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Summary

A correlation bet-ween intranuclear distribution of
large tumor antigen (T-ag) and proiiferative ac-
tivity in Simian virus 40 (SV40)-transformed cells
has been established. Nuclear T-ag was cytochemi-
cally detected by the immunoperoxidase reaction.
Cell populations with a high growth rate displayed
a heterogeneous pattern with patches of positive
reaction surrounded by large and irregular negative
areas. By contrast, cell populations with a low
growth rate presented a rather homogeneous distri-
bution of nuclear T-ag with a finely granular posi-
tive reaction all over the nucleus, excluding nu-
cleolus-like areas. The latter pattern was also
observed in cells that had been inhibited from
traversing S phase. In this case, the heterogeneous
distribution of T-ag within the nucleus was re-

covered once the cells were allowed to proceed
again through S phase, or through G2 phase. Highly
condensed chromatin in mitotic chromosomes ap-
peared to exclude T-ag fully as early as in prophase.
Then, nuclear distribution of T-ag changes
throughout the cell cycle, thus suggesting it might
be a cell cycle-dependent event. Interestingly, thy-
midine-labeled cells from cultures with a high
growth rate presented a heterogeneous distribution
of autoradiographic grains. Regardless of their
mechanism(s) of origin, T-ag-enriched areas might
correspond to nuclear sites where a specific func-
tion, such as DNA synthesis, is being carried out.

Key words: cell growth, SV40-transformed cells, nuclear
T-antigen.

Introduction

Intracellular redistribution of a particular macromolecule
usually reflects important changes in its functional state.
A number of nuclear proteins, such as cyclin (Celis &
Celis, 1985; Kurki et al. 1986; Madsen & Celis, 1985),
small nuclear ribonucleoprotein particles (U-snRNPs;
Ringertz et al. 1986; Spector & Smith, 1986), lamins
(Bludaue^a/. 1986; Chary e/a/. 1984; Geraceefa/. 1978)
and others (Bhorjee et al. 1983; Todorov et al. 1988),
have been shown to be located in particular areas within
the nucleus, which change as cells progress through the
proiiferative cycle. Thus, it has become increasingly
important to determine changes in the subcellular distri-
bution of a given protein, as an approach to understand-
ing its function.

Simian virus 40-transformed mouse cells synthesize
the virus-coded large tumor antigen (T-ag), which is a
multifunctional protein largely concentrated in the nu-
cleus (for a review, see Rigby & Lane, 1983). Among
other functions, T-ag has the ability to induce cellular
DNA synthesis (Galanti et al. 1981; Graessman &
Graessman, 1976; Soprano et al. 1983; T\hnetal. 1978),
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and it might actively participate in such a process because
of its cellular DNA-binding property (for a review, see
Rigby & Lane, 1983) and ATP-dependent DNA helicase
activity (Stahl et al. 1986).

Staufenbiel & Deppert (1983) have shown that in
asynchronously growing SV40-transformed cells most of
the nuclear T-ag is at the nucleoplasm, while a minor
fraction of it appears to be associated with either nuclear
matrix or chromatin. If T-ag is actively involved in
cellular DNA synthesis it is reasonable to suspect that
those subpopulations of nuclear T-ag would be quantitat-
ively modified in relation to the proiiferative state of the
cells, thus giving rise to variations in the intranuclear
distribution of this viral protein.

These considerations led us to investigate whether the
location of T-ag within the nucleus changes according to
the cell growth rate. To this end, the nuclear distribution
of T-ag was cytochemically detected in cell cultures with
different proiiferative activities. In this study we have
found that a distinct heterogeneous pattern of intranu-
clear T-ag distribution appears to be related to the
proiiferative activity, and it is mainly displayed by cells
traversing both S phase and G2 phase. Since chromatin
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condensation seems to exclude T-ag, nuclear distribution
of this protein might be the passive result of such an event
taking place to a different extent throughout the cell
cycle. Regardless of the mechanism(s) that may deter-
mine T-ag location, the possibility exists that
T-ag-enriched areas might represent nuclear domains
where T-ag is participating in some specific function,
such as DNA synthesis.

