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I. Introduction

Tumor cells are extremely diverse in their properties and the search for
some property which they have in common, and which distinguishes them
from normal cells, has been largely to no avail. p53 stands out from the
other characteristics of tumor cells, because it seems to be altered in a great
variety of tumor cells. The interest in p53 came initially from the unex-
pected convergence of two major areas of cancer research, tumor viruses
on the one hand and tumor specific transplantation antigens (TSTA) on the
other.

Work with DNA tumor viruses had defined particular virus-coded pro-
teins as being primarily responsible for transformation. In the case of sim-
ian virus 40 (SV40) the transforming protein appeared to be large-T, a
polypeptide with an apparent molecular weight of 94,000 (Tegtmeyer ef al.,
1975; Rundell et al., 1977). This is the major product of the early region
of the virus (the region expressed before the onset of DNA replication in
the infected cell). The small size of the virus genome made it seem unlikely
that any other protein could be coded in this region, but in fact a second
protein, small-t, is coded in the same region (Crawford et al., 1978). In the
closely related polyoma virus there is even a third early protein, middle-T,
which has a molecular weight of 55,000 (Ito ef al., 1977a, b). The discovery
of polyoma middle-T antigen prompted an intensive search for an equiv-
alent virus-coded protein in the same size range in SV40-infected and -trans-
formed cells. None was found but the search did produce a protein which
was host coded, rather than virus coded, and was associated with the virus-
coded large-T antigen to form a complex (Lane and Crawford, 1979). It
was this association which allowed p53 to be clearly distinguished from the
general immunoprecipitation background and from proteolytic degradation
products of large T.

The other line of research was quite distinct from the work on DNA
tumor viruses and was concerned with understanding the mechanism of
transplantation rejection. Cells derived from tumors induced by chemical
carcinogens, such as methylcholanthrene, can be used to immunize synge-
neic animals. These animals then show increased resistance to a second dose
of the same cells. Each tumor cell line is highly individual (Prehn and Main,
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1957) and immunizes effectively against itself but against very few other
cell lines, even if these others are induced by the same carcinogen or are
derived from two different tumors in the same animal. Transplantation re-
jection is cell mediated, and it has proved difficuit to define the rélevant
target molecules and to obtain a humoral response. There is, however, a
humoral response to some methyicholanthrene-induced tumor cell lines,
such as Meth A, which is directed toward p53 and not toward the transplan-
tation antigen (DeLeo et al., 1979). The anti-p53 activity in sera of mice
bearing Meth A tumors was used to show that p53 was by no means con-
fined to Meth A or even to methylcholanthrene-induced tumor cell lines
but was found in cells transformed by a great variety of chemicals, viruses,
and physical agents (DeLeo ef al., 1979). This result generated a great deal
of excitement and stimulated much of the work on p53 that followed.

A. NOMENCLATURE

The nomenclature used in the literature for p53 is rather confusing, partly
because of the fact that it was found in a variety of different systems and
not until later was it realized that the same protein was involved. There are
mobility differences between the p53s of different species, although this
cannot entirely account for the wide variation in monomer molecular weight
given for p53. Variations in gel systems in different laboratories also cause
variations in gel mobility of the p53 band, as do variations in loading of
[gG heavy chain since the samples loaded on the gels are usually immu-
noprecipitates and the serum inputs vary considerably. In addition to names
derived from apparent molecular weight, other names have been used by
various groups. ‘‘SV40 middle-T*’ is probably the most misleading since it
implies that it is virus coded and analogous to polyoma middle-T. “Tau”
has also been used both for p53 (Simmons et al., 1980) and for polyoma
middle-T. “NVT” (nonviral T antigen) has also been used (Smith ef al.,
1979a). It has been agreed by several of the groups working in this field to
use p53 in preference to other names for the protein as an interim arrange-
ment pending the elucidation of the function of p53 and the consequent
displacement by a functional name (Crawford, 1982a). There is clearly an
advantage in using the same term for p53 even though the name is some-
what arbitrary. There is still the danger that not all the proteins referred to
as p53 are the same (or corresponding) species. A list of properties expected
of ““authentic” p53 has been suggested (Crawford ef al., 1981), although
it is not always easy to ensure that the protein of interest satisfies all of
them. However, it is clear that possessing one or two properties (such as
size and phosphorylation) is not sufficient to guarantee identity with p53,
and even reactivity with a p53-specific monoclonal antibedy is not by itself
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sufficient (see later). In practical terms reaction of a phosphorylated poly-
peptide with two or more p53-specific monoclonal antibodies to generate a
band from the immunoprecipitate that runs in the 53,000-molecular-weight
region on a gel is a good indication that the protein is p53. Proteins which
appear to be p53 on the basis of currently available data are listed in Table
I. A number of other proteins have been found in transformed cells which
share some properties with p53 but should not yet be considered to be p53.
One protein in particular, the 53K protein found in association with a nu-
clear antigen in cells transformed by Epstein-Barr virus (Luka ef al., 1980),
does not now appear to correspond to p53 (Luka ef al., 1983; D. Lane,
personal communication) (Section V).

B. METHODOLOGY

p53 is a minor component, even in transformed cells, and probably con-
tributes between 1 and 100 ppm of the total cellular proteins. Special tech-
niques are therefore necessary to study it. Most procedures make use of the
specificity of antibodies, either polyclonal or more recently monoclonal,
and little progress would have been made without these immunochemical
reagents. All the techniques do, however, have limitations and these can
become very important when the techniques are pushed to the limits of their
sensitivity.

