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ABSTRACT Human cell lines, whether derived from sponta-
neous tumors or transformed in vitro with simian virus 40, were
found to contain a 53,000dalton phosphoprotein (pp53) in contrast
to normal human cells in which this protein was notdetected. Iso-
electric focusing showed that pp53 comprised several species in
both simian virus 40transformed and tumor cells. Comparison of
the pp53 species from the various cell lines by partial proteolysis
showed that they were similar but not identical. Among the 13 tu-
mor cell lines examined, only 1 line, HeLa, did not contain detect-
able pp5a All the other tumor cell lines contained pp53, and it is
suggested that this protein may be,associated with their trans-
formed state.

Human tumor cell lines in vitro are more remarkable for their
diversity than for their uniformity. In spite of this diversity,
they may share some common, distinctive feature(s) related to
their changed growth control properties. Although such fea-
tures may not in themselves be sufficient to explain the malig-
nancy of the tumor cells, they may be necessary for the main-
tenance of their transformed state and, as such, would be of
considerable importance.

In mouse cells transformed by simian virus 40 (SV40), a
complex has been described comprising the virus-coded large
T (tumor) antigen in association with a host protein, pp53 (1).
This host protein, called pp53. because of its polypeptide size
of 53,000 daltons, is also found in other mouse cells that
have been transformed by agents other than SV40 [e.g., polyo-
ma virus (1)] and in teratocarcinoma cell lines such as F9 and
PCC4 (2). A phosphoprotein ofsimilar size, p53, has been found
to be present in a variety of transformed mouse cells and
absent in their untransformed parents (3). Although there is
no direct proof that this is the same protein as pp53, it seems
likely that it is. This raises the possibility that the presence of
a 53,000-dalton host protein that is absent or present at much
reduced levels in normal cells may be a frequent accompani-
ment to the transformed phenotype in mouse cells.
The isolation of a hybridoma producing a pp53-reactive

monoclonal antibody (4} allowed us to search for an analogous
situation in human cells. Although this monoclonal antibody
was produced in mice against SV40-transformed mouse cells, it
reacts strongly with human pp53 (4). This is fortunate because
mouse antisera react much more weakly with human pp53 than
with mouse pp53. Here we report the presence of pp53 in hu-
man cells transformed by SV40 and in cell lines derived from a
variety of human tumors.

Because many cellular proteins have monomer molecular
weights between 50,000 and 60,000, it was essential to show
that the proteins in the human tumor cell lines were indeed
closely similar to that in the SV40-transformed cell lines. The

criteria used to establish this similarity were molecular weight,
reactivity with the monoclonal antibody from clone 122, pres-
ence ofphosphate and methionine in the protein, isoelectric fo-
cusing behavior, association with SV40 large T antigen after in-
fection with SV40, and similarity ofpartial proteolysis products.

MATERIALS AND METHODS
Cell Cultures. The cells examined were 2 SV40-transformed

cell lines (SV80 and SVA31 E7), 12 permanent cell lines derived
from human tumors, and 3 types of normal human cells. The
isolation and characterization of all the cell lines except MG
have already been described (5-16). The teratocarcinoma line
MG was isolated from a lung metastasis ofa testicular teratocar-
cinoma in an adult man, Cells from the pleural effusion were
plated out and maintained on gelatinized dishes. The cultures
used were uncloned cells at the eighth passage, 10 weeks from
the initial isolation. Further details of the characterization of
this line will be published elsewhere. The normal cells were cell
cultures rather than cell lines, being precrisis, and were actively
growing at the time of labeling. The cells were grown in the fol-
lowing media: RPMI 1640 medium with 15% (vol/vol) fetal calf
serum (lines Daudi, Bristol 7, Tera 1, Tera 2, NALM 1, BeWo,
Jar, and MG), RPMI 1640 medium plus 5% calfserum, 10% fe-
tal calfserum, 10 jig of insulin per ml, and 20 ,ug ofhydrocorti-
sone per ml (line T47D), Dulbecco's modified Eagle's medium
with 10% fetal calf serum (lines Hs 578T, SK BR3, HeLa D98,
FS, and LN75), Dulbecco's modified Eagle's medium with 15%
fetal calfserum, 10 tg ofinsulin per ml, and 20 pzg ofhydrocor-
tisone per ml (line BT 20), or RPMI 1640 medium with 15% fetal
calf serum, 20% human serum, 5 Ag of hydrocortisone per ml,
and 100 ng ofcholera toxin per ml (milk epithelial cells). For la-
beling, the cultures on 50-mm plastic dishes were transferred to
Dulbecco's modified Eagle's medium without phosphate plus
1% dialyzed calf.serum and were labeled with 0.5 mCi of inor-
ganic [32P]phosphate each (1 Ci = 3.7 x 10'° becquerels) for 3
hr at 3TC.

