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ABSTRACT

ik "is13 cells are G|-specific temperature-sensitive mutants of the cell

cycle that arrest in d at the restrictive temperature. In these cells the
mRNAs for early growth-regulated genes (for instance, c-myc) are induc-
ible by serum at both permissive and restrictive temperatures. In contrast,
the mRNAs for late growth-regulated genes |such as histones, prolifer
ating cell nuclear antigen (PCNA), and DNA polymerase-a] are not
detectable at the restrictive temperature, although they are normally
induced by serum at the permissive temperature. Despite the absence of
their mRNAs at the restrictive temperature, transcription rates for DNA
polymerase-a, PCNA, and histone H3 are the same in serum-deprived
cells and in cells that arc serum stimulated at either the permissive or
the restrictive temperature. Since the half-lives of the mRNAs are not
substantially different at the two temperatures, the conclusion is that in
tk~tsl3 cells the mRN'A levels of these late growth-regulated genes are

regulated at a posttranscriptional level, presumably during hnRNA proc
essing. When serum-deprived tk~tsl3 cells carrying a stably integrated

SV40 T antigen-coding gene (T-nco cells) are stimulated with serum,
they are capable of one additional round of DNA replication at the
restrictive temperature. At 20 h after stimulation of T-neo cells, the
mRNAs for the late growth-regulated genes are detectable at the restric
tive temperature in amounts not substantially different than those at the
permissive temperature. Transcription rates in T-neo cells are increased
for histone H3 (in comparison to tk"tsl3 cells) but not for PCNA and

DNA polymerase-a. The presence of the T antigen does not seem to
seriously affect the half-lives of the mature mRNAs. The conclusion is
that the presence of the SV40 T antigen in tk"tsl3 cells promotes the

appearance of mature mRNAs for DNA polymerase-a and PCNA. These
experiments suggest that T antigen, in this instance, may intervene either
directly or indirectly at a posttranscriptional level in the regulation of the
steady state mRNA levels of certain cellular genes.

INTRODUCTION

The growth of fibroblasts and fibroblast-like cells in culture
is regulated by growth factors in the medium. The stimulation
of fibroblasts, and of other cell types, by serum or growth
factors results in the appearance or the marked increase in the
steady state levels of a large number of mRNAs (1-3). The
genes whose cognate RNAs are induced by stimulation with
growth factors can be conveniently divided into two large
groups, the early growth-regulated genes, to which belong, for
instance, c-fos and c-myc, and the late growth-regulated genes,
which include, among others, the genes coding for the proteins
of the DNA-synthesizing machinery. In continuously dividing
cells, such as HeLa cells, the mRNA levels of these late growth-
regulated genes, for instance thymidine kinase (4), DNA polym-
erase-Â« (5), RNA primase (6), and PCNA' (7), vary little

throughout the cell cycle. However, in quiescent cells in culture
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or in vivo, whether fibroblasts, lymphocytes, or liver cells, the
mRNA levels of these same genes are undetectable or very low
and increase sharply when the mitogen-stimulated cells reach
the Gi-S boundary (5, 8-12).

To study the mechanism by which the mRNA levels of some
late growth-regulated genes are regulated, we have selected a
G]-specific ts mutant cell line and its derivative carrying a stably
integrated SV40 T antigen-coding gene. The rationale for this
choice is based on the following, (a) Gi-specific ts mutants of
the cell cycle are characterized by arrest at the restrictive
temperature in the G, phase of the cell cycle, (b) When stimu
lated with serum at the permissive temperature, Gi-specific ts
mutants of animal cells, like other animal cells, express the
mRNAs of both early growth-regulated genes and late growth-
regulated genes, (c) At the restrictive temperature, early growth-
regulated genes, for instance c-fos and c-myc, are still induced
(1, 13), while the mRNAs of late growth-regulated genes like
thymidine kinase, histones, and the PCNA are no longer ex
pressed (10, 13-15). (d) The ts block in G, at the restrictive
temperature is absolute with serum but can be temporarily
overcome by microinjection of the SV40 T antigen-coding gene
(16) or by infection with adenovirus 5 (17). Under these con
ditions, cellular DNA is replicated even at the restrictive tem
perature, with a concomitant increase in the levels of mRNAs
for Gi-S phase genes like thymidine kinase and histone H3
(18). The ability of SV40 to temporarily overcome a ts block in
d has been confirmed in other laboratories and with different
Gi-specific ts mutants (19, 20). Under these conditions, the T
antigen can stimulate only one round of DNA replication and
the cells remain temperature sensitive, so that they eventually
die if kept at the restrictive temperature.