1. Labeling, Immunoprecipitation, and Gel
Electrophoresis

The most commonly used method for studying p53 has been labeling of
cells by growing them in the presence of radioactive amino acids or P, .

TABLE I
PROTEINS CORRESPONDING TO p53

48K  (but not 55K of the same Melero et al. (1979a)

authors)
p50 Rotter et al. (1980)
ppSs3 Crawford et al. (1981)
53K Lane and Crawford (1979); Crawford et al. (1979a)
54K Linzer and Levine (1979)
55K Kress et al. (1979); Mora et al. (1980)
55K (but not 60K polyoma Hutchinson ef al. (1978)

middle-T of the same authors)
56,000 d Chandrasekaran et al. (1981a)
Tau Chang et al. (1979)
NVT Smith ef a/. (1979a)
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This is followed by immunoprecipitation to bring down the p53 selectivity
and electrophoresis on polyacrylamide gels containing sodium dodecyl sul-
fate (SDS) to separate on the basis of size the polypeptides present. At-
tempts to make quantitative estimates of p53 based on this approach are
fraught with difficulties, some of which are discussed in detail later. At best
the results' with short pulses of radioactivity give an indication of the rate
of synthesis of p53, rather than the amount of p53. Extended labeling, for
periods of at least one cell generation time, would give incorporation related
to the amount of p53 present, but this is seldom done. The efficiency of
the immunoprecipitation step and the specificity of the antisera or antibody
used at this stage also affect the results markedly. Since the heavy chain of
IgG runs in the same region of SDS gels as p53, and most of the antibodies
used are IgGs, this affects the appearance of P33 on the gels. This is most
severe where double-antibody precipitation is used, less severe with staph-
ylococcal protein A as immunoadsorbent (Kessler, 1975), and least trou-
blesome when monoclonal antibodies are used, because the IgG here is
entirely specific so that only very small amounts are needed.

2. Immunaofluorescence

Cells, either unfixed for surface staining or fixed for staining internal
components, are treated with antiserum or monoclonal antibody, usually
followed by a second antibody specific for the first antibody, and conju-
gated with fluorescent compound. Although this method is only semiquan-
titative, it generates results that relate to the amount of p53 and are
unaffected by the rate of synthesis or any of labeling variables that affect
the previous method. It does, however, rely heavily on the specificity of the
antiserum or monoclonal antibody used and can be misleading where the
antibody recognizes other molecules in addition to pS3.

3. Monoclonal Antibodies

Polyclonal antisera have been used widely for both immunoprecipitation
and immunofluorescence, but they can cause problems, first because they
contain a mixture of antibodies of different affinity and specificity, and
second because only a small fraction of the immunoglobulin present is ac-
tive. Monoclonal antibodies (Kéhler and Milstein, 1975) avoid both these
problems and have been useful in helping to unravel some of the complex-
ities of p53. Some properties of the presently available antibodies are
summarized in Table II. Cross-blocking studies using these antibodies
(Crawford, 1982b) define four antigenic areas on mouse p53, one of them
common to mouse and human p53 and three specific for mouse p53. The
area defined by PAb122, PAb410, and PAb421 can be subdivided because
PAb421 and PAb122 block each others binding, but their determinants are
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TABLE 11
MONOCLONAL ANTIBODIES REACTIVE WITH P53

Antibody Specificity Other activities Reference

PAb122 Rodent and 130,000 MW protein Gurney e¢ al. (1980);
primate p53 Kuypers (1982)

80,000 MW protein Harlow et al. (1981b);

PAb410, Rodent and Mouse and human Kuypers (1982); P. Real and
PAb421 primate p53 skin component(s) L. Old (personal communi-
cation)
RA3-2C2 Mouse pS3 B lymphocyte Coffman and Weissman
differentiation (1981)
antigen, p35
200.47 Mouse p53 Human nuclear com- Dippold ef al. (1981)
ponent
PADbGO7 Mouse p53 L. Gooding (unpublished
data)
PAb1005 Human p53 Levine (1982)

not identical. This is shown by the fact that PAb421 blocks the binding of
another antibody, PAb1005 (anti-human p53), on human p53 but that
PADb122 does not (D. Lane, personal communication). The three sites
(PAb421, PAbI22, and PAbI1005) on human p53 are therefore close or
overlapping.

Some of these antibodies react with other host proteins in addition to p53
(Table II), although this problem is not peculiar to p53. It was previously
found with several of the set of anti-SV40 large-T monoclonal antibodies
studied by Harlow et al. (1981b; Crawford ef al., 1982b) and in an increas-
ing number of other instances reviewed by Lane and Koprowski (1982). So
long as reasonable precautions are taken this need not detract from the
usefulness of monoclonal antibodies.

4. Quantitative Assays

Statements about the amount of p53 have frequently been based on la-
beling and immunoprecipitation. Because of variation in the stability of p53
in different cells, and under different conditions, this is at best risky and
can be misleading. By using monoclonal antibodies, assays have been de-
vised which give a reliable indication of the amount of p53. One assay de-
scribed by Lane er al., (1982) makes use of PAb421 (Table 1I) and PAb204,
an anti-SV40 large-T antibody (3C4 of Lane and Hoeffler, 1980). Com-
petition between free p53 and p53 complexed to SV40 large-T is then used
to get an estimate of p53.
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Other assays (Benchimol ef al., 1982) have made use of the moderate
number of anti-p53 monoclonal antibodies now available (Table II) and
used them in pairs to set up a “‘sandwich’-type assay. One monoclonal
antibody is bound passively to the wells of polyvinyl chloride (PVC) mi-
crotiter plates. Cell extract is then added and the p53 is allowed to react
with the antibody. The second antibody radioactively labeled with %I then
acts as a probe for bound p53. The amount of '*I bound provides a measure
of p53. Not all the antibodies listed in Table II can be used with each other
since they block each others’ binding in some combinations. Values ob-
tained with this assay are given in Section VII.

