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Five distinct localization patterns were observed for the adenovirus E1A proteins in the nuclei of infected
HeLa cells: diffuse, reticular, nucleolar, punctate, and peripheral. The variable distribution of E1A was
correlated with the time postinfection and the cell cycle stage of the host cell at the time of infection. All staining
patterns, with the exception of peripheral E1A localization, were associated with the early phase of infection
since only the diffuse, reticular, nucleolar, and punctate staining patterns were observed in the presence of
hydroxyurea. Because the E1A proteins (12S and 13S) stimulate the expression of the cellular heat shock
70-kilodalton protein (hsp70), we examined the intracellular distribution of hsp70 in the adenovirus-infected
cells. Whereas hsp70 was predominantly cytoplasmic in the cells before infection, after adenovirus infection
most of the protein was now found within the nucleus. Specifically, hsp70 was found within the nucleoli as well
as exhibiting reticular, diffuse, and punctate nuclear staining patterns, analogous to those observed for the E1A
proteins. Double-label indirect immunofiuorescence of E1A and hsp70 in infected cells demonstrated a
colocalization of these proteins in the nucleus. Translocation of hsp70 to the nucleus was dependent upon both
adenovirus infection and expression of the E1A proteins. The localization of hsp70 was unaltered by infection
with an E1A 9S ¢cDNA virus which does not synthesize a functional E1A gene product. Moreover, the discrete
nuclear localization patterns of E1A and the colocalization of E1A with hsp70 were not observed in
adenovirus-transformed 293 cells which constitutively express E1A and E1B. E1A displayed exclusively diffuse
nuclear staining in 293 cells; however, localization of E1A into the discrete nuclear patterns occurred after
adenovirus infection of 293 cells. Immunoprecipitation of labeled infected-cell extracts with a monoclonal
antibody directed against the E1A proteins resulted in precipitation of small amounts of hsp70 along with E1A.
These data indicate that the adenovirus E1A proteins colocalize with, and possibly form a physical complex
with, cellular hsp70 in infected cells. The relevance of this association, with respect to the function of these

proteins during infection and the association of other oncoproteins with hsp70, is discussed.

The adenovirus E1A proteins play an essential role in both
productive infection and transformation by adenovirus. The
primary function of the E1A proteins in productive infection
is to stimulate viral gene transcription (reviewed in reference
1), a requirement for efficient viral gene expression and the
subsequent production of virus. Stimulation of transcription
by E1A is, however, not restricted to viral genes. Transcrip-
tion of certain cellular genes also increases in cells infected
with virus or when the E1A proteins are expressed after
DNA transfection. In addition to transactivating transcrip-
tion, the E1A proteins also appear capable of repressing
enhancer-dependent transcription. Thus, the E1A proteins
are capable of regulating gene expression in both a positive
and negative fashion.

In addition to modulating transcriptional events, the E1A
proteins stimulate cellular DNA synthesis (20, 40), a process
thought to be central to the role of E1A in transformation
(reviewed in references 2 and 9). Alone, the E1A proteins
are capable of causing primary rodent cells to grow indefi-
nitely in culture. However, properties associated with com-
plete transformation, such as growth to high saturation
density and morphological transformation, require expres-
sion of another oncogene such as c-Ha-ras or the adenovirus
E1B gene, along with E1A (17, 36).

Two main transcripts are produced from the E1A tran-
scription unit at early times postinfection and in transformed
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cells (reviewed in references 1 and 33). These have been
designated the 13S and 12S mRNAs in adenovirus type 2
(Ad2) and AdS serotypes. The protein products of these
mRNAs are 289 and 243 amino acids in length, respectively.
The 289- and 243-amino-acid proteins have identical amino
acid sequences, with the exception that the 243-amino-acid
protein is missing 46 internal amino acids encoded by the
large E1A protein, due to the use of an alternative splice site.
Although expression of either protein conveys the capacity
to produce transformed foci in culture, only the 13S product
is capable of stimulating transcription to a high degree. A 9S
mRNA is produced from the E1A transcription unit at late
times in infection, but as yet no known function in either the
regulation of transcription or the transformation process has
been associated with the 9S gene product (12, 57).

Both the 289- and 243-amino-acid E1A proteins are post-
translationally modified by phosphorylation (10, 14, 30, 43,
55) and are rapidly transported to the nucleus (8, 26).
Utilizing polyclonal antibodies specific for the E1A 13S gene
product, Feldman and Nevins (7) reported that the 289-
amino-acid protein is predominantly found in the nucleus of
infected cells, with a portion being tightly associated with
the insoluble nuclear matrix. With the availability of anti-
bodies capable of recognizing both the 13S and 12S ElA
gene products, as well as adenovirus mutants which express
individual cDNA genes for the 13S and 12S mRNAs, it was
found that both forms of E1A are predominantly localized
within the nucleus of infected cells (14, 37). It is the 13S and
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not the 12S product, however, that appears to be nuclear
matrix associated in infected and transformed cells (37).

How the E1A proteins usurp the cellular transcription and
replication machinery to modulate transcription events and
cause cellular proliferation is still not clearly known. How-
ever, the E1A proteins themselves bind weakly to DNA (4),
and there is evidence that they stimulate transcription by
increasing the activity or amount of cellular transcription
factors (28, 56). Interestingly, one of the cellular genes that
is transcriptionally stimulated by the adenovirus E1A pro-
teins is that encoding the 70-kilodalton (kDa) cellular heat
shock protein hsp70 (21, 34, 52). The stimulated expression
of hsp70 is primarily a function of the 13S E1A product,
although stimulation has been observed with the 12S product
to a lesser degree (38). The reason for enhanced expression
of hsp70 in the presence of E1A is not known. However,
preexisting levels of hsp70 have been correlated with the
permissivity of human cells for adenovirus infection (18).

The expression of hsp70 has also been shown to increase
in human cells upon transfection with either the simian virus
40 (SV40) large T antigen or the c-myc genes (23-25).
Interestingly, in HeLa cells the constitutive expression of
hsp70 appears to be a cell cycle-related event occurring very
near the G,-S boundary (31). Although not clearly under-
stood, hsp70 has been found in rather stable complexes with
mutant forms of either the polyomavirus medium T antigen
or the cellular p53 protein (16, 35, 41, 44). Cellular p53 is
thought to be involved in the transformation process, per-
haps as a competence factor in the regulation of cellular
DNA synthesis. In this respect, it is worth noting that the
bacterial homolog of hsp70, the DnaK protein, is required
for bacterial DNA and RNA synthesis at high temperatures
and is necessary for bacteriophage lambda replication (6, 19,
53). Hence it is tempting to speculate that the constitutive
expression of hsp70 is necessary for normal cell proliferation
and that its association with proteins like p53 plays a role in
the maintenance of the transformed phenotype.