Thus, the combination of G, ts mutants and the SV40 T
antigen offers a unique approach to investigate how the mRNA
levels of late growth-regulated genes are regulated. In this paper,
we show that the presence of the SV40 T antigen promotes the
appearance of the mRNAs for three growth-regulated genes,
DNA polymerase-tt, PCNA, and histone H3, in a G, ts mutant
stimulated at the restrictive temperature, through a mechanism
that, at least for PCNA and DNA polymerase-Â«, is largely
posttranscriptional.

MATERIALS AND METHODS
Cell Lines. tk~tsI3 Syrian hamster fibroblasts (22), a TK-deficient ts

mutant cell line derived from tsl3. which arrests in the G, phase of cell
cycle at the nonpermissive temperature of 39Â°C(21), were co-trans-

fected in suspension (22) with the plasmids pSV2G (16) and pRSVneo
(23), and transformants were selected at 34Â°Cin Dulbecco's modified
Eagle's medium supplemented with 10% calf serum and Geneticin (800

/jg/ml). Individual clones were subjected to immunofluorescence, and
the clone most positive for the large T antigen (referred to as T-neo)
was selected for further studies.

RNA Extraction and RNA Blots. Total RNA was extracted from cells
by the method of Chomczynski and Sacchi (24). and RNA gel blots
were prepared by standard procedures (25). Radioactive probes were
prepared by the random priming method (26). The following probes
were used: (a) the full-length PCNA cDNA (10), cloned in pGEM-3,
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(h) the histone H3 probe, previously described (10), (c) a 711-base pair
fragment of the human DNA polymerase-Â«cDNA extending from the
HinJIU site at 3340 to the BamHl site at 4051 of the pcD-KB pol-Â«
plasmid (27), and (d) a 417-base pair Psl\ fragment from pSVc-mye-1

(28).
Run-on Transcription Assays. Each assay was performed with modi

fications of the method described by Groudine et al. (29). Between 3 x
IO6and 1.6 x IO7 nuclei were used, but for each experiment the total
number of nuclei remained constant for each growth condition. To 210-
n\ reaction volumes of nuclei (see "Nuclei Isolation" below) was added

reaction buffer to a final concentration of 5 mM Tris-HCl, pH 8.0. 2.5
mM MgCl2, 65 HIMKCI. 0.25 miviATP. 0.25 mM CTP, 0.25 mM GTP
(Pharmacia), and 40 units/ml RNasin (Promega). To each reaction
were added 250 pCi of [Â«-'2P]UTP (Dupont, NEN). Reactions were
incubated for 30 min at 30Â°C.Fifteen ÃŸ\of RNase-free DNase I (>50

units/^l; Boehringer Mannheim) were added and incubated for 15 min
more. Thirty-six IÃ•of lOx SET (10% sodium dodecyl sulfate. 100 mM
Tris-HCl, pH 7.4. 50 mM EDTA) and 10 n\ of proteinase K (Boehringer
Mannheim) were added, and the mixture was incubated 1 min at 65Â°C
and then 45 min at 37Â°C.Proteinase K was extracted with phenol/

chloroform (1/1), and the upper layer was transferred to a new tube.
One hundred Â¿ilof Ix SET were added to the phenol phase for
reextraction and combined with the first. RNA transcripts were precip
itated by the addition of 2.3 M ammonium acetate (final concentration)
and an equal volume of isopropanol and were kept in dry ice for 30
min. The precipitated RNA was centrifuged at room temperature and
resuspended in 100 pi TE. After incubation at 65Â°Cto completely

dissolve the RNA, the entire sample was passed through a Sephadex
G-50 column (Boehringer and Mannheim) to eliminate unincorporated
DTP. Filters were prepared using the Schleicher and Schuell Minifold
II slot blot apparatus, and between 2 and 5 ^g of DNA insert were
applied per slot. The number of micrograms of DNA per slot remained
constant for each experiment. Filters were prehybridized for 3 to 6 h
at 65"C in a buffer containing 10 mM 2-([2-hydroxy-l,l-bis(hydroxy-

methyl)ethyl]amino)ethanesulfonic acid. 0.2% sodium dodecyl sulfate,
10 mM EDTA, 0.3 M NaCl, Ix Denhardt's, 0.5% dry milk, and 250

Â¿ig/mlEscherichia colt RNA. Hybridization of the filters was done in
the same buffer used for prehybridization. The total number of dpm
added to the bags for hybridization was between 1.4 x IO6 and 9.1 x
IO6.In each experiment, the total number of dpm added to the hybrid

ization bags was the same for each growth condition. Autoradiographs
were scanned using an LKB Ultroscan XL densitometer.