Radioactive labeling and autoradiography
Cells were pulse-labeled with [3H]thymidine, washed exten-
sively, fixed and processed for autoradiography (Baserga &
Malamud, 1969). Radioactive thymidine incorporation into an
acid-precipitable material was determined as described (Land-
ford & Butel, 1981).

Results

Materials and methods

Cell lines
The transplantable mKSA-Asc line of SV40-transformed Balb/
c kidney cells (Kit et at. 1969), the WTBla line of wild-type
SV40-transformed Balb/c 3T3 cells (Brockman, 1978) and the
A2SSBlb line of Balb/c 3T3 cells transformed by the SV40
temperature-sensitive mutant tsA2SS (Brockman, 1978), all of
them kindly provided by Dr Janet Butel, were used in this
study. Cells were routinely cultured as described (Santos &
Butel, 1982).

Effect of hydroxyurea upon cellular distribution
throughout the cell cycle
Cells (5XlOs) were seeded in 35 mm tissue culture plates
(Falcon, Becton Dickinson Co., Oxnard, CA) in Dulbecco's
modified Eagle's Minimal Essential Medium (D-MEM, Grand
Island Biological Co., Grand Island, NY) supplemented with
0-5% fetal bovine serum (FBS, Grand Island Biological Co.)
and incubated for 24h at 37°C. At this time, medium was
replaced by D-MEM supplemented with 10% FBS, and
hydroxyurea (HU; Sigma Chemical Co., St Louis, MO) was
added to experimental plates. After 12 h of incubation at 37°C,
cells were washed with warmed Hanks' solution (Grand Island
Biological Co.) and fresh D-MEM supplemented with 10%
FBS was added to each plate. The fraction of cells in every
phase of the cell cycle was estimated at 2-h intervals by a method
that combines microspectrometry, autoradiography and
morphology (Mak, 1965).

Immunocytochemical labeling
Nuclear T-ag was detected by a slightly modified peroxidase-
antiperoxidase (PAP) reaction (Sternberger et al. 1970). Cells
grown on coverslips were fixed with cold methanol for 15 min at
4°C and air dried. Cells were then incubated with 3 % H2O2 in
distilled water for 5 min at 20°C, washed three times with
phosphate-buffered saline (PBS), and sequentially incubated
with a 1/50 dilution of either rabbit anti-T-ag polypeptide
antiserum (RAT, Lanford & Butel, 1979) or normal rabbit
serum (NRS, negative control), for 30min at 37°C; with a
1/100 dilution of goat anti-rabbit immunoglobulin antiserum
(GAR; Cappel Laboratories, Cochranville, PA) for 30min at
20cC, and with a 1/50 dilution of peroxidase-antiperoxidase
complex (PAP; Cappel Laboratories), for 30min at 20°C. Cells
were washed three times with PBS after each incubation period.
Finally, they were incubated for 15 min at 20°C with a freshly
prepared solution of 0-05% 3,3'-diaminobenzidine (DAB;
Sigma Chemical Co.), containing 0-03% H2O2, dehydrated
and mounted for light microscopy. Processing for electron
microscopy was similar except that cells were fixed in 5 %
formaldehyde and permeabilized with ethanol. The reacted
cells were incubated with 1 % OSO4 for 1 h at room tem-
perature, dehydrated and embedded in LX112 resin (Ladd
Research Industries, Inc. Burlington, VE) while still attached
to the coverslips. Ultrathin sections were examined without
further staining.

Nuclear T-ag distribution and cell growth rate
Previous detections of nuclear T-ag by indirect immuno-
fluorescence have shown a punctate positive reaction all
over the nucleus except in the nucleoli of SV40-trans-
formed cells (Pope & Rowe, 1964; Rapp et al. 1964).
This time, nuclear distribution of T-ag has been deter-
mined by the peroxidase—antiperoxidase reaction, which
is a much more sensitive method than the previous one.
In order to test whether specific patterns of reactivity are
related to the proliferative state of cells we analyzed the
nuclear distribution of T-ag in relation to cell growth
rate.

