (13, 43). The deregulation
of the BamHI promoter minigene is even more striking
when, on the same filter, it is clear that the endogenous
mouse PCNA promoter is correctly regulated.
There are essentially three possible reasons why the

BamHI minigene construct is deregulated in Go cells, name-
ly: (i) the BamHI PCNA promoter is an incomplete promoter
that is not correctly regulated; (ii) the lack of intron 3, 4, or
5, or all of them; and (iii) the fact that the minigene and the
mini-cDNA produce a truncated PCNA protein. The last
possibility is somewhat unlikely, since the endogenous
mouse PCNA gene is producing a normal protein; therefore,
either both gene and minigene should be properly regulated
or deregulated. At any rate, to solve this problem we
proceeded with the investigation of growth regulation with
different PCNA constructs.

Regulation with BamHJ PCNA promoter driving the full
PCNA gene. We elected to try first the BamHI PCNA

TABLE 1. Relative expression of PCNA minigenes or PCNA
mini-cDNA in BALB/c3T3 cellsa

PromoterPCACN(restriction site and PCNA PCNA
bp from the cap site) minigene mini-cDNA

BamHI (2,800) 4.0 1.4
EcoRI (1,257) 4.0 1.6
EcoRV (789) 2.0 1.0
PvuII (395) 3.1 1.2
HpaII (210) 3.2 0.9
a BALB/c3T3 cells were cotransfected with one of the human PCNA

constructs and a selectable marker (see Materials and Methods). Established
cells lines were made quiescent and then were stimulated with serum for 16 h.
RNA blots were hybridized to both human PCNA cDNA and a histone H3
probe. The densitometry readings of the autoradiographs represent the ratios
of the PCNA bands to the H3 bands (in order to normalize for the fraction of
cells in S phase).

A B
1 2 1 2 3 4

a

4a PCNA

H3 t O
FIG. 3. Composite picture from two Northern (RNA) blots of

RNA from BALB/c3T3 cells. (A) Lane 1, BALB/c3T3 cells expo-
nentially growing; lane 2, BALB/c3T3 cells transfected with a
BamHI full-length PCNA gene, also exponentially growing. (B)
BALB/c3T3 cells carrying the EcoRl minigene PCNA were inves-
tigated as described in the legend to Fig. 2. The lanes are the same
as in Fig. 2, except that the 24-h time is missing. Both filters were
hybridized with a BamHI-AvaII fragment of the human PCNA
cDNA that recognizes only the human PCNA mRNA.

promoter driving a full-length human PCNA gene. In order,
however, to distinguish the product of the human PCNA
gene from the product of the mouse PCNA gene, it was
necessary first to find a probe that could distinguish them.
The 5' untranslated regions of the PCNA cDNA sequence
are different in mice and humans, and we therefore took a
probe that extends from essentially the cap site to +178 of
the human cDNA. We then tested this probe for its ability to
distinguish mouse and human PCNA mRNAs. Under the
conditions used in our experiments, it was clear that the
human 5' PCNA probe recognizes only the human sequence
and does not recognize the mouse sequence (Fig. 3). No
signal was detectable in BALB/c3T3 cells, whereas the
signal was clearly detectable in the same cells carrying a
human PCNA construct (A). Figure 3B shows that this probe
recognizes only the human PCNA minigene. It also shows
that the EcoRI construct, like the BamHI construct, is not
correctly regulated, mRNA levels being high in Go cells. It is
therefore possible to identify the expression of the human
PCNA full-length gene in BALB/c3T3 cells carrying the
desired construct. Figure 4 shows that when the BamHI
promoter drives the full-length human PCNA gene, it is
correctly regulated. No human PCNA mRNA is detectable
in Go cells, although it becomes clearly detectable in cells
stimulated to proliferate with serum. Similar results were
obtained with other, shorter promoters (not shown). The
results, therefore, show that the BamHI promoter can be
properly regulated like the endogenous PCNA promoter,
provided that all five introns are present.