Nuclei Isolation. For each growth condition, 3.75 x IO7 to 5 x IO7
cells were grown on Petri dishes. Cells were scraped in Hanks' balanced

salt solution and centrifuged at 1500 rpm for 5 min. Cells were washed
again in Hanks' balanced salt solution and centrifuged as described

above. Cells were gently resuspended in lysis buffer containing RSB
(10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCI2, 0.3% Triton
X). After a 5-min incubation on ice, lysis was checked by staining of a
small sample with trypan blue and examination under a microscope.
Nuclei were pelleted by centrifugation for 5 min at 2000 rpm. The
pellet was washed in RSB buffer without Triton X-100. with gentle

resuspension. A small sample of nuclei was stained with trypan blue
and counted in a hemocytometer. Nuclei were centrifuged again for 5
min at 2000 rpm, resuspended in freezing medium (50 mM Tris-HCl,
pH 8.0, 5 mM MgClj, 40% glycerol, 0.5 mM dithiothreitol), and stored
in liquid nitrogen.

Probes. The following inserts were obtained by the methods listed
below, for use in the run-on assay. DNA polymerase-Â«was obtained by
digestion of the pcD-KB pol-Â«(27) plasmid with Hindlll and BamH\,
to yield a partial insert of 711 base pairs. Histone was obtained by
digestion of plasmid pFO422 (30) with EcoRI. to produce the full
length insert. Thymidine kinase was obtained by digestion of plasmid
pSK-Aat-TK (31) with Sail and EcoRI. to yield a 1.4-kilobase TK
cDNA. The PCNA cDNA was obtained by digestion of plasmid CG4
(32) with BamHl, to release a 1.4-kilobase insert. The X DNA used as
a negative control was a Hindlll digest of X DNA commonly used as
an electrophoresis marker (New England Biolabs). The actin probe was
obtained by digestion of pHF-f! A-l (33) plasmid with BamHl.

RESULTS

The experiments with tk tsl3 and T-neo cells were run in
parallel under identical conditions, but they will be presented
separately, because we believe that, this way, the significance of
the results and their interpretation will be clearer.

Steady State mRNA Levels in tk~tsl3 Cells. Fig. 1 confirms
the reports in the literature (see "Introduction") that the

mRNAs for late growth-regulated genes are not detectable in
tk~tsl3 cells that are serum stimulated at the restrictive tem

perature. The mRNAs for DNA polymerase-Â«, PCNA, and
histone H3 are low in serum-deprived cells, increase in cells
stimulated at 34Â°C,but are not detectable (or markedly de
creased) in cells stimulated at 39.6Â°C.The absence of mRNAs

for late growth-regulated genes is not due to nonspecific factors,
since other genes are still expressed at the restrictive tempera
ture. For instance, if the human TK cDNA is placed under the
control of the early SV40 promoter, the TK mRNA not only is
not inhibited but actually is increased at 39.6Â°Cover 34Â°C(34)

(see below for c-myc).
Run-on Transcription of Late Growth-regulated Genes in

tk~tsl3 Cells. Fig. 2 shows the results of a run-on transcription

assay with nuclei of tk tsl3 cells that were serum deprived or
stimulated at either a permissive or nonpermissive temperature.
With all three genes under study, i.e., PCNA, DNA polymerase-
a, and histone H3, transcription in tk~tsl3 cells occurs also at
the restrictive temperature of 39.6Â°C.Indeed, a case could be
made that transcription is actually increased at 39.6Â°C,com
pared with cells stimulated at 34"C. Whether or not one accepts

the difference, it is clear that the transcription rate is at least
the same at the restrictive temperature as at the permissive
temperature, indicating that the lack of expression of the re-