In the present study we have carefully examined the
subcellular distribution of the adenovirus E1A protein in
productively infected HeLa cells, using indirect immunoflu-
orescence and immunoelectron microscopy. We show that
during infection the E1A proteins exhibit a number of
different distribution patterns within the cell nucleus. Spe-
cifically, the staining patterns observed included (i) diffuse
nuclear, (i) reticular, (iii) punctate, (iv) nucleolar, and (v)
peripheral. Two important factors account for the heteroge-
neity of E1A staining: the particular phase of infection (early
versus late) and the cell cycle stage of the cell at the time of
infection. Since this localization of the E1A proteins resem-
bled the localization of hsp70 after heat-shock treatment of
uninfected cells, and because hsp70 levels increase in cells
upon adenovirus infection, we also examined the intracellu-
lar staining patterns of hsp70 in infected cells. In some but
not all of the infected cells, a colocalization of hsp70 and
E1A was observed. This colocalization was most apparent in
those cells displaying both nucleolar and reticular E1A
staining patterns. Immunoprecipitation studies using mono-
clonal antibodies to E1A demonstrated an apparently stable
association of E1A with the hsp70 proteins.

MATERIALS AND METHODS

Cells and viruses. Human HeLa cells were grown in
monolayer culture with Dulbecco modified Eagle medium
with 10% fetal bovine serum. Human 293 cells (11), which
constitutively express adenovirus E1A and E1B gene prod-
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ucts, were grown in Dulbecco modified Eagle medium with
10% calf serum. The wild-type Ad2 was grown in infected
HeLa cells and band purified by CsCl, density gradient
sedimentation as previously described (29, 50). Adenovirus
mutants containing the E1A 13S, 12S, and 9S cDNA genes in
place of genomic El1A sequences (32, 57) were kindly
provided by E. Moran and B. Zerler (Cold Spring Harbor
Laboratory).

Indirect immunofluorescence techniques. Cells were fixed
in 2% formaldehyde in phosphate-buffered saline (PBS) (pH
7.3) for 15 min at 25°C. Cells were then washed (four
changes, 15 min each) in PBS (pH 7.3) and incubated in
PBS-0.2% Triton X-100-0.5% normal goat serum for 5 min
at 4°C. Samples were then washed for 30 min in several
changes of PBS (pH 7.3) containing 0.5% normal goat serum
and incubated with the primary antibody (E1A, hsp70) at the
appropriate dilution for 1 h at 37°C. Cells were then washed
in PBS (pH 7.3) (four changes of 15 min each) and incubated
in fluorescein isothiocyanate-conjugated (goat anti-mouse)
or rhodamine-conjugated (goat anti-rabbit) secondary anti-
body (Cappel Laboratories) at a dilution of 1:20 for 1 h at
37°C. Samples were then washed in PBS (pH 7.3) (four
changes, 15 min each) and mounted in 90% glycerol-10%
PBS with 4% n-propyl gallate. Samples prepared for immu-
nofluorescence were photographed on a Zeiss epifluores-
cence microscope equipped with a Nikon UFX automatic
camera or a Zeiss Photomicroscope III.

In some experiments cells were fixed in 100% methanol at
—20°C for 10 min before staining, as previously described
(48). Localization of the E1A proteins in Ad2-infected HeLa
cells was identical with either the methanol or formaldehyde
fixation procedures. Improved preservation of E1A staining
was obtained with formaldehyde fixation of 293 cells and
HeLa cells infected with the 128 virus.

Mouse monoclonal antibodies (M73) directed against both
the 243- and 289-amino-acid E1A proteins (14) were obtained
from E. Harlow (Cold Spring Harbor Laboratory), as was a
monoclonal antibody directed against cellular p53 (13). Rab-
bit polyclonal antibodies directed against the E1A proteins
(39) were obtained from K. Spindler and A. Berk (Depart-
ment of Microbiology and Molecular Biology Institute, Uni-
versity of California, Los Angeles). Mouse monoclonal
antibodies directed against hsp70 (C92) were prepared and
characterized as described previously (47). A mouse mono-
clonal antibody specific for the E1B 55-kDa protein (6A8)
was also used (B. Stillman, R. McKay, and E. White,
unpublished data).

Double-label indirect immunofluorescence was performed
with Ad2-infected HeLa cells by staining with the E1A
rabbit polyclonal antibody and the anti-hsp70 mouse mono-
clonal antibody, followed by rhodamine-conjugated goat
anti-rabbit secondary antibody and fluorescein isothiocya-
nate-conjugated goat anti-mouse secondary antibody. No
cross-reactivity was observed with the goat anti-rabbit anti-
bodies and mouse immunoglobulin G or with the goat
anti-mouse antibodies and rabbit immunoglobulin G.

Immunoelectron microscopy. Cells were fixed in 2% form-
aldehyde plus 0.01% glutaraldehyde in PBS (pH 7.3) for 15
min at 25°C. Fixed cells were then washed three times for 15
min each in sodium borohydride (0.5 mg/ml) and incubated
in 0.2% Triton X-100-0.5% normal goat serum in PBS (pH
7.3) for S min at 4°C. Samples were then washed for 30 min
in several changes of PBS that contained 0.5% normal goat
serum and were incubated in E1A monoclonal antibody (1:
20) for 1 h at 37°C. Samples were washed overnight in PBS
at 4°C to remove unbound antibody and were then incubated
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in peroxidase-conjugated secondary antibody at a dilution of
1:20 for 1 h at 37°C. After washing in PBS (pH 7.3) for 15 min
and 0.05 M Tris (pH 7.6) for 30 min, samples were incubated
in 0.05% 3,3’'-diaminobenzidine in 0.05 M Tris (pH 7.6) for 30
min. Samples were then suspended in 0.05% 3,3’-diamino-
benzidine supplemented with 0.01% H,0, for 5 min, washed
in 0.05 M Tris (pH 7.6) for 30 min, and fixed in 2% OsO, in
0.1 M sodium cacodylate buffer (pH 7.3) for 1 h. Subse-
quently, samples were rinsed in distilled water, dehydrated
in a graded series of ethanol, and infiltrated and embedded in
Poly/Bed 812 (Polysciences Inc., Warrington, Pa.). Polymer-
ization was carried out at 60°C for 72 h. Samples were
sectioned with a diamond knife using a Reichert Ultracut 4
ultramicrotome and examined with a Hitachi H-7000 trans-
mission electron microscope operated at 75 kV.