Populations of mostly resting or mostly dividing SV40-
transformed mouse cells may be obtained by varying the
number of cells that are seeded (Santos & Butel, 1985), or
the concentration of FBS in the medium. Thus, by
culturing cells as indicated in the legend to Fig. 1, we
have defined a cell culture with a high proliferative
activity (type A) and another one with a low proliferative
activity (type B), on the basis of their rate of [3H]thymi-
dine incorporation into acid-precipitable material as well
as with regard to the corresponding labeling and mitotic
indices (Table 1). According to these results, the pro-
liferative fraction in type A cultures would be two- to-
threefold greater than that observed in type B cultures.
These results also indicate that cells from type A cultures
present a significantly increased rate of DNA synthesis as
compared to those from type B cultures.

When large T-ag was detected by the PAP reaction in
asynchronously growing cells, various patterns of reac-
tivity were observed (data not shown). However, when
type A cultures were analyzed, most of the cells (85 %)
displayed patches of positive reaction surrounded by
large and irregular negative areas, which included the
nucleoli (Fig. 1A,B), whereas about 80 % of cells in type

Table 1. Proliferative characteristics of cell cultures

Incorporation
of [3H]TdRt Labeling[ ] t

Type of (ctsmin , X 1CT4/
culture* 106 cells)

index:):
Mitotic
index§

14-0
0-3

65
29

20
7-6

* Type A and type B cultures were established as described in the
legend to Fig. 1.

•(•Incorporation of [3H]thymidine ([3H]TdR) in trichloroacetic-
precipitable material was measured after a 30-min pulse (1/ = 6).

£ Labeling index was determined, in a total of 1000 cells, after a
30-min pulse with [3H] thymidine followed by autoradiography
(» = 2).

§ Mitotic index was determined by counting cells traversing
mitosis, out of a total of 1000 cells (n = 2).
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Fig. 1. Nuclear distribution of large tumor antigen in cell cultures with different growth rates. Either 1X104 (type A cultures)
or lXlO5 (type B cultures) mKSA-Asc cells cm" were seeded on coverslips in 35 mm plates and incubated at 37°C for 24 h in
D-MEM supplemented with 5% FBS. Type B cultures were further incubated for another 24h at 37°C in D-MEM
supplemented with O 5 % FBS. After the corresponding incubation periods, cells were washed, methanol-fixed, stained by the
PAP reaction, and processed for both light and electron microscopy, as described in Materials and methods. A,B. Cells in type
A cultures; C,D, cells in type B cultures; A,C, light microscopy; B,D, electron microscopy, n, nucleus; c, cytoplasm; mi,
nucleolus. Bars: A,C, 10/im, X1400; B,D, 1 ;um, X12500.

B cultures presented a finely granular positive PAP
reaction all over the nucleus, except in nucleolus-like
areas (Fig. 1C,D). Such patterns of nuclear T-ag distri-
bution, defined as heterogeneous and homogeneous,
respectively, were observed in sections as well as in intact
cells. Besides, they were also obtained when the PAP
reaction was carried out following cell fixation in either
cold ethanol (15min at 4°C), paraformaldehyde (4% in
PBS, 30min at 4°C) or formaldehyde (4% in PBS,
30min at 4°C), thus discarding the possibility of an
artifactual observation.

Cellular DNA synthesis and nuclear distribution of
T-ag
It has been shown above that in type A cultures most of
the cells display a heterogeneous pattern of nuclear T-ag
distribution. According to data in Table 1, the majority
of cells in those cultures are in S phase. Therefore, it was
reasonable to postulate that such a distinct pattern of
nuclear T-ag might correspond mostly to that in cells that
are replicating their DNA.

Interestingly, regardless of the type of culture, a
heterogeneous distribution of silver grains was observed

when autoradiography was carried out following a 30-min
pulse labeling with [3H]thymidine (Fig. 2A). These
results showed that nuclear sites where DNA synthesis is
taking place are, at a given time, heterogeneously distrib-
uted within the nucleus.