Sera. The SV40 large T-specific antiserum, D2, was pre-
pared in rabbits by D. P. Lane (17). The antigen, D2 protein,
was purified from HeLa cells infected with the adeno-SV40 hy-
brid virus Ad2'D2. In extracts ofSV40-transformed or -infected
cells, this serum reacts only with SV40 large T antigen and not
with small T antigen, and it has no detectable activity against
pp53 in the direct-binding radioimmunoassay described by
Lane and Robbins (18). The monoclonal antibody from clone
122, directed against pp53, was isolated by E. G. Gurney and
has been characterized (4). It reacts with both human and
mouse pp53 and has;-no detectable activity against SV40 large T

Abbreviations: pp53, 53,000dalton host phosphoprotein; SV40, simian
virus 40; T antigen, tumor antigen; SAC, Staphylococcus aureus Cowan
1 immunoadsorbent.
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antigen in the direct-binding radioimmunoassay or against free
large T antigen in immunoprecipitation. Our results would in-
dicate that it is probably directed against a polypeptide rather
than a carbohydrate determinant, but activity against other pos-
sible modifications of the protein has not been completely ex-
cluded.

Other methods for the preparation of cell extracts, immuno-
precipitation, and gel electrophoresis have been described in
detail (19, 20). Briefly, cultures were labeled with [35S]methionine
or inorganic [32P]phosphate and lysed with 1% Nonidet P-40 at
pH 8. Immunoprecipitation with specific antisera or mono-
clonal antibody was followed by collection of immune com-
plexes on Staphylococcus aureus Cowan 1 immunoadsorbent
(SAC) prepared as described (21). Proteins were separated by
NaDodSO4/polyacrylamide gel electrophoresis or by isoelectric
focusing followed.by gel electrophoresis (22).

RESULTS
Characterization of pp53 in SV80Cells. Human cell line

SV80, transformed by SV40, has been. well characterized and
widely used as a source of SV40 T antigens (23, 24). In this line,
because SV40 large T antigen is present, we can ask, first,
whether pp53 is present by the criterion of reaction with clone
.122 antibody and, second, whether it has the expected property
of forming, a complex with large T antigen. Complex formation
would show that it was functionally analogous.in at least one re-
spect to. mouse pp53, and crossreaction with clone 122 antibody
would show that it shared one particular determinant with
mouse pp53. There was already good evidence for the presence
ofa protein with these properties in SV80 cells (4, 17). As shown
in.Fig. 1, clone 122 antibody precipitated a pp53 from extracts
ofSV80cells and.at the same time precipitated some ofthe SV40
large T antigen present in the extract. Only a fraction of the
large T antigen was associated with the pp53, as was the-case in
the transformed mouse cells examined previously (25). This was
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clearly shown by using a specific.serum directed against puri-
fied large T antigen protein. This precipitated all the available
large T antigen, free or complexed, and this total is much more
than that precipitated by clone 122 antibody (compare Fig. 1
track 3 with. track 7). Both the anti-T serum and the clone 122
antibody were used at saturating levels to ensure that the serum
input did not limit the amount of antigen precipitated. Fig. 1
also shows that treatment of the cells with tunicamycin during
synthesis had no detectable effect on the mobility ofeither large
T antigen or pp53 (compare track 3 with track 4). The same tun-
icamycin treatment did affect the synthesis and mobility of the
heavy chain. of HLA antigen, -which is well characterized as a
glycoprotein (26). This is shown by the effect oftunicamycin on
the precipitation ofthe 44,000- to 40,000-dalton bands from the
same extracts by the monoclonal antibody W6/32 (27) directed
against HLA antigen (compare track 11 with track 12). This is by
no means conclusive evidence, but it gives us no reason to think
that pp53 has a substantial carbohydrate component. There is
also no reason to think that clone 122 antibody is directed
against a carbohydrate determinant; this antibody precipitated
the pp53 from tunicamycin-treated cells as well as it did from
untreated cells. In both cases it is still possible to argue that car-
bohydrate is present and involved but that tunicamycin fails to
inhibit its synthesis, and we cannot rule this out. Tunicamycin
inhibits only the dolichol sugar pathway, and glycosylation
might occur by another pathway.