Flow cytometry. Cells (10°) growing in monolayer culture
were harvested, washed, and suspended in 0.25 ml of PBS,
and fixed by gradual addition of 4 ml of 100% ethanol while
vortexing. After fixation overnight, the cells were washed
twice and suspended in 0.25 ml of PBS containing 1% bovine
serum albumin. The fixed cells were then treated with RNase
A and 25 pl of 50-mg/ml propidium iodide solution in sodium
citrate. Fluorescence intensities were determined by quan-
titative flow cytometry using an Epics C System (Coulter
Electronics). )

Metabolic labeling and immunoprecipitation. HeLa cells
growing in monolayer culture were infected with Ad2 (mul-
tiplicity of infection, 100 PFU/cell) in either the presence or
absence of hydroxyurea (10 mM). Infected cells were labeled
with [>*S]methionine (100 wCi/ml) from 8 to 20 h postinfec-
tion and then harvested for either two-dimensional gel elec-
trophoresis or ‘‘native’’ immunoprecipitation analysis. For
the former, the cells were lysed in Laemmli sample buffer
(27) containing 1% sodium dodecyl sulfate (SDS), the ex-
tracts were heated at 100°C for 5 min, and nuclease was
added. The samples were then analyzed by isoelectric focus-
ing (pH 5-7 gradient gels) in the first dimension, followed by
SDS-polyacrylamide gel electrophoresis (12.5% polyacryl-
amide gels) in the second dimension as described previously
(45). ,

‘For immunoprecipitation studies the cells were lysed in
RIPA + SDS (PBS containing 1% Triton X-100, 1% deoxy-
cholate, and 0.1% SDS). After sonication, the cell extracts
were clarified in an Eppendorf centrifuge for 20 min at 4°C.
A 60-pl volume of a 50% solution of protein A-Sepharose
(Pharmacia) in RIPA + SDS was added to clarified extracts,
and the mixture was incubated for 30 min at 4°C. After
removal of the protein A beads by centrifugation, the appro-
priate antibodies (see the legend to Fig. 8) were added and
the mixtures were incubated on a rotary shaker for 4 h at
4°C. In some cases rabbit anti-mouse (heavy- and light-
chain-specific) antibodies were added, and in all cases the
immune complexes were captured by the addition of 60 .l of
a 50% (vol/vol) solution of protein A-Sepharose in RIPA +
SDS. After 30 min of incubation the immune complexes
were washed five times with RIPA + SDS and then released
from the beads by boiling in Laemmli sample buffer. Result-
ant immune complexes were analyzed by both one- and
two-dimensional gel electrophoresis.

RESULTS

Differential localization of the E1A proteins in infected
HeLa cells. The subnuclear distribution of adenovirus E1A
proteins was examined in situ by immunofluorescence of
HeLa cells infected with wild-type Ad2 at a multiplicity of
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infection of 100 PFU/cell at 24 h postinfection. Populations
of cells examined (1 X 10% to 3 x 10%) exhibited five different
localization patterns of the E1A proteins (Fig. 1 and Table
1). Approximately one-half (52%) of the cells exhibited
diffuse nuclear staining which excluded the nucleoli (Fig. 1la
and b). This pattern of staining has previously been observed
using antibodies specific for DNA and histones and resem-
bles the previously reported staining pattern of the E1A
proteins in infected cells (7, 14, 37). The second most
abundant pattern was a reticular distribution (Fig. 1c and d)
observed in 25% of the infected cells. When focusing
through the nucleus, this pattern was observed to represent
a well-defined branched network apparently contiguous
throughout the cell nucleus. Punctate nuclear staining was
observed in 15% of the infected cells (Fig. le and f). A
similar pattern of staining has previously been reported for
the small nuclear ribonucleoprotein particles; however,
when examined by double-label immunofluorescence the
punctate staining observed for E1A did not appear coinci-
dent with the small nuclear ribonucleoprotein particle stain-
ing (data not shown). Nucleolar specific staining of E1A was
observed in 6% of the infected cells (Fig. 1g and h). Finally,
2% of the cells exhibited staining néar the periphery of the
nucleus, adjacent to the nuclear lamina-pore complex (Fig.
li and j).

We have similarly examined infected cells by indirect
immunofluorescence for the intracellular distribution of the
other adenovirus nuclear antigens (the E2 72-kDa DNA-
binding protein and the E1B 55- and 19 kDa tumor antigens,
as well as the late proteins hexon and the L4 100-kDa
proteins). These adenovirus-encoded proteins exhibited in-
tranuclear distributions very different from that of E1A (data
not shown), indicating that the localization domain of E1A
within the nucleus is not shared by these other viral nuclear
proteins.

Immunoelectron microscopy was used in an attempt to
gain more insight into the localization of the E1A proteins.
The diffuse (Fig. 2a). and punctate (Fig. 2¢) staining patterns
appeared identical to that which was observed by immuno-
fluorescence (Fig. la and c¢). From the immunoelectron
microscopy data (and examination of serial sections) it was
evident that the reticular staining pattern exhibited continu-
ity with the nuclear periphery and clearly showed a ‘‘net-
worklike’’ distribution which further distinguished it from
the other patterns (Fig. 2b). Upon closer examination of the
nucleolar staining pattern with immunoelectron microscopy,
localization of the E1A proteins was found to be restricted to
the granular region of the nucleolus (Fig. 2d), the site of
preribosome assembly. In the least predominant staining
pattern (approximately 2% of the infected cells), E1A local-
ized at the nuclear periphery (Fig. 2e) adjacent to the nuclear
lamina-pore complex. Numerous nuclear pore profiles were
observed in the region of peripheral immunostaining (Fig. 2e
and f).

In addition to the five distinct patterns of immunostaining,
overlapping patterns such as diffuse plus nucleolar, or pun-
ctate plus nucleolar, were also observed, suggesting that the
localization of E1A during infection may be in a dynamic
state and perhaps involves a progression from one staining
distribution to another. Therefore, we investigated whether
this variation in the distribution of the E1A proteins in
infected cells might change during the course of infection.
The distribution of the E1A proteins in infected cells was
examined by indirect immunofluorescence at different times
postinfection. At early times (6 to 12 h), the infected cells
displayed either the diffuse nuclear staining pattern or no
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FIG. 1. Indirect immunofluorescent staining of infected cells with E1A monoclonal antibodies. HeLa cells growing on glass cover slips
were infected with Ad2 (multiplicity of infection of 100 PFU/cell), and at 24 h postinfection the cells were fixed with formaldehyde and
analyzed for the distribution of the E1A protein either (top panels) by indirect immunofluorescence using monoclonal antibodies directed
against the E1A proteins or (bottom panels) by phase-contrast microscopy. The five major nuclear immunostaining patterns of E1A are
shown: (a and b) diffuse nonnucleolar; (c and d) reticular; (e and f) speckled; (g and h) nucleolar; or (i and j) peripheral.

fluorescence at all (data not shown). By 12 to 24 h postin-
fection, there occurred an increased number of cells where
E1A exhibited reticular, nucleolar, or punctate staining
patterns. Finally, at late times postinfection (24 to 48 h),
there was an accumulation of cells displaying either periph-
eral nuclear staining or no staining at all. From these results
it is clear that the localization of the E1A proteins differs
during the course of infection, perhaps corresponding to the
different events which occur in the early and late phases of
infection.