As an indirect approach to studying the relationship
between nuclear distribution of T-ag and cellular DNA
synthesis, cells in equivalent cultures were subjected to
either PAP reaction or autoradiography, following a 12-h
labeling with [3H]thymidine. This labeling time was
selected by considering both the cell cycle time
(tc= 16-3 h) and the S phase time (ts = 7 h) of mKSA-
Asc cells (unpublished results), thus allowing every cell
to proceed through S phase at least once during the
labeling period. Under these experimental conditions and
according to data in Table 1, one would expect labeled
cells in type A cultures to correspond to those that are
actively synthesizing DNA. By contrast, labeled cells in
type B cultures correspond to those that were replicating
their DNA at the time the radioactive precursor was
added to the medium, but are rather quiescent by the end
of the 48-h incubation period. Therefore, silver grains in
cells from type A cultures should represent recently
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Table 2. Effect of hydroxyurea on the nuclear
distribution of large tumor antigen

(h)

0
4
8

Cell

G,

80
14
9

cvcle
i
\

S

0
75
8

distribution

10)

G2

20
10
80

M

0
1
3

Nuclear distribution of
large tumor antigen

geneous*

70
40
30

W

geneousj

30
60
70

The effect of hydroxyurea on both cellular distribution along the
cell cycle and nuclear location of large T-ag were determined as
described in Materials and methods (n = 3).

* Homogeneous: finely granular positive reaction distributed all
over the nucleus, with the exception of nucleoli.

•f Heterogeneous: patches of positive reaction with large and
irregular negative areas.

# _
B

Fig. 2. Cellular DNA synthesis and nuclear distribution of
autoradiographic silver grains. mKSA-Asc cells in type A and
B cultures were incubated in the presence of [3H]thymidine
(0-SjtCimr1; 60Cimmor ' ) during the final 30min or 12h
of the corresponding culturing periods (24 h and 48 h,
respectively). After radioactive labeling, cells were processed
for autoradiography and nuclear distribution of silver grains
was determined by light microscopy. A. 30-min labeled cells
from type A cultures; B, 12-h labeled cells from type A
cultures; C, 12-h labeled cells from type B cultures. Bar,

X1600.

synthesized DNA, while silver grains from type B
cultures should represent previously synthesized DNA.

The majority of cells in type A cultures displayed a
heterogeneous nuclear distribution of silver grains
(Fig. 2B), while most cells in type B cultures presented

a homogeneous one (Fig. 2C). Thus, an intriguing
similarity exists between nuclear location of autoradio-
graphic silver grains and the pattern of nuclear T-ag
distribution shown before (Fig. 1A and C, respectively).
On the basis of these results, it is tempting to speculate
that T-ag-enriched nuclear areas in cells from type A
cultures might correspond to nuclear sites where DNA is
being synthesized. Certainly, convincing evidence about
co-location of T-ag and autoradiographic grains can be
only obtained by simultaneous examination of both of
them. On the other hand, considering that T-ag is a
multifunctional protein, then its homogeneous distri-
bution in those rather quiescent cells from type B
cultures, which might be given by nucleoplasmic and/or
nuclear matrix-associated T-ag molecules, could be func-
tionally related to any other cellular process(es).

To investigate whether the heterogeneous pattern of
nuclear T-ag distribution is related to DNA replication,
we have determined the effect of a temporal inhibition of
cellular DNA synthesis by hydroxyurea (HU) upon the
location of T-ag within the cell nucleus. To define the
effect of HU upon the proliferative state of mKSA-Asc
cells, the frequency of cells in each phase of the cell cycle
was determined at time zero and at 2-h intervals after
treatment. As shown in Table 2, by the end of a 12-h
incubation in the presence of 1-OmM-HU, 80% of cells
were in Gj. No labeled cells were found at this time, but
they appeared immediately after drug removal, reaching
a maximum of about 75 % by 4 h after the end of the
treatment. As expected, by the time the frequency of cells
in S phase had decreased to a minimal value (8 h after HU
removal) the frequency of cells in G2 had increased to
about 80%. Therefore, DNA synthesis was effectively
inhibited by HU treatment. Importantly, treated cells
underwent division about 10 h after blockade sup-
pression, thus showing that they had recovered from the
effects of hydroxyurea.

Nuclear T-ag was detected by PAP reaction immedi-
ately after a 12-h treatment with HU (time 0) or at 4h or
8h following drug removal from the culture medium.
The percentage of cells showing either the heterogeneous
or homogeneous pattern was determined in both cases
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(Table 2). By the end of the HU treatment, when 80 % c
cells are supposed to be in the Gi/S transition (unput
lished results, Chang & Baserga, 1977), most of the cell
displayed the homogeneous reaction (Table 2). A signif
cant increase in the number of cells displaying th
heterogeneous pattern of nuclear T-ag was detected b
the time most of the cells were in S phase. A minoi
although repetitive, increase was then observed when th
majority of cells were traversing the G2 phase (Table 2]
Therefore, a similar heterogeneous pattern of intrani
clear distribution of T-ag is displayed by cells in S and G
phases of the cell cycle.