I1. p53 in SV40-Transformed Cells

A. p53 IN SV40-TRANSFORMED RODENT CELLS

Immunoprecipitation of extracts of SV40-transformed cells gives a prom-
inent band of p53, whether the cells are labeled with [**S]methionine or 2P,
(Fig. 1). In the early work the serum used for this type of study usually
came from hamsters bearing tumors of SV40-transformed cells (Tegtmeyer
et al., 1977). The precipitation seemed virus specific in that normal hamster
sera did not precipitate p53; nor did anti-T sera precipitate a similar band
from extracts of the untransformed parental cells from which the SV40-

- transformed cells had been derived. In this respect it was like the virus-

coded large-T antigen, the product of the SV40 A4 cistron (Rundell ez al.,
1977), and breakdown products of large-T such as the polypeptide with a
molecular weight of 60,000 (Lane and Robbins, 1978) which shares deter-
minants with large-T (Crawford et al., 1979b). Since the hamster sera used
were polyclonal, the activities against large-T and p53 could have been in-
dependent or overlapping.

In contrast to the apparently virus-specific nature of p53 there was strong.
evidence that p53 was influenced by the source of the transformed cell,
different proteins being found in transformed cells from the different mam-
malian species (Section VII). As discussed later, these differences included
the mobility of the proteins on polyacrylamide gel electrophoresis and the
patterns of methionine-labeled tryptic peptides. The accumulating evidence
that p53 was at the same time related to the virus in some way, but also
influenced by the host cell, led to the suggestion that the protein might be
part virus coded and part host coded. The alternative that there was an
association of p53 with a virus-coded protein was also suggested (Gaudray
et al., 1978), but there was no clear way of deciding between the several
alternatives. By making use of a specific antiserum directed against the gel-
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FiG. 1. P53 is a phosphoprotein in transformed cells. Extracts of *P,- or [**S]methionine-
labeled cells (SVA31E7 SV40-transformed mouse cells) were immunoprecipitated with ham-
ster serum and the proteins were separated by electrophoresis on a 7 to 20% polyacrylamide
gel. The tracks are as follows: (1) **P, label, normal hamster serum; (2 and 3) 3P, label, ham-
ster anti-T serum; (4) [*Slmethionine label, hamster anti-T serum. [Taken from Lane and
Crawford (1980) with permission.]
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purified polypeptide of SV40 large-T (Lane and Robbins, 1978), Lane and
Crawford (1979) were able to produce clear evidence for the existence of a
p53-SV40 large-T complex. The anti-T polypeptide serum gave coordinate
precipitation of large-T and p53 from extracts of transformed mouse cells,
the ratio of the two proteins remaining constant over a range of antiserum
concentrations (Fig. 2). The same anti-T polypeptide serum was active
against large-T isolated by gel electrophoresis, but had no activity against
isolated p53. Most tumor sera also had no activity against isolated p53.
Fortunately, sera from mice bearing tumors of SV40-transformed cells did
show some anti-p53 activity and proved that the isolated p53 was still suf-
ficiently intact to be recognized by suitable antibodies. The importance of
the idea of a complex was that it explained both how p53 could be im-
munoprecipitated by anti-T sera, either serum from tumor-bearing animals
or specific antipolypeptide serum, while at the same time sharing no se-
quences or antigenic determinants with SV40 large-T. The clearest proof
that p53 was host coded came from comparison of p53 from SV40- trans-
formed cells with p53 from embryonal carcinoma cells (Linzer and Levine,
1979) (Section III,B). The protein appeared to be the same whether SV40
was present or not. Similarly, p53 could be immunoprecipitated from mouse
cells transformed by polyoma virus rather than by SV40, and the isolated
polypeptide reprecipitated with the mouse anti-T serum which was known

" to have anti-p53 activity (Lane and Crawford, 1979). The immunological

case for the existence of the pS3-large-T complex was completed by show-
ing that specific anti-p53 polypeptide serum, lacking any activity against
large-T, also precipitated SV40 large-T from extracts of SV40- transformed
cells McCormick and Harlow, 1980). Other physical evidence for the com-
plex came from the cosedimentation of p53 and SV40 large-T on sucrose
gradients (McCormick ef al., 1979). Only a fraction of the large-T present
was complexed with p53, but most of the p53 was complexed to large-T.
The complex was clearly large, sedimenting at about 23 S, corresponding
to a molecular weight of 600,000 to 1,000,000 if a globular shape is assumed
(McCormick and Harlow, 1980). An example of this type of analysis is
shown in Fig. 3. Immunoprecipitation of alternate fractions with specific ’
antiserum to large-T and with anti-p53 monoclonal antibody makes the
sedimentation of p53 with its associated large-T very clear. The mouse p53-
large-T complex is stable to nonionic detergent [1% Nonidet P-40 (NP-40)1,
5 mM ethylenediaminetetraacetic acid (EDTA), 2 M NaCl, and 0.1 M di-
thiothreitol, but disrupted by exposure to pH 10 or to 2% SDS (McCormick
and Harlow, 1980). Reconstruction of the complex in vitro is more difficult
but some success has been achieved with purified T antigen from SV80 cells
and with D2 protein (McCormick et al., 1981). This SV40 large-T-related
protein is produced in cells infected with the adenovirus-SV40 hybrid virus
Ad2+D2. Addition of the purified proteins to nuclear extracts from a va-
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i 2 3 4 5 6