To specifically distinguish which distributions of E1A
were associated with the early versus the late phase of

infection, the localization of E1A was determined in cells
infected in the presence of hydroxyurea. Under these con-
ditions, viral DNA synthesis is inhibited, and thus the
infected cells remain blocked in the early phase of infection
(42). When infected cells were maintained in hydroxyurea
throughout the infection, the E1A proteins exhibited the
diffuse, reticular, punctate, and nucleolar staining patterns
(Table 1). Therefore, these heterogeneous nuclear distribu-
tions of E1A occur in the early phase of adenovirus infection
and are apparently independent of the gross changes which
occur in nuclear structure accompanying the late phase of
viral infection (58). In contrast, the peripheral nuclear dis-

TABLE 1. Frequency of the distribution patterns of E1A after infection®

Frequency (%) of pattern:

Expt
No staining Diffuse Reticular Nucleolar Punctate Peripheral
1
Ad2 infected; 24 hpi 0 52 25 6 15 2
2
Ad2 infected; 18 hpi 68 28 2 2
Ad? infected; 18 hpi + HU 59 20 21 0
Pretreat HU 24 h; Ad2 infected; 18 hpi + HU 27 72 1 0
Pretreat HU 24 h; Ad2 infected; 42 hpi + HU 0 97 3 0
Pretreat HU 24 h; Ad2 infected; 48 hpi + HU 0 90 10 0

@ Infected cells were stained by indirect immunofluorescence and scored for appearance of specific E1A localization patterns at 24 h postinfection (hpi)
(experiment 1). Experiment 2 data represent cells in the same experiment evaluated under different conditions, with the reticular, nucleolar, and punctate E1A
distributions collectively represented as a single percentage. Cells in experiment 2 were either untreated and infected and fixed at 18 h postinfection, infected in
the presence of hydroxyurea (HU) and fixed at 18 h postinfection, or pretreated with hydroxyurea for 24 h and infected and maintained in the drug until fixation

at 18, 42, or 48 h postinfection.
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FIG. 2. Localization of the E1A proteins in infected cells at the electron microscopic level. HeLa cells were infected with Ad2, and 24 h
later the cells were prepared for immunoelectron microscopy using E1A monoclonal antibodies as described in Materials and Methods.
Shown are representative examples of the (a) diffuse, (b) reticular, (c) speckled, (d) nucleolar, and (e and f) peripheral staining patterns of
E1A. The nucleolar distribution of E1A is limited to the granular region (G) of the nucleolus (panel d). The nucleolar fibrillar regions (F) are
devoid of immunoreactivity (panel d). Numerous nuclear pore (NP) profiles can be observed in the regions of peripheral immunoreactivity

(panels e and f). N, Nucleus; No, nucleolus.

tribution of E1A was not observed in the cells infected in the
presence of hydroxyurea, and therefore this distribution of
the protein may be associated with the late phase of infection
(Table 1).

Although the distribution of E1A in infected cells changed
over the course of infection, there was still considerable
variation in the localization at any given time postinfection.
The two most likely explanations for this heterogeneity in
staining patterns are that (i) the course of infection is
asynchronous or (ii) the differential localization of E1A may
be a function of the cell cycle. We believe the former
possibility to be unlikely since the cells were infected with

100 PFU of Ad2 per cell. To test the second possibility,
HeLa cells were pretreated with hydroxyurea for 24 h to
perturb the cell cycle. The cells were then infected with the
virus, and the localization of the E1A proteins was deter-
mined by indirect immunofluorescence. The DNA content
(and the cell cycle stage) of the cells was determined at the
time of infection as well as after infection by flow cytometry.
The prior treatment of the cells with hydroxyurea for 24 h
resulted in an accumulation of cells with a G; and S DNA
content and a diminution of cells with a G, DNA content,
due to the inhibition of cellular DNA synthesis (Fig. 3 and
Table 2). The hydroxyurea-treated cells were then infected
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FIG. 3. Comparison by flow cytometry of cell cycle profiles of
HeLa cells at the time of infection and fixation. Cell cycle profile of
(A) untreated cells, (B) cells treated with hydroxyurea for 24 h, (C)
untreated cells infected with Ad2 in the presence of hydroxyurea
and evaluated at 18 h postinfection, and (D) cells pretreated with
hydroxyurea for 24 h and then infected with Ad2 in the presence of
hydroxyurea and evaluated at 18 h post infection. The first peak in
each panel represents cells with a G, (2N) DNA content, and the
second peak (observed clearly only in panel A) represents cells with
a G, (4N) DNA content. See Table 2 for quantitation of cell cycle
profiles. Parallel samples were infected with adenovirus and exam-
ined by indirect immunofluorescence for the localization of the E1A
proteins (Table 1).

with Ad2 and maintained in the presence of hydroxyurea,
and the localization of the E1A proteins was determined by
indirect immunofluorescence. Unlike the results obtained in
the asynchronous infected cells (e.g., Fig. 1), cells pretrea-
ted with hydroxyurea and then infected resulted in a nearly
total predominance of a diffuse nuclear distribution of E1A
(Table 1). This diffuse nuclear staining pattern persisted at
even prolonged times postinfection (42 and 48 h), in contrast
to the infected asynchronized cells in which hydroxyurea
was added only at the time of infection (Table 1). In the latter
case, for example, the reticular, nucleolar, and punctate
distributions were well represented. It should be noted that
it is the cell cycle stage at the time of infection that is
significant, since addition of hydroxyurea only at the time of
infection still permitted accumulation of G, and S cells at the

TABLE 2. Quantitation of cell cycle profiles®

DNA content
(% of total) in:

G, S G,

Untreated 50 20 30
Pretreat 24 h + HU 63 22 15

Time of sampling Treatment of cells

Time of infection

Time of fixation Ad2 infected; 18 hpi 69 17 12
+ HU

Pretreat HU 24 h; 73 27 10
Ad?2 infected; 18

hpi + HU

“ See Fig. 3 for abbreviations, see Table 1, footnote a.
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FIG. 4. Induction of hsp70 by As2 infection. HeLa cells growing
on 10-cm dishes were (A) mock infected or (B) infected with Ad2.
After labeling with [**S]methionine from 8 to 20 h postinfection, the
cells were collected and the labeled proteins were analyzed by
two-dimensional gel electrophoresis. The position of hsp70 (hsp72)
is indicated by the arrowhead. The position of hsp90 is indicated by
the arrow. ac, Actin.

time of fixation 18 h later (Fig. 3 and Table 2). A similar
predominance of the E1A diffuse nuclear staining pattern
was observed when G; cells, prepared by elutriation, were
infected (data not shown). These data indicate that the cell
cycle stage of a cell at the time of infection may influence the
localization of the E1A proteins during infection.