1 2 3

Pol Â«â€”

PCNAâ€”

H3 â€”

Fig. 1. RNA blot of late growth-regulated genes in tk tsl3 cells, tk tslS cells
were serum deprived at the permissive temperature of 34"C for 4 days (lane I).
They were subsequently stimulated with I0"r calf serum for 20 h at cither the
permissive temperature of 34"C (lane 2) or ihe restrictive temperature of 39.6V

(lane 3). RNA was extracted, blotted by standard techniques, and hybridi/ed with
three different probes for DNA polymerase-Â«(Pol a). PCNA. and histone H3
(see "Materials and Methods").
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1 2 3

pol oc

H3
PCNA
Lambda
Actin

Fig. 2. Run-on transcription assay for tk tsl3 cells. The cells were serum
deprived for 4 days (lane /). after which they were stimulated with I0rr calf
serum for 20 h either at 34Â°C(lane 2) or at 39.6'C (lane 3). A total of 2.5 x 10'
nuclei/reaction were used in the run-on assay. The counts added were 5 x IO6

cpm. and the amount of DNA/slot was 2 vg. The probes used were those for
DNA polymerase-(. (Pol Â«).(listone H3, PCNA. A DNA. and /i-actin (see
"Materials and Methods").

spective mRNAs at the restrictive temperature must be due
either to mRNA instability or to a block in the processing of
the transcripts. In the case of PCNA and histone H3, evidence
is already available showing that in fibroblasts these genes are
regulated, in part, at a posttranscriptional level (35, 36). The
results of Figs. 1 and 2 confirm that, also in tk tsl3 cells, the
mRNA levels for these two genes, and in addition DNA polym-
erase-rt, are (at least in part if not largely) posttranscriptionally
regulated.

DNA Synthesis in ts Mutants Carrying the SV40 T Antigen
Gene. As mentioned in "Introduction." microinjection of the

SV40 T antigen-coding gene, or infection with adenovirus,
induces one round of DNA synthesis in G|-specific ts mutants
of the cell cycle at the restrictive temperature (16, 17). In the
original experiments of Floros et al. (16), the SV40 T antigen
gene was microinjected into tsl3 cells, which are ts mutants of
the cell cycle, isolated by Talavera and Basilico (21), that arrest
in GÃ¬at the restrictive temperature and are the parent cell line
of tk~tsl3. In the present experiment, we introduced a plasmid

carrying the SV40 T antigen-coding gene, pSV2G (16), into
tk~tsl3 cells (22) to obtain an established cell line in which

100% of the cells were T positive. We investigated whether,
under these conditions, the product of the SV40 T antigen was
still capable of inducing one round of DNA synthesis in the GI
ts mutant at the restrictive temperature. The results are shown
in Table 1. The tk"tsl3 cells carrying the SV40 T antigen-
coding gene, which are called T-neo cells (see "Materials and
Methods"), do not become quiescent even when incubated in

serum-free medium for extended periods of time. When shifted
to the restrictive temperature of 39.6Â°C,T-neo cells can still

undergo one round of DNA synthesis which, instead, does not
occur in the wild-type cells, the tk~tsl3 cells.

Steady State mRNA Levels in T-neo Cells. T-neo cells were
serum deprived and subsequently stimulated with serum at

Table 1 Celts were #ro>vnon corerslips and serum deprived for 4 days. Cells were
then stimulaled for 24 h with Hf.'c calf serum. pH/Deoxycytidine was added (0.5

i/ml medium) at the lime of serum addition. Cells werefixed in cold methanol
and auioradiographed

Cells labeled(%)Growth

conditionSerum

deprived
34"C/24-h serum
39.6Â°C/24-hserumTK-tsl38.278.5 7.2T-neo49.3

66.3
74.6

Pol otâ€” m ^

PCNA â€”

H3 â€”

Fig. 3. RNA blot of late growth-regulated genes in T-neo cells. T-neo cells,
which are tk~tsl3 cells carrying the SV40 T antigen-coding gene, were serum

deprived for 4 days (lane /). They were subsequently stimulated with serum, as
described for Fig. 1. either at 34'C (lane 2) or at 39.6Â°C(lane 3). The RNA blot
was hybridized with probes for DNA polymerase-o (Pol Â«),PCNA. and histone
H3.

either 34Â°Cor 39.6Â°C.Total RNA was obtained, and the blots

were hybridized to probes for DNA polymerase-Â«, PCNA, and
histone H3.