Vi, gurepeit W AN —T

FiG.2. P53 and SV40 large-T are precipitated coordinately by specific anti-T polypeptide
serum. Equal aliquots of an [*S}methionine-labeled extract of SVA31E7 cells were immu-
noprecipitated with increasing amounts of antiserum. The specific anti-T sera were made against
gel-purified large-T (Lane and Robbins, 1978) and had no activity against p53 in the direct
binding radioimmunoassay (Lane and Crawford, 1979). The tracks are as follows: (1) normal
serum 30 pl; (2) to (5) increasing anti-T serum 1, 3, 10, 30 x1 with decreasing normal serum
29, 27, 20 and 0 p1; (6) 100 »1 anti-T serum, [Taken from Lane and Crawford (1979) with per-
mission].

riety of mouse cells resulted in formation of a complex which was resistant
to 0.5% NP-40, 0.4 M LiCl, or 2 M urea. The complex formed in vitro
sedimented more slowly than the natural complex, 12 S as compared to 23
S, but the increase in sedimentation of p53 from 8 S in the absence of large-
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a b

F16.3. The complex of p53 with SV40 large-T is large and heterogeneous. An extract of
3P labeled SV40-transformed mouse cells was layered onto a 5 to 20% sucrose gradient and
centrifuged for 15 hours at 25,000 rpm (McCormick and Harlow, 1980). Alternate fractions
were immunoprecipitated with (a) anti-SV40 large-T serum (anti-D2 protein serum, kindly
provided by D. Lane) or (b) anti-p53 monoclonal antibody (PAb122; Gurney et al., 1980) and
the samples were run on a 10% polyacrylamide gel. The two tracks on the left of each set are
the unfractionated sample as added to the gradient. Sedimentation was from right to left and
the main peak of complex is in fraction 7, corresponding to about 22 S (E. Harlow, unpub-
lished results).

T to 12 S in the complex was significant. The main criterion for complex
formation was that p53 became immunoprecipitable by specific antiserum
directed against the D2 protein.

The complex between p53 and SV40 large-T seems to be very specific.
No other cellular protein complexes in the same way to SV40 large-T, al-
though two proteins different from p53 do complex with SV40 small-t (Yang
et al., 1979). There are a few examples of other virus-coded proteins which
complex with p53, including viruses closely related to SV40 and adenovirus
(Section II1,D). The overall specificity encourages the idea that complex
formation is important to the virus or to the cell, or to both. It would also
seem likely that matching configurations of specific regions of both p33
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and large-T would be required for complex formation. However, it has not
been possible to localize these sites yet, beyond saying that the extreme ends
of the large-T polypeptide are not involved. In the D2 protein already men-
tioned, the first 100 or so amino acid residues at the N terminus of large-
T are replaced by adenovirus-coded sequences, yet this protein complexes
with p533. Viable deletion mutants lacking sequences at or near the C ter-
minus of large-T, such as d/ 1263 and dl 1265, also complex with p53
(Denhardt and Crawford, 1980). A variety of truncated polypeptides, re-
lated to large-T but lacking parts of the C-terminal half of the polypeptide,
have been examined in transformed cells. None of them appear to complex
with p53 (Chaudry et al., 1982; Clayton ef al., 1982; Colby and Shenk,
1982). It is not clear whether this indicates that the deleted sequences in-
teract with p53 or whether the effect is an indirect one. Most of the trun-
cated, large-T-related polypeptides are unstable and do not form the
oligomers characteristic of large-T. Oligomerization may be essential for
complexing with p53. Temperature-sensitive (ts) large-T in tsA-transformed
cells also shows reduced complex formation with p53 at the nonpermissive
temperature (Linzer et al., 1979). This effect may also be indirect via dis-
sociation of large-T oligomers or direct through some allosteric change in
large-T configuration. One approach to locating the regions of large-T and
pS3 involved in complex formation would be to isolate monoclonal an-
tibodies which interfered with complex formation. The localization of the
binding sites for interfering antibodies should help considerably in defining
these regions.

It is not clear what effect the association of p53 with large-T has on theijr
properties. The ATPase activity of SV40 large-T is not affected by the as-
sociation with p53 (R. Clark, personal communication; E. Harlow, per-
sonal communication). The ability of SV40 large-T to bind the origin region
of SV40 DNA is also unaffected by p53 (Reich and Levine, 1982). As
discussed later, the stability of p53 is increased by association with large-
T, but because little is known about the function of p53 we cannot say
whether this is altered or not.

B. P53 N CELLS TRANSFORMED BY SV40-RELATED
VIRUSES

Viruses closely related to SV40, such as JC and BK, show similar large-
T-p53 complexes in transformed mouse cells (Simmons ef al., 1980). This
is consistent with the extensive homology seen in their nucleic acid se-
quences and T-antigen properties. Polyoma virus is less closely related to
SV40 than JC and BK, but there is still extensive nucleic acid homology
and amino acid sequence homology between its large-T antigen and the
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SV40 large-T antigen (Soeda ef al., 1980). Polyoma-transformed cells show
a p33 band (Lane and Crawford, 1979) as do polyoma-infected cells
(Hutchinson ef al., 1978), but there is as yet no clear evidence for associ-
ation of the p53 with polyoma large-T or with either of the other two virus-
coded T antigens, middle-T and small-t, but it is quite possible that there
is a loose association which is disrupted by the procedures used so far. Poly-
oma infection causes an increase in the rate of synthesis and amount of
p53, but the increase does not look very large since the cells often subjected
to 3T6 polyoma virus infection already contain a moderately high level of
p53. The molecular weights of polyoma middle-T and p53 are close but
they are not known to have much else in common. The molecular weights
of middle-T and p53 were given as 60,000 and 55,000, respectively, by
Hutchinson e al. (1978), but since tryptic peptide mapping showed no sim-
ilarity of the 55,000 MW protein to the virus-coded antigens, it is likely that
this protein corresponds to p53. The lack of any association of polyoma
large-T with p53 means that some other explanation must be given for the
presence of p53 in immunoprecipitates of T-antigens from infected and
transformed cells with anti-T sera. Either the sera may contain anti-p53
antibodies or the p53 may have been coprecipitated as a result of aggre-
gation or trapping with the immune complexes containing the viral T an-
tigens.