Elevated expression and intracellular localization of cellular
hsp70 in infected HeLa cells. A number of studies have
reported the increased expression of hsp70 in cells either
infected with adenovirus or, alternatively, transfected with
ElA-encoding DNA (21, 34, 52) (Fig. 4). HeLa cells, in-
fected with Ad2, were labeled with [>’*S]methionine from 8 to
20 h postinfection, the cells were harvested, and the labeled
proteins were analyzed by two-dimensional gel electropho-
resis (Fig. 4). As compared with the mock-infected controls,
the adenovirus-infected cells exhibited a modest but easily
detectable increase in hsp70 expression, both inducible
hsp72 and constitutive hsp73 (Fig. 4). In contrast, another
stress-inducible polypeptide, hsp90, was not synthesized at
elevated levels upon adenovirus infection (Fig. 4).

Since the levels of hsp70 increased in cells after adeno-
virus infection, we examined whether changes might also
occur in its intracellular locale. As has been shown previ-
ously, the hsp70 proteins are present primarily within the
cytoplasm of cells incubated under normal temperatures, but
quickly redistribute within the nucleus and nucleolus after
heat shock treatment (46). The distribution of hsp70 was
determined in Ad2-infected HeLa cells by using a monoclo-
nal antibody specific to the highly heat-inducible form of
hsp70 (47). Similar to what has been described before for
HeLa cells grown at 37°C, the staining of hsp70 in the
mock-infected cells was primarily diffuse cytoplasmic (see,
for example, Fig. 9). After infection with Ad2, hsp70 staining
appeared more intense, consistent with its increased synthe-
sis as shown in Fig. 4. In the infected cells much of the hsp70
staining was observed within both the cytoplasm and the
nucleus. Moreover, the nuclear staining appeared heteroge-
neous, with many of the cells displaying nucleolar, reticular,
punctate, and diffuse staining patterns (Fig. S). These
changes in hsp70 intracellular locale appeared dependent
upon the time at which we analyzed the cells after the
infection. At earlier times postinfection (<12 h) much of the
hsp70 staining was cytoplasmic. As the infection progressed
(>12 to 24 h), there occurred an increased frequency of cells
displaying these various intranuclear distributions of the
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FIG. S. Analysis of the distribution of hsp70 in HeLa cells infected with Ad2. HeLa cells growing on glass cover slips were infected at a
multiplicity of infection of 100, and 24 h postinfection the cells were analyzed for the distribution of hsp70 via indirect immunofluorescence
as described in the text. Several different staining patterns of hsp70 were observed: nuclear speckles, nucleolar, reticular, and diffuse nuclear.
Shown are selected fields of cells which displayed altered localization of hsp70 (roughly 25 to 50% of the total population in this experiment).
Mock-infected HeLa cells showed faint diffuse cytoplasmic staining of hsp70 (see, for example, Fig. 6 and 9).

hsp70 protein, particularly that of the reticular and nucleolar
staining patterns. At the later times postinfection (24 to 48
h), most of the cells exhibited a diffuse or punctate nuclear
distribution of the hsp70 protein (data not shown). Thus, in
addition to elevating its expression, adenovirus infection
results in distinct changes in the intracellular localization of
hsp70. Moreover, these changes in hsp70 expression and
intracellular distribution appear dependent upon functional
E1A and are not simply a consequence of viral infection. For
example, cells infected with an adenovirus mutant capable of
expressing only the nonfunctional 9S E1A cDNA gene
product showed neither an increase in hsp70 expression nor
changes in its intracellular locale, even at high multiplicities
of infection and prolonged times postinfection (24 and 48 h)
(Fig. 6). A 9S virus, which would normally be defective for
growth at low multiplicities of infection, is capable of ex-
pressing both early and late viral gene products, synthesizing
viral DNA, and producing virus and therefore progresses to
the late phase of infection at this high multiplicity (500 PFU/
cell) and time postinfection (49, S1). This result clearly
demonstrates that the altered localization of hsp70 after
infection is dependent upon expression of the E1A proteins
and is not simply a manifestation of a productive infection.

Colocalization of cellular hsp70 with the E1A proteins in
infected HeLa cells. The nuclear staining patterns of hsp70
after adenovirus infection closely resembled the staining
patterns of the E1A proteins in infected cells. We therefore
investigated the possibility that hsp70 and E1A may coloca-
lize after adenovirus infection. Adenovirus-infected cells
were stained by double-label direct immunofluorescence
using a rabbit polyclonal antibody directed against E1A (39)
and a mouse monoclonal antibody directed against hsp70. At
early times postinfection when the localization of E1A was
predominantly diffuse-nuclear, hsp70 was found to be local-
ized primarily in the cytoplasm, as in the mock-infected cells
(data not shown). At intermediate times postinfection (12 to
24 h), at the time when both E1A and hsp70 displayed
intranuclear distributions, their staining patterns in most
cases appeared coincident (Fig. 7). In the subset of cells
where E1A was found associated with nucleoli, in most
cases (greater than 50%) hsp70 also localized to the nu-
cleolus in the same cell (Fig. 7A, E, and I). The colocaliza-

tion of hsp70 and E1A was most obvious in those cells
displaying nucleolar and reticular staining patterns (Fig. 7).
The number of cells where E1A localized in the nucleolar,
reticular, and punctate staining patterns varied from exper-
iment to experiment but usually maximally represented 20 to
50% of the total cell population. Of those, at least half (10 to
25%) displayed colocalization of E1A and hsp70 at these
sites within the nucleus. Therefore, the E1A-hsp70 coloca-
lization occurred in a subset of infected cells, but in a
significant proportion.

The colocalization of E1A and hsp70 was also observed, in
cells infected and incubated in the presence of hydroxyurea,
to prevent passage of the infected cells into the late phase of
infection (data not shown). This indicates that the colocali-
zation of the two proteins occurs as an early event during
infection and is independent of viral DNA replication.