Fig. 3 shows that the mRNAs for these three late growth-
regulated genes are all detectable in T-neo cells, even when the
cells are stimulated at the restrictive temperature. Indeed, in T-
neo cells the mRNA levels of these three late growth-regulated
genes are equally high in serum-deprived cells and in serum-
stimulated cells at either permissive or restrictive temperatures.
These results are compatible with previous data by Liu et al.
(18), showing that infection by adenovirus induced some late
growth-regulated genes in tsl3 cells, even at the restrictive
temperature of 39.6Â°C.This seems to be reasonable, in view of

the fact that the T antigen or adenovirus can induce one round
of DNA replication in these cells, and it is, therefore, to be
expected that if they do so they should also be able to induce
the expression of the genes coding for the proteins of the DNA-
synthesizing machinery or for the proteins that are closely
related to it, such as core histones.

The blots in Figs. 1 and 3 were rehybridized to a c-myc probe
(Fig. 4). c-myc mRNA is not detectable in serum-deprived
tk"tsl3 or T-neo cells. Addition of serum induces the appear-

1 23456

c-myc

Fig. 4. Expression of c-myc in tk tsl3 and T-neo cells. Composite blot from
the two blots of Figs. 1 and 3. rehybridized to a myc probe. Lanes 1-3. tk~tsl3
cells that were serum deprived, stimulated at 34"C. and stimulated at 39.6Â°C.
respectively. Lanes 4-6. same conditions for T-neo cells.
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anee of c-myc mRNA in both cell lines at both permissive and
restrictive temperatures. This experiment confirms previous
findings (see above) that a ts block in G, does not affect the
mRNA levels of early growth-regulated genes, such as c-myc.

Run-on Transcription of Late Growth-regulated Genes in T-
neo Cells. Fig. 5 shows a run-on transcription assay in T-neo
cells that were serum deprived or serum stimulated at either
temperature. The rate of transcription of the histone H3 gene
seems to be increased in T-neo cells (compared with tk"tsl3

cells), whether they are in G0 or stimulated. However, the
signals for DNA polymerase-Â« and PCNA are roughly the same
in tk tsl3 and in T-neo cells, indicating that, at least for these
two genes, the appearance of mRNAs in T-neo cells at the
restrictive temperature is not due simply to a dramatic increase
in transcription rates. The rate of transcription in run-on assays
has been quantitatcd by densitometry (data not shown), using
fi-actin as the point of reference. The results indicate that there
is an increased transcription of histone H3 in T-neo cells but
that no increased transcription is detectable in the other two
genes, compared with tk tsl3 cells. Increased transcription,
therefore, is not sufficient to explain the fact that the mRNAs
for PCNA and DNA polymerase-a are detectable at the restric
tive temperature in T-neo cells and are not detectable at all in
tk~tsl3 cells.

mRNA Stability in tk~tsl 3 Cells and in T-neo Cells. A possible

explanation for the presence of the mRNAs of the three late
growth-regulated genes in T-neo cells at the restrictive temper
ature is that the stability of their respective mRNAs has been
markedly increased by the presence of T antigen. We deter
mined the stability of mRNA in T-neo cells and in tk~tsl3 cells

at either temperature, by the usual method of determining the
levels of mRNA after blocking RNA synthesis with Actinomy-

cin D (5 jug/ml). To determine the effect of the temperature or
T antigen on mRNA stability, we began with all cell lines
growing exponentially at 34Â°C.At zero time the cells were
either kept at 34Â°Cor shifted to 39.6Â°Cwith all cells being

incubated with Actinomycin D. The results are shown in Fig.
6. Fig. 6, A, B, and C. shows the decay of the mRNAs for
histone H3, DNA polymerase-Â«, and PCNA, respectively. The
results for all three genes can be summarized as follows, (a) In
tk~tsl3 cells there is a decrease in mRNA stability for DNA
polymerase-a and histone H3 at 39.6Â°Cversus 34"C. For his

tone H3, the half-life decreases from 3 h to 2.5 h; for DNA
polymerase-Â«, the values are 10 and 4 h, respectively. The

100

poi oc

H3
TK
PCNA

Lambda

Actin
Fig. 5. Run-on transcription assay of T-neo cells. The experiment was the

same as the one described in Fig. 3. Lanes and probes are also the same: the onl\
difference is that in this filter there was also a TK probe. For each reaction. 3 x
IO6nuclei were used and 8 x 10" cpm were added. All other conditions were the

same.