III. p33 in Other Transformed Cells

A. CHEMICAL CARCINOGEN-INDUCED TUMOR CELLS

Tumors induced in mice by polycyclic hydrocarbons have been studied
extensively by tumor immunologists, and although they show strong trans-
plantation rejection the antigens concerned are very diverse. The diversity
of transplantation antigens clearly complicates study of this type of tumor,
particularly since the response is cellular and there is little or no production
of a specific humoral immune reaction. The transplantation antigens of
these tumors are displayed on the cell surface and it was only when re-
actions with internal components were studied that a common element was
found—p53.

In the study of DeLeo ef al. (1979), 15 different antisera were raised
in mice to 11 different tumor cell lines. Of these, only two against the meth-
ylcholanthrene-induced tumor cell lines, Meth A and CMS4, showed anti-
p53 activity. Parallel lines such as CMS3 and CMS5 did not generate
anti-p53 activity, and this must be taken into account when attempting to
explain how p53 elicits an antibody response in spite of being a host protein
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occurring in normal as well as transformed cells. Once the antisera had been
produced they were used to examine a wide variety of tumor lines from
tumors induced by methylcholanthrene, RNA tumor viruses, DNA tumor
viruses, X rays, and spontancously transformed cells. Extracts of [*S]
methionine-labeled cells were immunoprecipitated with anti-Meth A anti-
serum and control sera. In all cases they showed specific precipitation of a
band at about 53,000, together with additional bands in some lines. In nor-
mal cells such as mouse embryo fibroblasts and spleen cells no band was
observed, although we know now that p53 is present at a low level in some
normal cells rather than being completely absent. Normal thymocytes did
show incorporation of [*S]Jmethionine into p53 although this is not an in-
dication of a high level of p53 in these cells. At this stage it was clear that
p53 was host coded but there was no evidence for it being coded by any of
the exogenous RNA tumor viruses tested. One RNA tumor virus-coded
product was similar in size. This 53,000-dalton protein found in Kirsten
murine sarcoma virus (MuSV)-transformed cells could be distinguished from
the p53 contained in the same cells: first, it was synthesized by in yitro
translation of the virus RNA, and second, it had an isoelectric point quite
different from that of p53 (DeLeo ef al., 1979) (Section VII).

B. EMBRYONAL CARCINOMA CELLS

Tumors derived from immature pluripotent cells are unusual since they
can grow as malignant tumors or, under the right conditions, be assimilated
into developing embryos and behave as normal cells. As already mentioned,
embryonal carcinoma lines incorporate high levels of [*Sjmethionine into
p53, and this was very important as an early indication that p53 was a host
protein (Linzer and Levine, 1979). The high level of methionine incorpo-
ration is usually taken as an indication of a high level of p53 in these cells,
and although this is not correct (Section VII), embryonal carcinoma cells
have been widely used in studies of the control of p53, especially in relation
to differentiation (Section VII,C).

C. STUDIES WITH ABELSON MURINE LEUKEMIA
VIRUS-TRANSFORMED CELLS

The injection of mouse cells transformed by Abelson murine leukemia
virus (MuLV) into mice or rats induces antibodies against the proteins of
the helper virus, the P120-transformed protein of the Abelson virus, and,
in addition, against p5S3. The protein was intially identified as P50 (Rotter
et al., 1980, 1981) before it was shown to be the same p53 as demonstrated
previously in other retrovirus-transformed cells. The sera from Abelson
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Mul.V tumor-bearing mice were used in immunoprecipitation tests to show
that the protein was phosphorylated and cellular in origin, rather than virus
coded (Rotter et al., 1980). Monoclonal antibodies were also used and ini-
tially led to some confusion. The antibody RA3-2C2 (Coffman and Weiss-
man, 1981) was generated by fusion of rat spleen cells (immunized with
Abelson virus-transformed cells) with mouse myeloma cells. Although it is
an IgM it binds well to staphylococcal protein A and has been widely used
as an anti-p53 monoclonal antibody. The original isolation of the hybri-
doma was as a producer of antibodies against antigens expressed on the
surface of mouse B cells and B-cell precursors (Coffman and Weissman,
1981). The molecule concerned in this reaction may be a p35 component
which can be surface labeled on the appropriate cells. The activity of RA3~
2C2 against both p53 and the B lymphocyte differentiation antigen appears
to be another example of the type of chance cross-reaction already men-
tioned and seen with a variety of monoclonal antibodies. So long as cells
lacking the B lymphocyte differentiation antigen are used the reaction of
RA3-2C2 with p53 is quite specific and the antibody seems to have a high
affinity for p53. Nevertheless, it is still necessary to be cautious in inter-
preting the results of immunofluorescence with RA3-2C2 and, if possible,
to confirm the results with other anti-p53 monoclonal antibodies that rec-
ognize determinants which are distinct from the RA3-2C2 determinant (Sec-
tion VIII).