Evidence of an association between E1A and hsp70 in
infected cells. Having observed both an increase in hsp70
expression and a colocalization of a portion of E1A and
hsp70 in the infected cells, we next examined whether we
could isolate the two proteins as a complex from the infected
cells. For these experiments HeLa cells were either (i) mock
infected, (ii) infected with Ad2, (iii) infected with Ad2 in the
presence of hydroxyurea, or (iv) mock infected in the
presence of hydroxyurea. After labeling with [>*SIme-
thionine, the cells were harvested and prepared for ‘‘native”’
immunoprecipitation studies as described in Materials and
Methods. Briefly, this procedure, which involves a rather
gentle solubilization of the cells in Triton X-100 and sodium
deoxycholate, is routinely used to examine for possible
protein-protein associations within an immune complex. The
antibodies used in these studies included monoclonal anti-
body C92, specific for the stress-inducible form of hsp70;
monoclonal antibody M73, directed against both the 12S and
13S forms of E1A; monoclonal antibody 6A8, specific for the
adenovirus E1B 55-kDa tumor antigen; and monoclonal
antibody PAb421, specific for the cellular pS3 protein. In
those cells mock infected and analyzed with these various
antibodies, only the anti-hsp70 antibody showed a positive
reaction (Fig. 8A, lane 2). In addition to hsp70, approxi-
mately four other proteins were present in the immune
complex, one of which is the hsp90 protein. As expected, the
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FIG. 6. Localization of hsp70 in HeLa cells infected with the E1A 9S cDNA virus. HeLa cells growing on glass cover slips were either
(A and B) mock infected or (C and D) infected with the 9S virus at a multiplicity of infection of 500. Cells were fixed with methanol at 24 h
postinfection and examined by indirect immunofluorescence (B and D) with anti-hsp70 monoclonal antibodies. (A and C) Phase-contrast
images of the same fields in panels B and D. The slightly brighter appearance of the 9S-infected cells simply reflects the more founded
morphology of the cells, a consequence of the adenovirus-induced cytopathic effect.

anti-E1A or -E1B antibodies did not immunoprecipitate any
proteins from the uninfected cells. In addition, because there
is little or no expression of p53 in the HeLa cells, no reaction
product was observed using the p53 monoclonal antibody. In
the case of the infected cells, the situation was quite dif-
ferent. First, a limited number of proteins were observed in
the immunoprecipitate in which no antibody was added.
These proteins (Fig. 8B, lane 1) represent background pro-
teins which apparently bind to the protein A-Sepharose
beads in a nonspecific manner. All of the immunoprecipi-
tates contained these same proteins in approximately the
same amounts (Fig. 8B). Immunoprecipitation using the
hsp70 antibody resulted in a considerable precipitation of the
hsp70 proteins as well as the same proteins precipitated in
the mock-infected cells (Fig. 8B, lane 2). In addition, several
proteins of approximately 90 to 100 kDa and of approxi-
mately 45 kDa were also observed. Immunoprecipitation
with the E1A monoclonal antibody resulted in the precipita-
tion of E1A, a 100-kDa protein, and discernible levels of

hsp70 (seen as a doublet in Fig. 8B, lane 3). Finally, no
reaction product, other than the background proteins, was
observed with the p53 antibodies. In the case of the E1B
antibodies, large amounts of E1B as well as some very
high-molecular-weight proteins were immunoprecipitated
(Fig. 8B, lanes 4 and 5, respectively). Note that only in those
precipitations using the E1A antibodies, as compared to the
no-antibody, p53, or E1B precipitations, was there an obvi-
ous coprecipitation of hsp70. In addition, it can be seen that
only a fraction of the total hsp70 coprecipitates with E1A in
the infected cells. Confirmation of this 70-kDa doublet in the
E1A immunoprecipitations as hsp70 was accomplished by
analysis of the immunoprecipitations on two-dimensional
gels and comigration with authentic purified hsp70 (data not
shown).

An analysis of the mock-infected or Ad2-infected cells
incubated in the presence of hydroxyurea (to prevent pas-
sage into the late phase of infection) yielded similar, albeit
slightly different, results. In the case of the mock-infected
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FIG. 7. E1A and hsp70 colocalize in Ad2-infected HeLa cells. HeLa cells growing on glass cover slips were infected with Ad2 (multiplicity
of infection, 100), and 24 h later the cells were fixed and simultaneously analyzed for the distribution of both hsp70 and E1A using double-label
indirect immunofluorescence. Detection of the rabbit anti-E1A antibody and of the mouse anti-hsp70 antibody was done by subsequent
incubation with rhodamine-conjugated goat anti-rabbit and fluorescein-conjugated goat anti-mouse antibodies, respectively. Shown are
selected fields of cells which displayed colocalization of E1A and hsp70 (roughly 10 to 25% of the total population in this experiment). Note

that the same cells are shown in each vertical column.

cells, only the hsp70 antibodies resulted in an immunopre-
cipitation product (Fig. 8C). Note, however, that the relative
recovery of hsp70 appeared less, and there was a corre-
sponding decrease in both the number and amount of the
other proteins (e.g. hsp90) which coprecipitated. In the case
of Ad2-infected cells maintained in the presence of hydrox-
yurea, few or no background proteins were precipitated in
the absence of the first antibody (e.g., the control immuno-
precipitation; Fig. 8D, lane 1). Therefore, the background
proteins observed earlier (i.e., Fig. 8B, lane 1) presumably
represent proteins produced late in the adenovirus infection
(and most likely include adenovirus structural proteins such
as hexon). Immunoprecipitation from the infected cells with
the hsp70 antibody resulted in the precipitation of consider-
able amounts of the hsp70 proteins and a number of other
proteins, as observed before. Finally, large amounts of E1A
as well as the hsp70 doublet were observed in those immu-
noprecipitates utilizing the E1A antibody. In fact, the rela-
tive amounts of both proteins (E1A and hsp70) were higher
in the infected cells treated with hydroxyurea than in the
cells infected without the drug. Other proteins coprecipitat-
ing with the E1A proteins, most notably a species migrating
with a molecular size of approximately 100 kDa, likely
represent other cellular proteins of unknown function that
have been observed to coprecipitate with E1A (15, 54).
Finally, we should emphasize that these studies indicate that
hsp70 may also be interacting with other adenovirus-en-
coded proteins. A few viral late polypeptides were observed
to coprecipitate with hsp70 (Fig. 8B, lane 2), and a very
small amount of hsp70 was observed coprecipitating with the
E1B 55-kDa protein (Fig. 8D, lane 5).