10

10 20 0 10 20

< B.

8 10

Fig. 6. Half-lives of growth-regulated genes in tk tsl3 and T-neo cells. In all
experiments the cells were exponentially growing al 34Â°C.At zero time, half of
the plates were shifted to 39.6"C. and all plates received Actinomycin D at a final

concentration of 5 Â»jg/ml.RNA samples were taken from cultures at (he hours
after Actinomycin D treatment indicated on the abscissae. The amounts of RNA
on RNA blots were determined by dcnsilometn and are plotted as follows: .-1.
histone H3; B. DNA polymerase-a: C. PCNA: I), a more detailed study of PCNA.
For A. B. and O D. tk'tsB cells at 34'C; â€¢Ik tsl3 cells at 39.6'C: O. T-neo
cells at 34"C: â€¢.T-neo cells at 39.6'C. In O:Â».T-neo cells: D, tirisi3 cells (both
at 39.6'C).

presence of the SV40 T antigen prolongs the half-life of the
mRNA for PCNA and histone H3 at 34Â°C,but it has very little
effect at 39.6Â°C.The half-life at 39.6Â°Cis exactly the same for

PCNA, whether T antigen is present or not (Fig. 6, C and D):
it is roughly the same for DNA polymerase-a and is increased
in T-neo cells for histone H3. The results are not sufficient to
explain the presence of the mRNA for PCNA and DNA polym
erase-Â«in T-neo cells at 39.6Â°Cand its total absence in tk~tsl3

cells.
It seems, therefore, that an increase in mRNA stability is not

sufficient to explain the effect that the presence of SV40 T
antigen has on the steady state levels of the mRNAs for at least
two of the three growth-regulated genes.

DISCUSSION

The transition from G, to the S phase of the cell cycle
constitutes one of the critical steps in the regulation of cellular
proliferation in animals cells. In quiescent cells stimulated by
mitogens. the landmark of the G, to S transition is the simul
taneous appearance, at the G,-S boundary, of several mRNAs
of genes coding for the proteins of the DNA-synthesizing
machinery. These genes include those for thymidine kinase (9,
10), thymidylate synthase (37), DNA polymerase-Â« (5), RNA
primase (6), PCNA (8, 10), and the core histones. Our investi
gation addresses the question of how the mRNA levels for these
late growth-regulated genes are regulated.

For this purpose, we have selected tk tsl3 cells, which are
Gi-specific ts mutants of the cell cycle that arrest in G, at the
restrictive temperature (21, 22). The reason a G, ts mutant was
selected is that early growth-regulated genes are induced by
serum in these cells at either the permissive or the restrictive
temperature (1, 13) (see also Fig. 4). However, the mRNAs of
late growth-regulated genes, while expressed, of course, in
serum-stimulated cells at the permissive temperature of 34Â°C,

1468

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/5/1465/2446467/cr0510051465.pdf by guest on 19 M

ay 2023



T ANTIGEN AND UNA I'ROC IÃ•SSIM,

are not detectable or are markedly decreased at the restrictive
temperature of 39.6Â°C(10, 13, 15). This has been confirmed in

these experiments for PCNA, DNA polymerase-Â«. and histone
H3 (see Fig. 1). This is not a nonspecific toxic effect, because
other genes, as for instance early growth-regulated genes like
c-myc (Fig. 4 and references cited above), non-proliferation-

related genes, and rRNA (17), are expressed in these cells and
in other G, ts mutants of the cell cycle maintained at the
restrictive temperature for periods of up to 40 h. Indeed, the
human thymidine kinase cDNA, under the control of the SV40
promoter, not only is not inhibited at the restrictive temperature
of 39.6Â°Cbut actually is overexpressed in terms of mRNA

levels (34). We obtained similar results with a human TK cDNA
under the control of the PCNA promoter, in which the TK
mRNA, although decreased at 39.6Â°Cwas still clearly detecta

ble (38). Although the mRNAs for late growth-regulated genes
are not detectable in tk~tsl3 cells at the restrictive temperature,

the genes for DNA polymerase-Â«, histone H3, and PCNA are
transcribed at 39.6Â°Cin tk~tsl3 cells as effectively, if not even
better, than at 34Â°C.Thus, the first main conclusion from these
findings is that, in tk~tsl3 cells, there is a strong posttranscrip-

tional component in the regulation of the steady state mRNA
levels for PCNA, DNA polymerase-Â«, and histone H3. In
addition, since the restrictive temperature does not affect
mRNA stability to a great extent, our results suggest that in
tk~tsl3 cells the mRNA levels of two of these three genes