Necessity of intron 4 for correct regulation of the human
PCNA gene. In the next experiment we decided to investi-
gate the effect on the regulation of mRNA levels from the
human PCNA promoter when either both 4th and 5th introns
were removed or only the 5th intron was removed. In
addition, we made a construct in which the first 4 introns,
but not the 5th one, were present and the coding sequence
was truncated. These three last constructs, diagrammed in
Fig. 5, were cotransfected as usual with a selectable marker,
and cell lines were established. The same experiments
already described were then carried out with these new cell
lines. The results are shown in Fig. 6, and they clearly
indicate that when both introns 4 and 5 are removed, the
expression of the human PCNA gene is deregulated,
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FIG. 4. PCNA mRNA levels in BALB/c3T3 cells transfected
with a full-length human PCNA gene. BALB/c3T3 cells were
cotransfected with a full-length human PCNA gene plus a selectable
marker (see Materials and Methods). Mixed populations were then
selected, and the cells were made quiescent and were subsequently
stimulated with serum. Lane 1, Go cells; lanes 2, 3, 4, and 5, the
same cells 4, 8, 16, and 24 h, respectively, after serum stimulation.
The RNAs were isolated and blotted, and the filter was hybridized to
a BamHI-AvaII fragment of human PCNA cDNA and, also, to a
human histone H3 probe. The full-length human gene had a pro-
moter extending to the BamHI restriction site.

whereas when only the 5th intron is removed, the construct
is perfectly regulated. No mRNA is detectable in Go cells,
although it does appear clearly in serum-stimulated cells.
Finally, Fig. 6 also shows that the truncation of the coding
sequence has no effect on the regulation of the BamHI
PCNA promoter in Go cells, provided that intron 4 is
present. The absence of a histone H3 signal indicates that the
cells in lane 1, panel A, were not in S phase, but we
confirmed it further by labeling cells in a separate experi-
ment with [3H]thymidine for 24 h. About 2% of the cells
became labeled, while in S phase >90% of the cells incor-
porated [3H]thymidine.

First three introns not necessary for correct regulation of
PCNA mRNA levels in Go cells. We finally made a construct
from which we removed introns 1 and 2 and most of intron 3
(see Materials and Methods) and established with it the usual
cell lines from BALB/c3T3 cells. RNA was extracted from
quiescent and serum-stimulated cells, and the resultant blot

BemHI - PCNA
(w/o 4th,Sth i ntron)

-2800
BemHI

us
FIG. 6. Levels of human PCNA mRNA in BALB/c3T3 cells

transfected with different constructs of full-length human PCNA
gene. (A) BamHI full PCNA gene without introns 4 and 5. (B)
BamHI full PCNA without intron 5. (C) BamHI full PCNA trun-
cated and without intron 5. Lane 1, Go cells; lanes 2, 3, 4, and 5, 4,
8, 16, and 24 h, respectively, after serum stimulation. The RNAs
were isolated and blotted, and the filters were hybridized to both the
human histone H3 probe and the BamHI-Avall fragment of human
PCNA cDNA.

is shown in Fig. 7. The absence of the first three introns had
no effect on the correct regulation of PCNA mRNA levels in
Go cells; the truncated human PCNA gene was expressed as
the endogenous mouse gene.

DISCUSSION

The PCNA protein is the auxiliary factor for DNA poly-
merase delta and is necessary for cellular DNA synthesis (6,
29, 31, 44). The PCNA gene product seems to occupy an
important position in DNA replication and cell cycle pro-
gression (18, 23, 30). The encoded protein product of the
PCNA gene is probably present in a multimeric form (39),
and its synthesis correlates with the proliferative state of the
cell (5, 38). It has been suggested that PCNA inhibits an
inhibitor of DNA replication (22) and that its amount is
critical to the onset of DNA synthesis (18, 23). The PCNA
protein is induced in fibroblasts by purified growth factors
such as platelet-derived growth factor and fibroblast growth
factor (5, 7). It is induced in lymphocytes by interleukin-2

1 2 3 4 5
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(w/o Sthintron) 44419 +4862

Kpn Htal
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Kpni H
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FIG. 5. Constructs used to determine the role of different introns
in the regulation of Go mRNA levels of human PCNA gene. Thin
lines, 5'-Flanking sequences; solid boxes, coding sequences; open
boxes, introns; striped boxes, 3' untranslated sequences and flank-
ing regions.