Comparison of cell extracts labeled with [3-?S]methionine or
inorganic [32P]phosphate showed that human pp53 is a phos-
phoprotein, as had already been shown for mousepp53 (2). Hu-
man cells transformed by SV40 contain substantial amounts of
free pp53 in contrast to the transformed mouse cells in which
we could detect little or no pp53 apart from that complexed with
large T antigen (4, 17, 28). The presence offree pp53 in human
cells was demonstrated by a cascade experiment in which com-
plexed pp53 was first precipitated by, treatment with an excess
of specific anti-T serum. This was. followed by treatment with
clone 122 antibody to precipitate the residual free pp53 (Fig.
2A, track 4). An extract of transformed mouse cells treated in
exactly the same way showed no free pp53 (Fig. .2B, track 4).
The fractions of pp53 found complexed and free in extracts of
human cells depended on the conditions used. For example,
slow freezing of extracts to -70°C before thawing and addition
of antiserum halved the amount of complexed pp53 with a cor-
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FIG. 1. Immunoprecipitation oflarge T antigen and pp53 from ex-
tracts ofSV80 cells labeled in the presence and absence oftunicamycin.
Parallel cultures ofSV80 cells were labeled with [35Slmethionine for 2
hr at 37°C. One plate was first treated with tunicamycin (2 ,ug/ml) for
30 min, labeled in the same concentration of antibiotic, and then
treated for 30 min with antibiotic in medium containing nonradioac-
tive methionine. For the other plate, tunicamycin was-omitted. Mate-
rial from both plates was extracted with 1% NonidetP-40 atpH 8.0; the
proteins were immunoprecipitated and separated on a 7-20% (wt/vol)
polyacrylamide gel. Tracks 1, 3, 5, 7, 9, and 11, culture without tuni-
camycin; tracks 2, 4, 6, 8, 10, and 12, culture with tunicamycin. Sera
used: tracks 1 and 2, control hybridoma antibody; tracks 3 and 4, clone
122 hybridoma antibody; tracks 5 and 6, normal rabbit serum; tracks 7
and 8, D2 anti-T serum; tracks 9 and 10, normal mouse serum; tracks
11 and 12, W6/32 anti-HLA ascitic fluid.
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FIG. 2. Cascade immunoprecipitation of large T antigen and pp53
from SV40-transformed cells. Extracts of 52P-labeled human (A) and
mouse (B) cells were treated sequentially with antisera as follows:
track 1, anti-T serum D2 and SAC; track 2, same as track 1; track 3,
SAC alone followed by either 4 or 5; track 4, clone 122 antibody and
SAC; track 5, same as track 1. After immunoprecipitation, the proteins
were separated on a 12% polyacrylamide gel.
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Table 1. Human tumor cell lines and normal cell cultures
Origin of
cell line

Cells Type oftumor pp53 (ref.)
Lines
Daudi Burkitt lymphoma + 5
Bristol 7 Lymphocyte trans- + 6

formed by EBV*
in vitro

NALM 1 Chronic myelogenous + 7
leukemia

BT 20 Primary mammary + 8
carcinoma

SK BR3 Metastatic mammary + 9
carcinoma

T47D Metastatic mammary + 10
carcinoma

Hs 578T Primary mammary + 11
carcinosarcoma

Tera 1 Teratocarcinoma + 9
Tera 2 Teratocarcinoma + 9
MG Teratocarcinoma +
BeWo Choriocarcinoma + 12
Jar Choriocarcinoma + 13
HeLa D98 Cervical carcinoma - 14

Strains
FS Foreskin fibroblast -

culture
LN 75 Skin fibroblast - 15

(Lesch-Nyhan)
Milk second- - 16

ary culture Mammary epithelium
* Epstein-Barr virus.