Despite the observation that hsp70 coprecipitated with
E1A-specific antibodies, we were unable to observe obvious
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FIG. 8. A coassociation of hsp70 and E1A as demonstrated by
immunoprecipitation analysis from Ad2-infected cells. HeLa cells
growing in 10-cm dishes were (A) mock infected, (B) infected with
Ad2, (C) mock infected in the presence of hydroxyurea, or (D)
infected with Ad2 in the presence of hydroxyurea (multiplicity of
infection, 100). The cells were labeled with [**S]methionine, and at
20 h postinfection the cells were harvested in RIPA + SDS. The cell
lysates were sonicated, clarified, and used for immunoprecipitation
analysis with antibodies specific for hsp70, E1A, p53, or E1B 55K
proteins as described in the text. The resultant immunoprecipita-
tions were analyzed in a 10% polyacrylamide gel. Molecular mass
markers are indicated on the left, the hsp70 doublet on the right, and
the position of either E1A or E1B protein by an asterisk. Within
each panel: lane 1, no antibody; lane 2, anti-hsp70; lane 3, anti-E1A;
lane 4, anti-p53; and lane S, anti-E1B.
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coprecipitation of the E1A proteins with hsp70-specific
antibodies. There are two likely explanations for this. First,
only a fraction of the cellular hsp70 is complexed with a
fraction of the E1A protein in the infected cell. E1A may in
fact coprecipitate with the hsp70 using hsp70-specific anti-
bodies, but the level may be below the level of detection in
these experiments. Second, the monoclonal antibody used to
immunoprecipitate hsp70 may not recognize hsp70 when it is
complexed with E1A. Further experiments will elucidate
whether one or both of these possibilities are correct.

Localization of E1A and hsp70 in cells stably transformed
by E1A and E1B. To determine whether the five intranuclear
localization patterns of E1A are dependent upon productive
infection, or occurred in adenovirus-transformed cells as
well, we examined human 293 cells. These cells are stably
transformed and constitutively express botn the E1A and
E1B gene products (11). In contrast to adenovirus-infected
HeLa cells, E1A in the 293 cells exhibited exclusively a
diffuse nuclear, nonnucleolar distribution (Fig. 9E and F).
However, upon infection of the 293 cells with adenovirus,
E1A was observed now to localize within the nucleus in a
reticularlike fashion (Fig. 9G and H). In some of the infected
293 cells a nucleolar locale of E1A was also observed.
Hence, it would appear that the heterogeneous nuclear
staining patterns of E1A are a consequence of adenovirus
infection. We have also observed that infection of HeLa
cells with an E1A 13S ¢cDNA virus results in the appearance
of heterogeneous E1A localization indistinguishable from
wild-type virus-infected cells. In contrast, infection with an
E1A 12S cDNA virus produces homogeneous diffuse nuclear
staining, similar to that of 293 cells (data not shown).
Perhaps a function encoded by the E1A 13S unique region,
which primarily functions to stimulate adenovirus gene
transcription, causes differential localization of E1A in in-
fected cells.

Finally, because of our observation (Fig. 7) of a colocali-
zation of both E1A and hsp70 in the nucleolus of infected
cells, we reexamined the intracellular distribution of hsp70 in
HeLa cells before and after heat shock treatment. These
studies are presented to demonstrate that until our studies
with the adenovirus-infected cells, the only instance of hsp70
being present within the nucleolus is in the case of cells
following heat shock treatment or exposed to other stress
regimes (46, 47). Hsp70 is distributed primarily within the
cytoplasm of HeLa cells maintained at 37°C (Fig. 9A and B).
After heat shock treatment, however, much of the protein is
observed within the nucleolus (Fig. 9C and D). Thus, in the
case of both adenovirus infection or heat shock treatment,
hsp70 exhibits a redistribution from the cytoplasm to the
nucleus and nucleolus.

DISCUSSION

The E1A proteins appear to function in modifying impor-
tant aspects of eucaryotic gene transcription, DNA replica-
tion, and cell cycle control. They are also essential for
mediating oncogenic transformation by adenovirus. The
E1A proteins must function, either directly or indirectly, by
interacting with the cellular transcription and replication
machineries. Identifying cellular proteins that interact or
physically associate with the E1A proteins is obviously a
first step towards understanding the mechanism by which
alterations in these cellular events occur.

By both direct immunofluorescence and immunoelectron
microscopy, five discrete nuclear distributions of E1A were
observed in the infected cell: diffuse, reticular, punctate,
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nucleolar, and peripheral. Much of this heterogeneity in E1A
staining patterns appeared to be a consequence of when the
cells were examined after infection as well as perhaps being
cell cycle dependent. For example, at early times postinfec-
tion, E1A staining appeared diffuse within the nucleus, while
at later times, the number of cells which exhibited the other,
more discrete staining patterns of E1A began to increase.
This heterogeneity of E1A staining appeared independent of
viral DNA synthesis since all but one of the various patterns
were observed in the cells infected in the presence of
hydroxyurea, an agent known to inhibit viral DNA replica-
tion. Moreover, experiments in which the cells were pretrea-
ted with hydroxyurea, to result in an accumulation of the
cells in both the late G, and S phases of cell cycle prior to
infection, indicated that the heterogeneity in E1A staining
patterns observed was most likely a consequence of the
point in the cell cycle at which the cells were infected. Under
these conditions the diffuse nuclear distribution of E1A
predominated. The E1A proteins are known to stimulate
host cell DNA synthesis and to perturb the cell cycle (20,
40). How the E1A proteins accomplish this is unknown, but
conceivably, the requirements for altering the cell cycle and
stimulating DNA synthesis in cells in late G; and S phase
may be different from those of cells in the G, phase of the
cell cycle. Different requirements for E1A function may be
reflected in differential localization of the E1A proteins. In
addition, because expression of E1A may be cell cycle
regulated (22), this could affect the levels of E1A expression,
its differential intranuclear locale, and perhaps its function
during infection.

Our studies have shown that in addition to elevating the
synthesis of hsp70, adenovirus infection of HeLa cells also
results in a redistribution of the intracellular localization of
hsp70 in the infected cell, and in some cases an apparent
association of the two proteins. Examination of the localiza-
tion of the E1A proteins in adenovirus-infected cells has led
us to provide new evidence for an association between the
E1A proteins and cellular hsp70 in the infected cell. Using
double-label indirect immunofluorescence, we observed the
two proteins to colocalize during the early phase of infec-
tion. The codistribution of E1A and hsp70 was most evident
in those cells displaying either a reticular or nucleolar locale
of E1A. Both the colocalization of hsp70 with E1A and its
nuclear and nucleolar distribution were somewhat unex-
pected. Previous studies in our laboratory have shown that
the majority of hsp70 resides in the cytoplasm of HeLa cells
incubated under normal conditions. After heat shock treat-
ment of the cells, both preexisting hsp70 and the newly
synthesized protein rapidly redistribute into the nucleus,
with a considerable portion of the protein present within the
granular region of the nucleolus (46a, 47). During recovery
from the heat shock treatment, the hsp70 proteins slowly
return to the cytoplasm. In no other instance besides cellular
stress have we ever detected hsp70 within the nucleolus.
Therefore, expression of the E1A proteins during productive
infection is either directly or indirectly responsible for not
only stimulating the increased expression of hsp70 but also
redirecting its intracellular localization in a manner similar
(but not identical) to that which occurs during cellular stress.