FIG. 7. Levels of PCNA mRNA in BALB/c3T3 cells transfected
with a construct of the human PCNA gene lacking introns 1, 2, and
most of 3. RNA was extracted from Go cells (lane 1), and cells were
serum stimulated for 4, 8, 16, and 24 h (lanes 2 through 5). Blots
were hybridized with a full-length human PCNA cDNA. Two bands
are distinguishable: the upper one is the endogenous mouse mRNA,
and the lower one is the truncated mRNA from the human gene.
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(26, 35), and it is also induced by the ElA protein of
adenovirus (46). PCNA mRNA was shown by Almendral et
al. (1) and by Jaskulski et al. (19) to be induced in quiescent
cells by stimulation with 10% fetal calf serum or other
growth factors in the same way as the thymidine kinase gene
(12, 42). Platelet-poor plasma, which is essentially serum
without platelet-derived growth factor, does not cause an
increase in the steady-state level of PCNA mRNA.
The fact that its expression is growth regulated and the

fact that it codes for a protein of the DNA-synthesizing
machinery make the PCNA gene a very attractive gene for
regulatory studies. The onset of cellular DNA synthesis is
certainly one of the critical steps in the regulation of cell
cycle progression. A study of the regulation of the PCNA
gene (as well as other genes coding for proteins of the DNA-
synthesizing machinery) could be of considerable interest in
our understanding of how cellular proliferation is regulated
in animal cells. In this study, we have attempted to identify
the elements that regulate the steady-state levels of human
PCNA mRNA. No attempt was made here to determine
whether these levels are regulated at a transcriptional or a
posttranscriptional level. The use of mixed populations and
the similarity of results with different established cell lines
seem to rule out a position effect as an explanation of our
results.
The results can be summarized as follows. (i) Although the

longer promoters are just as strong, the PvuII promoter, with
only 395 bp, is sufficient to confer a high level of expression
to a heterologous cDNA (41). (ii) The presence of introns, in
general, increases the levels ofPCNA mRNA in proliferating
cells. (iii) When intron 4 is absent, the PCNA gene does
respond to serum but does not turn off when serum is
withdrawn, so that the steady-state levels of PCNA mRNA
remain high also in Go cells.
The last point is, of course, the most interesting one and is

discussed further.
Our data seem to indicate that the PCNA gene is correctly

regulated in terms of steady-state levels of mRNA, provided
that all the introns are present and provided that the pro-
moter up to the BamHI restriction sites is present. However,
the omission of introns 4 and 5 results in deregulated levels
of mRNA in Go cells. Omission of only intron 5 restores the
PCNA gene to its proper regulation, from which it is inferred
that the presence of intron 4 is necessary for regulation.
Removal of introns 1, 2, and most of 3 (leaving in intron 4)
generates a construct that is correctly regulated. We empha-
size that the presence of intron 4 seems necessary only for
the regulation of steady-state levels in Go cells. We also
emphasize that at this point we can only say that the
presence of intron 4 is necessary for correct regulation of
PCNA mRNA levels. We do not know yet if it is necessary
and sufficient; the possibility still exists that another intron
(any one) may be necessary for a cooperative effect with
intron 4. Truncation at the 3' end does not lead to deregu-
lation, provided that intron 4 is present. The response to
serum seems to be largely located in the 5'-flanking se-
quence, although introns seem to have a general role in
increasing the levels of steady-state mRNA in proliferating
cells. This seems to go along the same lines as the recently
described gene for ribosomal protein L32 in which introns
exert two different types of control, a general control in
terms of levels of mRNA and a more specific control which
is located in that particular gene in intron 1 (11). Although
there are reports that introns have no effect on the mRNA
levels of specific genes, there are also reports of introns
functioning as enhancers or, at any rate, increasing mRNA