Using both the polyclonal mouse serum and the monoclonal antibody
RA3-C2 it was shown that p53 was prominent in a variety of transformed
cell lines (Rotter et al., 1981) and in cultures of primary mouse tumors
(Rotter, 1982). The amount of p53 was not measured, but incorporation
of [**S]methionine and of **P; into p53 were both increased in the tumor
cells as compared with normal cells. As also shown by Jay et al. (1979),
thymocytes are unusual among normal cells in that they do show incor-
poration of [*S]methionine into p53 but not incorporation of 32P,, in con-
trast to the transformed cells (Rotter, 1982).

D. ADENOVIRUS-TRANSFORMED CELLS

The complex of p53 with an adenovirus-coded protein, E1b 58K, has
been reported (Sarnow et al., 1982a). Previous studies on adenovirus-in-
fected cells had given no indication of such a complex and this may have
been due to the fact that primate cells were used. As has already been men-
tioned, the association of p53 with SV40 large-T is weak in primate cells
and the same may be true of other complexes involving primate p53. By
changing to mouse cells where it was known that the complex of SV40 large-
T with p53 was very stable, the chances of detecting a complex may have
been considerably increased. Whether or not this was the reason, a complex
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of p33 with the adenovirus early protein E1b 58K was detected. The 58K
protein is immunoprecipitated with p53 when either one of the monoclonal
antibodies directed against p53, RA3-2C2 (Coffman and Weissmann, 1981)
and PAb122 (Gurney ef al., 1980) is used. It is important in this context
that both antibodies were used since each has cross-reactivities which have,
in the case of RA3-2C2, caused problems in other work. The converse coim-
munoprecipitation of p53 by anti-58K monocional antibodies (Sarnow et
al., 1982b) completes the evidence for the complex. The importance of this
observation is that it provides clear evidence for the importance of the p53-
tumor antigen complex in transformed cells. What still has to be explained
is why cells transformed by SV40 and its close relatives BK and JC contain
the p53-large-T complex, yet polyoma virus-transformed cells do not ap-
pear to. Adenovirus is much more distant from SV40 than polyoma virus
is, but has a similar complex. The similarity may arise from convergence
of the two tumor antigens, large-T and Elb 58K, with respect to this p53
binding function, and certainly encourages speculation on the possible role
of the complex (Lane and Harlow, 1982).

1V. Epstein-Barr Virus-Transformed Cells

53,000-DALTON CELLULAR PROTEIN 17

been retained. Complex formation may indeed be a way of accentuating
the function of p53 by stabilizing it as discussed later (Section VIII,B). The
presence of p53 in SV40-infected monkey cells was reported by Simmons
(1980), and the complex of p53 with SV40 large-T in infected cells was stud-
ied by Harlow e al. (1981a). They found that the complexes in infected
and transformed monkey cells were similar but that in both cases they were
less stable than the large-T-p53 complex previously studied in mouse cells.
Infection of monkey cells caused a fivefold stimulation of the incorporation
of [¥*S]methionine into p53. Incorporation of 2P, was stimulated even more,
approximately 30-fold (Harlow et al., 1981a). The complex in extracts of
monkey cells transformed by UV-irradiated SV40 sedimented rapidly on
sucrose gradients (Fig. 4). Both the anti-p53 monoclonal antibody and the
specific anti-T serum precipitate p53 and large-T together in fractions near
the bottom of the gradient. Only a small fraction of the SV40 large-T pres-
ent sedimented with p53; most of the large-T sedimented more slowly and
when immunoprecipitated did not coprecipitate any p53.

It is difficult to tell what effect p53 or the complex has on virus repli-
cation in monkey cells since there is no system lacking p53 with which com-

a b

Cells derived from Burkitt lymphomas or transformed by Epstein-Barr inbuh bt AT RNIPNSPT S SN e W
virus (EBV) in vitro contain a 53K protein which as been studied intensively ' SRS .- T "_r._
for several years. The evidence now is that this 53K protein is not the p53 g : : S Joe
with which we are concerned in this review (D. Lane, personal communi- : i ¥ )
cation; G. Klein, personal communication). Burkitt lymphoma cells do con- v et e e e T e : R .
tain p53 (Section VI,B) as well as 53K, and this complicates the situation.
However, the protein purified by Luka ef al. (1980) and of which the N- -p53 = B
terminal sequence was determined by Jornvall ef al. (1982) appears to be -
quite distinct from p53. The complex of 53K with Epstein-Barr virus nu-
clear antigen (EBNA) in Epstein-Barr virus-transformed cells is therefore
not analogous to that found in SV40-transformed cells and in adenovirus- -
transformed cells (Section I1I1,D), and we shall therefore not discuss it fur- — - —— -

ther here.