According to morphological observations, chromati
in G2 cells appeared to be condensed to some extent (dat
not shown). In this respect, it has been known for a Ion
time (Pope & Rowe, 1964; Rapp et al. 1964) that T-ag
not detected in the highly condensed chromatin (
chromosomes in mitotic cells. Therefore, it is attractiv
to postulate that chromatin condensation, which migl
start as soon as DNA has been replicated, provokes
change in nuclear T-ag distribution, thus explaining tr
fact that most of the cells traversing G2 phase display
heterogeneous distribution of T-ag within the nucleus.

Interestingly, when T-ag was cytochemically detecte
in cells traversing mitosis, it was found that its exclusio
from condensed chromatin had started early in prophas
(Fig. 3B), it became evident by metaphase (Fig. 3C) an
it remained so throughout anaphase (Fig. 3D) and tel<
phase (Fig. 3E). A sharp and dark positive reactio
appeared, lining the mass of unreactive chromosome!
especially during telophase (Fig. 3E), just before tr
nuclei were reconstituted. Whether such a reaction a[
pears in the pictures or not depends on the focal plam
T-ag remained cytoplasmic throughout mitosis and
became nuclear again by the end of cell divisic
(Fig. 3F). Nuclear distribution of T-ag in the two ne
cells, which must be entering Gi phase (Fig. 3F), w;
similar to that observed before in type B cell cultun
(Fig. 1C,D) and in those cells at the Gi/S boundai
(Table 2). The latter results suggest that the home
geneous distribution of nuclear T-ag might be typical of
Gi cells.

Cellular phenotype and nuclear distribution of T-ag
A possibility to be considered is whether the patterns of
nuclear T-ag distribution described above are related to
the transformed phenotype, rather than to the cell growth
rate. To evaluate that possibility, the nuclear distribution
of T-ag was analyzed in A255Blb cells, when grown at
either permissive (33 °C) or restrictive (39-5 °C) tempera-
tures. Under these two culturing conditions A255Blb
cells express either the transformed or the normal pheno-
type, respectively (Brockman, 1978). As shown in Fig. 4,
exponentially growing A255Blb cells displayed a hetero-
geneous pattern of nuclear T-ag at both permissive
(Fig. 4A) and restrictive temperatures (Fig. 4B). A simi-
lar result was obtained when WTBla cells, which express
the transformed phenotype in both culturing conditions,
were used (Fig. 4E,F).

On the other hand, when confluent monolayers with a

3A

Fig. 3. Intracellular distribution of large tumor antigen
throughout mitosis. Cells were seeded on coverslips in 35 mm
tissue culture plates, and cultured as routinely. After a 24-h
period of incubation, cells were fixed with coid methanol for
IS min and large T-antigen was detected by the PAP reaction.
Mitotic cells were morphologically identified. Interphase (A),
prophase (B), metaphase (C), anaphase (D), telophase (E),
late telophase (F). Bar, lOjtm; X1500.

low growth rate were used a homogeneous pattern of
nuclear T-ag distribution was observed under either
permissive or restrictive conditions, in both A255Blb
(Fig. 4C,D) and WTBla (Fig. 4G,H) cell lines. These
results strongly suggest that intranuclear distribution of
T-ag correlates with cell growth rate rather than with
cellular phenotype. They also show that variations in the
distribution of T-ag within the nucleus in relation to the
proliferative activity is not a cell line-dependent phenom-
enon, since at least three different SV40-transformed
mouse cell lines expressed the same behavior.
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Fig. 4. Cellular phenotype and nuclear T-ag distribution.
A255Blb and WTBla cells were seeded in 60 mm tissue
culture plates and incubated at 33°C for 2h in D-MEM
supplemented with S % FBS. At this time, when cells had
already attached to the substratum, medium was replaced by
D-MEM supplemented with 1 % FBS and they were further
incubated for either 24 h or 48 h at 33°C or 39-5°C. Nuclear
T-ag was detected by the PAP reaction at the end of each
incubation period. A-D. A255Blb cells; E-H, WTBla cells;
A,E, exponentially growing cells cultured at 33CC for 24h;
B,F, exponentially growing cells cultured at 39S°C for 24h;
C,G, confluent monolayers of cells cultured at 33CC for 48h;
D,H, confluent monolayers of cells cultured at 39-5°C for
48 h. Bar: lOjttn; X1200.