(PCNA and DNA polymerase-Â«) are largely regulated at the
level of RNA processing, by which term we include at least four
possibilities (although other, more esoteric, alternatives cannot
be excluded): (a) a transcriptional pause, (b) instability of
hnRNA, (c) a block in splicing, and (d) a defect in polyadenyl-
ation and/or transport. Preliminary experiments with Reverse
Transcription-Polymerase Chain Reaction seem to exclude the
second possibility, since transcripts, at least for PCNA, are
equally detectable at either the permissive or the restrictive
temperature. Histone H3, of course, does not fit as well into
this scheme (no introns, no polyadenylation). but it may be
regulated differently than DNA polymerase-Â« or PCNA.

Posttranscriptional regulation of late growth-regulated genes

is not a novel finding. Posttranscriptional regulation has been
invoked as determining the mRNA levels of at least three late
growth-regulated genes, namely, thymidine kinase (39), PCNA
(35), and histone H3 (36). However, it was somewhat surprising
that, in a d-specific ts mutant blocked at the restrictive tem
perature, transcription was still very vigorous.

When tk tsl3 cells carry the SV40 T antigen-coding gene,
two different things happen: (a) the cells undergo, when serum
stimulated at the restrictive temperature, an additional round
of DNA replication (Table 1 and references cited above) and
(b) the mRNAs for PCNA, DNA polymerase-Â«, and histone
H3 are detectable in cells that are serum stimulated for 20 h at
the restrictive temperature. We can exclude the possibility that
the persistence of mRNAs for late growth-regulated genes in
T-neo cells at 39.6Â°Cmay be due to the fact that these cells do

not become quiescent (see Table 1 and Fig. 2), i.e., that the
mRNAs we detect are, so to speak, left over from the residual
growth in serum-deprived cultures at 34Â°C.The half-lives ex

periment rules out this possibility. For instance, in T-neo cells
at 39.6Â°C,the PCNA mRNA is reduced, by 8 h after Actino-

mycin, to about 10% of the initial level (Fig. 6, C and D). Fig.
3, lane 3. shows that in T-neo cells, 16 h after temperature
shift, PCNA mRNA levels are actually increased over those in
serum-deprived cells. Furthermore, as seen in Fig. 1, PCNA

mRNA levels are high in serum-deprived tk tsl3 cells, and yet
by 20 h at the restrictive temperature a band is no longer visible.
The same comments (with different numbers) apply to histone
H3 and DNA polymerase-Â«. It seems, therefore, reasonable to
conclude that the persistent mRNAs for these three genes in T-
neo cells at the restrictive temperature are not explainable by a
simple lack of decay and are due to continuing production.

What is the mechanism underlying the continuous produc
tion, in T-neo cells at the restrictive temperature, of the mature
mRNAs for PCNA, DNA polymerase-Â«, and histone H3? Com
plementation can be ruled out. We have already shown that
microinjection of SV40 (16) or infection with adenovirus 5(17)
can temporarily bypass the temperature block of G,-specific ts
mutants of the cell cycle. Two ts mutants were used in those
experiments, tsl3 cells and tsAFS cells, and in both cases either
an SV40 T antigen-coding gene or adenovirus could induce one

round of cellular DNA replication. The ability of SV40 and
adenovirus to induce a round of replication at the restrictive
temperature has been confirmed in other laboratories (see "In
troduction"). It is obviously not a question of complementation,

since different ts mutants in different laboratories were used
and the cells remain ts and eventually die. Furthermore, the
gene complementing the tsl3 mutation has been cloned and
sequenced and has no sequence similarities to T antigen (40).
Although not tested directly in the present investigation, the
fact that SV40 can induce a round of DNA replication at the
nonpermissive temperature in more than one G, ts mutant,
besides confirming that it is not a case of complementation,
suggests that the effect of T antigen should not be specific for
tk~tsl3 cells only. In subsequent experiments, we have also

shown that infection by adenovirus 5 actually resulted in the
activation of a set of growth-regulated genes that was a subset
of the genes activated by serum stimulation (18). This subset
included late growth-regulated genes like thymidine kinase and
histone H3, while early growth-regulated genes like c-myc were
actually down-regulated. The down-regulation of the expression
of endogenous c-myc by adenovirus proteins has been confirmed
(41).