Thus, considering that hsp70 was observed within the
nucleus and nucleolus of cells after adenovirus infection, and
that E1A and hsp70 colocalize (as shown by indirect immu-
nofluorescence) and may coassociate (as indicated by their
coimmunoprecipitation), the obvious question arises as to
whether the association of these two proteins is relevant
with respect to virus lifestyle or morphogenesis. Because we
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FIG. 9. Localization of hsp70 in normal and heat shock-treated HeLa cells and localization of E1A in normal or Ad2-infected 293 cells.
HeLa cells growing on glass cover slips were incubated at either 37 or 42.5°C for 90 min. The cells were then fixed and analyzed for the
distribution of hsp70 via indirect immunofluorescence. (A and B) Hsp70 staining in 37°C HeLa cells; (C and D) hsp70 staining in heat
shock-treated HeLa cells. 293 cells growing on glass cover slips were either (E and F) mock infected or (G and H) infected with Ad2
(multiplicity of 100), and 24 h postinfection the cells were fixed and analyzed for the distribution of E1A via indirect immunofluorescence.
Bars: (B) 10 pm, (F) 5 um, and (H) 5 pm.
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have previously observed a nucleolar localization of hsp70
only in cells experiencing stress (e.g., after heat shock), it
might be concluded that adenovirus infection simply repre-
sents yet another form of cellular stress. Further support for
this idea follows from our observation that in 293 cells,
which express E1A, E1B, and hsp70, no obvious colocali-
zation or coassociation of E1A and hsp70 was observed.
Instead, the E1A distribution of the 293 cells was primarily
diffuse nuclear and that of hsp70 was primarily diffuse
cytoplasmic. In contrast, after infection of the 293 cells with
Ad2, multiple nuclear staining patterns of E1A similar to
those seen in infected HeLa cells were then observed as well
as a colocalization of hsp70 with E1A (data not shown).
These results indicate that the colocalization of E1A and
hsp70 is dependent upon infection of the cells and is not
simply a consequence of the cell (i.e., 293 cell) expressing
the E1A protein. Moreover, infection of HeLa cells with a
construct of adenovirus capable of producing only the non-
functional 9S form of E1A did not result in an induction of
hsp70, nor did it change in its intracellular redistribution
even though the cells were infected under conditions which
result in a productive viral infection (infection at high
multiplicity). These results in sum indicate that the stimula-
tion of hsp70 expression and its colocalization with E1A
requires the presence of both functional E1A and a produc-
tive virus infection. Productive infection, however, is not
simply another form of cellular stress, since a 9S virus
infection, when allowed to progress to the late phase, had no
effect on hsp70 localization. Furthermore, adenovirus infec-
tion did not induce synthesis of another stress protein,
hsp90.

Returning to the question of the biological relevance of
hsp70 association with E1A in the infected cell, it should be
pointed out that both the elevated expression and the coas-
sociation of hsp70 with other so-called oncogenes have been
reported in a number of different systems. For example, cells
infected with either adenovirus or SV40 exhibit increased
levels of hsp70 as compared to the parental noninfected cells
(21, 23, 34). In addition, transfection of cells with adenovirus
E1A, SV40 virus large T, or c-myc cDNA all result in
increased expression of hsp70 (24, 38, 52). With respect to
complex formation, hsp70 has been observed in association
with mutated forms of SV40 large T antigen, polyomavirus
middle T antigen, the cellular p53 protein, and, as reported
here, the wild-type form of adenovirus E1A (16, 23, 35, 41,
44). Again, the obvious question arises as to whether the
association of hsp70 with these various proteins has rele-
vance with respect to their biological function or whether
these associations simply reflect a ‘*housekeeping’’ function
of hsp70 in recognizing and/or facilitating the clearing of
abnormal or foreign proteins in the cell. Support for the
latter idea includes the fact that many of these associations
involve mutated forms of the oncogenic proteins which are
defective in rendering the transformed phenotype (41, 44). A
slightly more complicated situation, however, is emerging
with respect to the association of p53 and hsp70. In a number
of transformed cell lines rather stable complexes of p53 and
hsp70 have been observed. In most of these cases the
complexes being observed again represent ‘‘mutated’’ forms
of the p53 protein (35, 41). In one case, however, a mutated
form of p53, which both binds to hsp70 with high affinity and
transforms rat fibroblasts (in cooperation with the ras onco-
gene) with an apparently higher efficiency than does the
wild-type form of p53, has been reported by Levine’s
laboratory (16). Interestingly, in these cells the p53 present
in the hsp70-p53 complex is reported to exhibit a longer
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half-life than that observed for free p53 (5). On the basis of
these observations, Levine and co-workers have suggested
that the p53-hsp70 complex may in fact be relevant to the
activity of p53 and the maintenance of the transformed
phenotype. This suggestion is reinforced by the fact that the
levels of hsp70, like p53, are elevated in proliferative cells as
compared to quiescent cells. In addition, the constitutive
expression of hsp70 in HeLa cells has been reported to be
cell cycle regulated, with maximal expression occurring near
the G,-S boundary (31). Finally, relevant to the discussion is
the fact the the Escherichia coli DnaK protein, which shows
a 50% homology with the mammalian hsp70 proteins (3), is
necessary for the DNA replication of bacteriophage \ as well
as for DNA and RNA synthesis of E. coli when the organism
is grown at high temperatures (6, 19, 53). Thus, it remains
possible that in addition to its role in the cell experiencing
stress, the constitutive expression of hsp70 may play some
role in the proliferative response of cells and that the various
complexes of hsp70 with proteins like pS3 and E1A may be
relevant with respect to the regulation, stabilization, and
proper functioning of these so-called cooperating oncogene
protein products in the transformed cell.

In discussing the potential role of hsp70 with respect to
E1A function and adenovirus infection, results by Imperiale
et al. (18) have demonstrated that there is a correlation
between the permissivity of cells to adenovirus infection and
the preexisting level of hsp70. Specifically, these investiga-
tors have shown that cells which contain high levels of
constitutive hsp70 appear more permissive for adenovirus
infection than do cells which contain low levels of the
protein. Moreover, in certain cells, again those which ex-
press high levels of hsp70, the E1A gene products apparently
are not strictly required for the subsequent induction of early
virus gene expression. One interpretation of these results is
that certain cells, i.e., those which express high levels of
hsp70, already express a protein with an E1A-like function.
Such a putative protein then might account for the high
constitutive levels of hsp70 observed, analogous to the
situation in which E1A itself results in the elevated expres-
sion of the hsp70 protein. Hence, it will be interesting to
determine whether prior elevation of the preexisting levels of
hsp70, via heat shock treatment for example, will render
cells more permissive to adenovirus infection. Conversely,
using the method of microinjection, we plan to introduce into
cells high levels of antibodies specific to hsp70 and deter-
mine whether we inhibit viral morphogenesis.
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