A C 122 C 122 C 122 C 122

-I......... f.".
..... .

, <-pp53

LN 75 Milk epi. HeLa SV80

B C 122 C 122 C 122 C 122 C 122

A.-,~tS~~ ~ ~ ~ ~ ~ ~ ~ *m<--Tw

-pp53

Tera 1 SK BR3NALM 1 Bri 7 SV80

responding increase in the amount of free pp53. The free pp53
may therefore result from the lower stability of the human
pp53-large T antigen complex, rather than being an indication
of the existence of two distinct classes ofpp53.
Tumor Cell Lines. Cell lines derived from four widely differ-

ent types of human tumor have been examined. These were
from cervical and mammary carcinomas (primary tumor and
pleural effusion), choriocarcinomas, teratocarcinomas, and a
Burkitt lymphoma. All 12 lines of cells of these five types were
positive for pp53 (Table 1). The appearance of the pp53 band
varied in the different cell lines; for example, Daudi, Bristol 7,
and jar cells showed the same pp53 doublet as SV80 cells. The
teratocarcinoma and mammary carcinoma cells gave only a sin-
gle pp53 band, corresponding in mobility to the more rapidly
migrating component ofthe SV80 doublet (Fig. 3). The only tu-
mor cell line tested in which pp53 could not be detected was
HeLa D98, initially derived from a cervical carcinoma (14). By
using extracts of cells labeled with 32P or with [3S]methionine
we were unable to detect specific precipitation of any band in
the region of50,000-60,000 daltons.

All the normal human cells that were tested proved to be neg-
ative for pp53 (Table 1). We were unable to detect specific pre-
cipitation of a band in the 53,000-dalton region with either 32p_
or [35S]methionine-labeled extracts. If pp53 is present in these
cells, it must be at a much reduced level such that it is below the
background of nonspecific precipitation.

Comparison of pp53 from Tumor Cell Line and SV80 Cells.
Further evidence that the pp53 from tumor cells was similar to
that from SV40-transformed cells was obtained from two-di-
mensional gel electrophoresis (22). Previous studies with mouse
pp53 (25) had shown that it gave several spots on two-dimen-

FIG. 3. Immunoprecipitation ofpp53 from human tumor cell lines.
Cultures of human tumor cells and control cells were labeled with in-
organic [32Plphosphate and immunoprecipitated with clone 122 anti-
body (122) or with control hybridoma supernatant (C). The cell types
are indicated below each track: epi., epithelium; Bri 7, Bristol 7. After
immunoprecipitation, the proteins were separated on 12% (A) or 10%
(B) polyacrylamide gels.

sional gels. As shown in Fig. 4, several species with different
isoelectric points made up the fast and slow components of the
human pp53 doublet, and both components streaked in the iso-
electric focusing dimension. There were always a major species
with apI 6.7 and a minor species with a pI 7.2. This prop-
erty of streaking in the isoelectric focusing dimension is shared
with SV40 large T antigen (19). The patterns ofthe pp53 species
from the tumor cells were similar to the pattern from SV80 cells,
except that Hs 578T, SK BR3, NALM 1, and teratocarcinoma
pp53 species showed only the faster migrating species, as al-
ready seen on one-dimensional gels. The distribution of radio-
activity from 32P and [35S]methionine also varied to some extent
with the different cells. For example, in Daudi extracts there
was less 32p in the more acidic species ofpp53 relative to 'S.

All the tumor cell lines were checked for the presence of any
SV40 T antigen. No specific precipitation of material corre-
sponding to the 94,000-dalton large T antigen or of smaller pro-
teins could be detected by using a potent antiserum specific for
SV40 large T antigen. There is, therefore, no evidence for in-
volvement of SV40 in any of these tumor cell lines or ofcontam-
ination of the lines with SV40. As shown below, some of the cell
lines were susceptible to infection by SV40 and produced sub-
stantial amounts of large T antigen after infection.