Discussion

The understanding of the functional and spatial organiz-
ation of the interphase nucleus has become, in recent
years, an intriguing and interesting aspect of cellular
physiology. It has been postulated that interphase
chromatin might be organized into functional domains,
such as those involved in either RNA transcription, RNA
processing or DNA replication (for a review, see Ringertz
et al. 1986). Accordingly, the subnuclear location of any
given protein appears to be related to its particular
function. Cyclin, for instance, presents a temporal and
spatial correlation with cellular DNA synthesis (Celis &
Celis, 1985; Bludau et al. 1986; Madsen & Celis, 1985),
thus raising the possibility that it might be involved in
such a process. In this respect, it has been recently shown
that cyclin is the auxiliary protein of DNA polymerase-S,
which is required for the elongation stage of DNA
synthesis (Bravo et al. 1987; Prelich^ al. 1987; Prelich &
Stillman, 1988). Therefore, cyclin-enriched nuclear sites
should correspond to replicative domains, which are
expected to be modified during the cell cycle.

Data presented here show that nuclear distribution of
T-ag varies according to cell growth rate in SV40-
transformed mouse cells. While it is homogeneously
distributed within the nucleus of resting cells, it appears
to be mainly located in nuclear patches in dividing cells.
Interestingly, following inhibition of cellular DNA syn-
thesis, cells display the homogeneous pattern of nuclear
reactivity. Cells in S phase, instead, present a hetero-
geneous pattern more like that observed in actively
growing cells. These results suggest that nuclear T-ag
distribution might be also related to some aspects of
cellular DNA synthesis. Such a suggestion is further
substantiated by those results that show a similarity
between T-ag subnuclear location and nuclear sites where
DNA replication is taking place in cells from type A
cultures (Fig. 1A and Fig. 2A or B, respectively). How-
ever, cells in G2 phase, which are not synthesizing DNA,
also present a heterogeneous pattern of nuclear T-ag.
Thus, it may be assumed that, in general, T-ag location
within the nucleus might be consequential to its exclusion
from condensed chromatin. Nevertheless, it cannot at
present be ruled out that T-ag-enriched areas might
result from specific interactions of T-ag with other
nuclear components. Regardless of the mechanism(s)
determining its location, the possibility exists that T-ag
may be playing a specific role in those nuclear sites in
which it is present at a given time.

Interestingly, SV40 DNA synthesis has become the
model of choice for analyzing the molecular basis of
eukaryotic DNA replication (for a review, see Stahl &
Knippers, 1987). In this system, T-ag has been postu-
lated to have a role in both initiation and elongation stages
of SV40 DNA synthesis, according to the replicon model
(Campbell, 1988). Since T-ag has a cellular DNA
binding property (for a review, see Rigby & Lane, 1983)
and an intrinsic helicase activity (Stahl et al. 1986), it
might also be involved at least in the elongation stage of
cellular DNA synthesis, and is probably therefore a
component of nuclear matrix-associated replication com-
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plexes (Carri et al. 1986; Jackson & Cook, 1986). As
DNA replication is a highly asynchronous process, one
would expect replication complexes to be hetero-
geneously distributed within the nucleus. Correspond-
ingly, we have found that intranuclear distribution of
T-ag is heterogeneous in actively growing cells, thus
allowing us to speculate that those areas where T-ag is
located might correspond to replicative domains in the
nucleus of SV40-transformed mouse cells. In this re-
spect, it is very important to point out the fact that
Harper et al. (1985), have shown that nuclear sites where
SV40 DNA is being synthesized, during the lytic infec-
tion, are characterized by an accumulation of T-ag.

Finally, T-ag has been shown to be important for cells
in overcoming the Gj/S transition (Floros et al. 1981).
Thus, it is very probable that every time T-ag reaches the
nucleus at the end of mitosis, it might induce cells to
enter a new proliferative cycle. As a consequence, cells
would be kept continuously proliferating, which is the
main feature of transformed cells.
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