Increased transcription is a possibility. The run-on assays for
tk~tsl3 cells and T-neo cells were carried out under exactly the

same conditions (number of nuclei, incubation conditions, hy
bridization conditions, time of exposure, etc.) and were found
to be reproducible and reasonably comparable. Histone H3
transcription is somewhat increased in T-neo cells, compared
with tk~tsl3 cells, but this is not true for PCNA and DNA

polymerase-Â«.
A second possibility is an increase in mRNA stability, but

the experiments we carried out show that at 39.6Â°Cthe mRNAs

for these late growth-regulated genes turn over somewhat faster
than at the permissive temperature and the presence of T
antigen has little or no effect.

It is not surprising, since T antigen can temporarily induce
one round of DNA synthesis at the restrictive temperature, that
the mRNAs for late growth-regulated genes should also become
detectable under these conditions. However, in view of the fact
that the findings in tk~tsl3 cells indicate that the regulation of

the mRNA levels in these cells at the restrictive temperature
takes place largely at a Posttranscriptional level and that the
presence of T antigen does not increase transcription rates, the
only logical conclusion is that T antigen must be acting in this
instance at a Posttranscriptional level. This seems to be true for
DNA polymerase-Â« and PCNA; as mentioned above, histone
H3 may be different, displaying both transcriptional and post-
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transcriptional regulation, including changes in mRNA
stability.

A posttranscriptional mechanism may also explain the puz
zling fact that SV40 and adenovirus can bypass the ts block but
only for one round of DNA replication. There is a substantial
body of evidence that RNA polymerase II-directed transcription
is necessary for the G0 to S transition (42). On the other hand,
it has been known for a long time that this requirement termi
nates a few hours before S phase (43-46). One can speculate
that transcription is initiated (the cells are serum stimulated
even at the restrictive temperature) but that the ts block inhibits
the processing of late growth-regulated genes, unless T antigen
is present. Subsequently, the ts defect (whatever may be the
protein that is thermosensitive) does not allow reinitiation of
transcription, bringing even the T-neo cells to arrest and even
tually death.

In no way should our findings be construed as indicating that
T antigen acts directly at a posttranscriptional level. Quite
obviously, it could act by inducing a factor that promotes
mRNA maturation (for instance, a splicing factor or a factor
involved in mRNA transport) or by removing an inhibitor. Our
results simply indicate that, in tk tsl3 cells, the expression of
T antigen temporarily relieves a posttranscriptional block.
However, it has been known for a long time that adenovirus
cannot grow in monkey cells unless the SV40 T antigen is
present. It has also been shown that under these conditions
transcripts from adenovirus are actually made but a combina
tion of posttranscriptional and translation defects inhibit the
appearance of mature mRNAs and proteins (47), defects that
are relieved by T antigen. It is a rather novel finding that T
antigen may act either directly or indirectly at a posttranscrip
tional level on cellular gene products. While there is evidence
that it also acts as a transcriptional activator, one has to
seriously take into consideration the possibility that T antigen
may also intervene at a posttranscriptional level in regulating
the expression of certain cellular genes.

The fact that T antigen binds to a variety of proteins that
have an antiproliferative function, like the p53 protein (48, 49)
and the retinoblastoma gene product (50, 51), raises obvious
suggestions for future experiments, and the same can be said of
the fact that p53 is a substrate for p60-cdc2 and cyclin B-cdc2

(52).
For the moment, we rest on the conclusions that in tk tsl3

cells: (a) the mRNA levels for DNA polymerase-Â« and PCNA
are largely posttranscriptionally regulated, (b) because mRNA
stability does not vary much at the two temperatures, it seems
that at the restrictive temperature there is a posttranscriptional
block in hnRNA processing, and (c) this posttranscriptional
block is temporarily relieved in cells carrying the SV40 T
antigene gene product.
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