Biochemistry: Crawford et al.
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FIG. 5. Infection of mammary carcinoma cells with SV40. Cul-
tures ofuninfected Hs 578T cells (tracks 1-4) and the same cells 24 hr
(tracks 5-8) and 48 hr (tracks 9-12) after infection with SV40 (20
plaque-forming units/cell) were labeled with 'P. Each extract was im-
munoprecipitated with anti-HLA monoclonal antibody as control
(tracks 1, 5, and 9), clone 122 antibody to precipitate pp53 and associ-
ated SV40 large T antigen (tracks 2, 6, and 10), control normal rabbit
serum (tracks 3, 7, and 11), and D2 anti-T serum to precipitate large T
antigen and any associated pp53 (tracks 4, 8, and 12). After immuno-
precipitation, the proteins were separated on a 10% polyacrylamide gel
with SV80 large T antigen and 53,000-dalton markers (track 13).

4-pp53
b

c

d

e

Hs 578T

SK BR3
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FIG. 4. Isoelectric focusing ofpp53 from human tumor and SV4O-
transformed cells. Cell extracts were immunoprecipitated with clone
122 antibody and the proteins were separated by the method of
O(Farrell et al. (22). (a) [ASJMethionine-labeled SV80 cell extract. (b)
[P2pPhosphate-labeled SV80 cell extract. (c, d, and e) [3pIPhosphate-
labeled extracts from human tumor cell lines; only the pp53 region is
shown, aligned so that regions ofthe same pl are vertically below each
other and correspond to b.

The pp53 from the various tumor cell lines would be ex-

pected to have the property ofassociating with SV40 large Tan-

tigen if it were analogous to that of SV80 cells. Infection of Hs
578T cells with SV40 caused an increase in the incorporation of
32P into pp53, and provided large T antigen with which pp53
could associate. As shown in Fig. 5, tracks 6 and 10, clone 122
antibody precipitated the pp53 from the infected cells and with
it a fraction of the SV40 large T antigen present in the extract.
Only a small amount ofthe large T antigen was complexed with
pp53 (compare the complexed largeT antigen in track 6 with the
total large T antigen in track 8) as compared with SV80 cells.

Comparison ofpp53 Species by Partial Proteolysis. The sim-
ilarity between pp53 from tumor cell lines and that from SV80
cells was also borne out by comparison ofthe products ofpartial
proteolytic cleavage of these proteins. As shown by Cleveland
et al. (29), proteins isolated by gel electrophoresis give charac-
teristic patterns of smaller polypeptides as relatively stable in-
termediates during digestion with proteases such as S. aureus

V8 protease. This technique showed that the two components
of the SV80-derived 53,000-dalton band were closely related,
giving similar patterns of polypeptides (Fig. 6 b and c). The
first three intermediate polypeptides retained the small differ-
ences of mobility shown by the intact polypeptides. With the
BT 20 pp53 (Fig. 6a), the pattern corresponded to that of the
faster migrating component of the SV80 doublet (Fig. 6b), in

agreement with the mobility of the intact 53,000-dalton poly-
peptide. The pp53 doublet from Daudi cells (Fig. 6d) gave a

pattern similar to that of the SV80 pp53 doublet. At least 10
polypeptides with molecular weights from 10,000 to 50,000
were seen to correspond in mobility in the digests ofthe differ-
ent pp53 species from SV80, Daudi, and BT 20. Some differ-
ences were detectable between the patterns, however, indicat-
ing that the proteins were similar but not identical. This was

already clear from the slight differences of mobility already
mentioned. Other proteins, such as the 45,000-dalton band cut
from the same gels, showed a pattern clearly different from that
ofpp53 (Fig. 6e).

DISCUSSION
Human cells transformed by SV40 contain a protein corre-

sponding to the 53,000-dalton protein previously found in as-

sociation with the virus-coded large T antigen in SV40-trans-
formed mouse cells. The proteins from mouse and human cells
are similar in size, are phosphoproteins, reactwith clone 122 an-

a b c d e

FIG. 6. Partial proteolysis comparison ofpp53 species. Extracts of
[35S]methionine-labeled cells were immunoprecipitated with clone 122
antibody and the pp53 were separated by gel electrophoresis. The gel
bands were excised, and the polypeptides were digested with increas-
ingamounts ofS. aureus V8 protease for 1 hr at37C. The protease con-
centrations in each panel were, from left to right, 0, 0.2, 2, 20, and 200
pg/ml. The pp53 species were derived from BT 20 (a), SV80 lower band
(b), SV80 upperband (c), and Daudi (d). The 45,000-dalton band (e) was
cut from the BT 20 gel and serves as a control.

a
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tibody, and associate with SV40 large T antigen. In addition to
the large T antigen-associated pp53, SV40-transformed human
cells also contain free pp53 (4, 17).