V. p53 in Infected Cells

The complex of p53 with SV40 large-T in transformed cells has received
far more attention than that in infected cells. From the point of view of
the virus it seems likely that the ability of large-T to form a complex with
p53 is important. If not, then this ability must be a consequence of some
other function important to the virus, otherwise it would be unlikely to have

Fi1G. 4. Transformed monkey cells also contain the p33-SV40 large-T complex. Culturcs
of UV-irradiated SV40-transformed monkey cells (C2; Gluzman et al., 1977) were labeled with
*P; phosphate and fractionated by sedimentation through a 5 to 20% sucrose gradient.
Sedimentation was from right to left, as indicated by the arrows. Each fraction was split: (a)
half was precipitated with anti-SV40 large-T (anti-D2) serum and (b) half was with anti-p53
monoclonal antibody (PAb122; Gurney ef al., 1980). The outside tracks are marker proteins
and the other pair of tracks at the left of each set is the unfractionated sample precipitated
with normal serum (left) and antiserum or antibody (right). The complex is at the bottom of
the gradient and may be compared with the complex from the transformed cells (Fig. 3). (E.
Harlow, unpublished results.)
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parison can be made. Some human tumor cell lines such as HeLa seem to
lack p53 (Section II,B) and can be compared with cells that do contain p53.
E. Harlow (personal communication) has found that the yield of progeny
virus from SV40-infected HeLa cells is about 100-fold higher than that ob-
tained from C33I, a line which produces a high level of p53 (Section VI,B).
Whether this indicates that the presence of p53 helps to protect C331 cells
from SV40 infection or whether the resistance is completely unconnected
with the presence of p53 in C33I cells remains to be seen.

Infection of mouse cells with SV40 gives an abortive infection with con-
sequences which are very like transformation in the short term (Linzer et
al., 1979; Melero et al., 1979b; Carroll ef al., 1980). It has the advantage
that the kinetics of the change in p53 can be followed, in conjunction with
the synthesis of the SV40 large-T in wild-type and temperature-sensitive
mutant infected cells. In pulse-labeling experiments the rate of synthesis of
p53 started to rise soon after the onset of large-T synthesis and remained
high after large-T synthesis had reached its maximum and started to decline
(Linzer et al., 1979; Carroll et al., 1980). In mouse cells infected with the
temperature-sensitive mutant £s458, which produces an altered large-T, the
induction of the synthesis of both large-T and p53 were reduced at the non-
permissive temperature, indicating a need for a functional large-T for p53
synthesis (Linzer et al., 1979).

VI. p53 in Human Transformed and
Tumor Cell Lines

A. SV40-TRANSFORMED CELLS

Since human cells are permissive or semipermissive for SV40, infection
usually leads to cell death and production of progeny virus. Those trans-
formed cells which do grow out are to some extent altered either with re-
spect to cellular metabolism, or more frequently, viral metabolism. In the
most commonly used line, SV80 (Todaro ef al., 1966), the SV40 genome
which has been integrated into the cell DNA is altered. The T antigen pro-
duced in these cells is defective for viral replication and contains several
mutations as compared to wild-type SV40 (W. Gish and M. Botchan, quoted
by Clark ef al., 1981). These alterations do not inactivate the transforming
function of the T antigen, but should be borne in mind when considering
its activity in complexing with p53. A variety of SV40 mutants have been
described in which the replication function and the transforming function
have been separated to a greater or lesser extent (Pintel ef al., 1979; Cosman
and Tevethia, 1981; Stringer, 1982). The first transformed permissive cells
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were obtained by infecting monkey cells with SV40 which had been UV ir-
radiated to inactivate replication (Gluzman et al., 1977). The stability of the
p53-large-T complex in these cells is similar to that formed in infected mon-
key cells with replication-competent, wild-type SV40 (Harlow ef al., 1981a).
The relatively low stability of the human p53-large-T found in SV80 cells
is probably not related to the alterations which inactivate the replication
function of large-T and, on the contrary, seems to be a general property
of primate p53. Early studies with monoclonal antibodies (Gurney et al.,
1980) detected only a fraction of the complex in SV80 cell extracts because
of this instability. However, more recent studies have shown that all of the
large-T in SV80 cells is complexed to p53, if gentle techniques of extraction
and assay are used (Lane et al., 1982), but there is apparently free p53 in
addition to that complexed to large-T in SV80 cells (Lane and Crawford,
1980). The situation is somewhat different from that in mouse cells where

" there is free large-T but all the p53 is complexed with large-T (Crawford et

al., 1979a; McCormick and Harlow, 1980). The p53 from SV80 cells shows
heterogeneity both in mobility, appearing as a doublet on one-dimensional
gels, and in pJ (Crawford et al., 1981). The two mobility components are
very similar in their partial proteolysis patterns and do not seem to be the
result of varying amounts of glycosylation, since their mobilities are un-
affected by tunicamycin treatment of the cells before and during labeling
(Crawford et al., 1981). The following properties of p53 in SV80 cells have
been used as criteria for comparison with p53 proteins in other human cells:
(1) size and phosphorylation; (2) reaction with- monoclonal antibody
PAb122; (3) association with SV40 large-T; (4) isoelectric focusing pattern;
and (5) partial proteolysis pattern. Taken together, they ensure that the
proteins are closely related to the p53 found in SV80 cells rather than being
just cross-reacting species.

This may seem to be rather overdoing it, but the importance of using
more than one criterion and more than one monoclonal antibody before
concluding that the protein under consideration is p53 has been emphasized
by the problems that have arisen with EBV-transformed cells (Section 1V)
and normal human cells (Section VI,B). ’