levels (8, 9, 11, 13, 16, 17, 20, 28, 36, 45). In the case of the
PCNA gene, the situation is somewhat different: on one
hand, there is, as already mentioned, a general effect on
mRNA levels, but, on the other hand, intron 4 (by itself or in
cooperation with other elements) regulates the levels of
PCNA mRNA in Go cells, while after serum stimulation, the
presence of intron 4 is less critical. It is intriguing that in our
case, the lack of an intron results not in lower but in higher
levels of mRNA. Negative elements in an intron have been
reported in the case of the human alpha 1 (type I) collagen
gene (2, 32). The uniqueness of the human PCNA gene is
that the removal of intron 4 alters the regulation of the
mRNA levels in Go cells.
The presence of a regulatory element in an intron of the

human PCNA gene assumes a particular interest because of
the peculiarity of this gene. As previously reported (41),
there are unusual and extensive similarities among the
introns of the human PCNA gene and, indeed, even between
introns and exons. These sequence similarities are not
casual, since they can extend to approximately 50 to 60o
sequence similarity over stretches of 100 to 400 nucleotides.
These sequence similarities have been described in the
previous paper (41), but for the purpose of the present paper,
it seems to us worthwhile to emphasize the similarities that
intron 4 has with other sequences of the PCNA gene. Thus,
intron 4 has more than 60% sequence similarity over a
stretch of almost 300 nucleotides with the 3' end of the
human PCNA cDNA. It also has more than 60% sequence
similarities with stretches of intron 1 (over almost 200
nucleotides), intron 2 (64 nucleotides), intron 3 (approxi-
mately 460 nucleotides), and intron 5 (41 nucleotides). Intron
4 is the longest of the human PCNA introns, 1,885 bp, while
intron 5, 86 bp, is the shortest. As mentioned above, these
sequence similarities among introns in genes are somewhat
unusual. Similarity has been reported in the introns of heat
shock genes (27) and also in a ribosomal protein of Xenopus
spp., the Li ribosomal protein (24). The latter one is
particularly interesting because it displays, when the gene is
microinjected into frog oocyte nuclei, a splicing block (3).
This leads us to a working hypothesis which can be formu-
lated as follows. When BALB/c3T3 cells are made quies-
cent, a splicing block occurs in the PCNA transcripts,
leading to a decrease in the steady-state levels of mature
mRNA. Somehow the absence of intron 4 removes the
splicing block, so that mature mRNA remains easily detect-
able also in Go cells. This seems to be an attractive hypoth-
esis which can be tested, although it is clear that other
possibilities should be kept in mind. Indeed, no clear expla-
nation of the role of intron 4 in the regulation of steady-state
levels of PCNA mRNA can be formulated until determina-
tions of transcriptions are carried out in detail. Another very
attractive possibility would be that intron 4 contains a
silencer (4) that is functional only in Go. Tentatively, it
seems that intron 4 functions as a cis-acting element, since a
trans-acting factor in our cell lines ought to be provided by
the endogenous PCNA gene (hamster or mouse). More
complicated scenarios would otherwise have to be invoked,
such as species-specific trans-acting factor or a combination
of a trans effect on a longer promoter. For the moment,
however, we can conclude that the steady-state levels of
PCNA mRNA, although clearly regulated at the 5'-flanking
sequence by serum, are also regulated by the presence of
intron 4, whose absence leads to an increase ofmRNA levels
in Go cells. Further studies are directed at identifying the
serum-responsive elements in the 5'-flanking sequence and
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the mechanism by which introns can alter the steady-state
levels of PCNA mRNA in quiescent cells.
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