Cell lines derived from spontaneous human tumors contain
proteins very similar to the pp53 from SV80 cells. The criteria
of similarity were extensive. In addition to being phosphopro-
teins with similar mobilities, both pp53 species displayed the
determinant recognized by clone 122 antibody and had similar
behavior in isoelectric focusing. The association of pp53 with
SV40 large T antigen is a very specific interaction, as shown by
the lack of any other major proteins in immunoprecipitates of
cell extracts with either specific anti T or pp53 antibodies. After
infection of human tumor cell lines with SV40, the amount of
incorporation of 32p into pp53 increased substantially. Some of
this newly synthesized pp53 became associated with SV40 large
T antigen, as shown by the coprecipitation of the two proteins
by specific antibodies to either of them. The amount of partici-
pation of pp53 in the complex with SV40 large T antigen in the
SV40-infected human tumor cells was somewhat less than that
seen in SV80 cells, but otherwise the situation was similar. The
last criterion of similarity in patterns of partial proteolysis is re-
lated to the underlying similarity in the overall structure of the
proteins and of their amino acid sequences. Minor differences
of amino acid sequence would probably not be detected. The
conclusion drawn from these partial proteolysis comparisons
between the various pp53 species was that they were very sim-
ilar, although probably not identical. There is no evidence of
SV40 involvement with any of the tumors, and it seems likely
that the situation is analogous to that found in transformed
mouse cells in which pp53 (or p53) appeared in cells trans-
formed by a great variety of agents (3). Because normal human
cells, especially epithelial cells, cannot be maintained in tissue
culture except for relatively short periods, it is difficult to com-
pare transformed cell lines with their normal counterparts.
However, actively growing cultures of several types of normal
human cell, skin fibroblasts, or milk epithelial cells showed no
sign of specific precipitation of pp53, either phosphate- or me-
thionine-labeled. We can, therefore, say that the rate of synthe-
sis of pp53 that we find in transformed cells is greatly increased
over that in normal cells because we cannot be sure whether
normal cells contain levels ofpp53 below our limits ofdetection
or no pp53 at all. Several cell lines, either from Burkitt lympho-
mas or transformed by Epstein-Barr virus in vitro, have been
examined by Klein et al. (30). Some, but not all, ofthese showed
a 53,000-dalton protein or proteins associated with the nuclear
antigen of Epstein-Barr virus. It is likely that these are similar
to the pp53 described here, and this gives support to the sug-
gestion that the presence of the pp53 may be associated with at
least some types of transformation. Because pp53 is a nuclear
protein both in SV40-transformed mouse cells and in virus-free
3T12 mouse cells (4, 28), it may be involved in control of DNA
replication and, by being synthesized constitutively, result in
uncontrolled replication. However, there is insufficient data to
allow us to choose among the many hypotheses. The striking re-
sult is that a variety of human tumor cell lines share with the
virus-transformed cell SV80 a distinctive feature that is not
shown by untransformed cells. This is the presence ofa group of
53,000-dalton proteins.

After this paper was written, we tested another line of tumor
cells 331, derived from a cervical carcinoma (31), and found that
it was clearly positive when examined for the presence ofpp53.
The apparent absence of ppS3 in HeLa cells is therefore not a

general characteristic of all cell lines derived from cervical car-
cinomas.

We are indebted to the following for supplying us with cell cultures:
Dr. N. Auersperg (33I), Dr. J. Fogh (Tera 1, Tera 2, BT 20, and SK
BR3), Dr. M. Greaves (NALM 1), Dr. Y. Ito (SV A31 E7), Dr. G. Klein
(Daudi), Dr. D. Livingston (SV80), Dr. B. Migeon (LN 75), Dr. W. A.
Nelson-Rees (Hs 578T), Dr. R. Weiss (BeWo and Jar), E. G. and G.
Mason Research Institute (T47D), and Searle Research Laboratories
(Bristol 7). We thank Dr. M. Crumpton for W6/32 monoclonal anti-
body, Dr. D. P. Lane for the D2 antibody, and Dr. M. Owen for tuni-
camycin and advice on its use.
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