B. Tumor CELL LINES

With the precedent of mouse cells transformed by all sorts of agents and
the availability of a monoclonal antibody with activity against human p53
it was natural to look for evidence of p53 in human cell lines derived from
malignant tumors (Crawford et al., 1981). Many of the cell lines examined
contained p53, although there were exceptions. The evidence for the pres-
ence of p53 initially was incorporation of *P; into p53 immunoprecipitated
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by the monoclonal antibody PAb122 (Gurney ef al., 1980). Using the same
labeling conditions p53 was not detected in the cultures of normal cells,
both fibroblastic and epithelial, examined. The detection of p53 in the tu-
mor cell lines and not in normal cells could have been a consequence of
different rates of synthesis or phosphorylation rather than simply amount
of protein, the problem already discussed with mouse cells. In principle,
immunofluorescence should give a result related to amount of protein rather
than rate of synthesis, and a study using this approach (Dippold et al., 1981)
appeared to show that transformed cells contained more p53 than normal
cells and that rapidly dividing cells contained more than stationary cells,
both very important results. The implication was that pS3 was a cell-cycle
protein and that some alteration in control of p53 levels could directly me-
diate the change in growth control characteristic of transformed cells. The
monoclonal antibody used in these studies was 200.47, which reacted with
mouse p53 in both immunoprecipitation and immunofluorescence tests, and
because the human cells did contain p53, it was natural to assume that the
nuclear immunofluorescence produced by 200.47 in human cells was due
to p53. Extending these studies with other monoclonal antibodies initially
gave confusing results. Cells that contained substantial amounts of p53
complexed to SV40 large-T and reactive with PAb421 (SV80) did not give
immunoprecipitation of p53 or SV40 large-T with 200.47 In contrast, cells
that were strongly positive for nuclear immunofluorescence with 200.47 (SK-
MEL-28 and SK-MEL-64) showed only small amounts of incorporation of
2P; into p53 when precipitated with PAb421 even less when precipitated
with 200.47. My explanation of these results is as follows. The antibody
200.47 is specific for mouse p53 (or probably rodent p53 because it reacts
very weakly with rat p53) and does not react significantly with human p53.
The immunofluorescence seen on either rapidly dividing normal human
cells or tumor cells such as SK-MEL-28 or SK-MEL-64 is due to some cross-
reacting antigen in these cells. Cross-reactions are not uncommon with
monoclonal antibodies, and in particular anti-p53 antibodies, as discussed
in Section I,B,3. Because p53 comprises a family of proteins differing in
charge, and in some cases mobility on SDS polyacrylamide gels (Section
VI1I), it is always possible that different p53 molecules predominate in dif-
ferent cell types. For example, the p53 in SV40 transformed cells may be
different from that in methylcholanthrene transformed cells, although they
may share many antigenic determinants. If 200.47 recognized a form of p53
that was predominant in mouse cells but found only rarely in human cells,
this could account for the results obtained. Certainly the predominant form
of p53 found in SV40 transformed human cells association with SV40
large-T reacts weakly, if at all, with the monoclonal antibody 200.47.
Direct radioimmunoassay of p53 in SK-MEL-28 and SK-MEL-64 by a
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more recently devised method (Benchimol et al., 1982) showed that they
contained less than 1% of the amount of p53 found in SV80 cells. They
should therefore have shown only 1% of the immunofluorescence. In fact,
SV80 cells are negative for immunofluorescence with 200.47 instead of be-
ing 100 times brighter than SK-MEL-64. Reevaluation of these results has
several important consequences. We can no longer use the 200.47 data to

- show that p53 is nuclear in location in human cells not transformed by SV40

(see Section VIII,A). Neither can the data be used as an indication that p53
is found in normal human cells, although we know from other studies that
normal cells in culture do contain a Iow level of p53. The most serious loss
is the evidence that the amount of p53 in normal human cells is high in
rapidly dividing, untransformed cells and low or undetectable in stationary
cells. This is a much quoted result, and although it may be true that pS3is
a protein involved in control of cell division (see Section X,E), none of the
200.47 data on human cells can be used in support of this idea. It should
be emphasized that all the data obtained on mouse cells with 200.47 are
unaffected by this reevaluation.

Another example of an unexpected activity of an anti-p53 monoclonal
antibody was noted in these studies when PAb421 was used in parallel with
200.47. Sections of both human and mouse skin showed strong cytoplasmic
fluorescence with PAb421 and not with 200.47 (P. Real and L. Old, per-
sonal communication). The material responsible for this fluorescence may
include a group of polypeptides with molecular weights between 45,000 and
70,000 (Fig. 5). These polypeptides may correspond to cytokeratins and are

. seen in epidermis but not in dermis of transformed mouse cells. They are

peculiar to PAb421, that is, they were not seen with any of the other anti-
P53 monoclonal antibodies tested. :

The problem of obtaining reliable estimates of the amount of p53 could
not be solved by the type of radioimmunoassay used for mouse D53 (see
Sections 1,B,4 and VII) as we did not have monoclonal antibodies with
the right attributes. By making use of the observation that some breast can-
cer patients had anti-p53 activity in their sera (see Section VI,C), a modified
assay was set up (Benchimol ef al., 1982). Monoclonal antibody PAb421
was used to bind limiting amounts of p53 to the wells of PVC microtiter
trays. The bound p53 was then reacted with polyclonal p53 serum (from a
breast cancer patient) followed by an '*I-labeled monoclonal antibody di-
rected against human IgG (8a4) (Lowe et al., 1982). Some of the results
obtained using this assay are shown in Table III. Overall the agreement with
the results of *?P; incorporation is good, because SV40-transformed cells
contain the highest level of p53, followed by a range of tumor cell lines.
The highest of these are close to SV80, and there is a range of more than
100-fold down to teratocarcinoma cell lines. Three tumor cell lines con-
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FIG. 5. An anti-p53 monoclonal antibody reacts with additional polypeptides found in
epidermis. Cultures of mouse epidermis, and mouse dermis from newborn mice (kindly pro-
vided by M. Pera), were labeled with [**S]methionine. In parallel a culture of spontaneously
transformed mouse cells (CQ15) (Table 1V) was labeled to give a control p53 band. All the
extracts were precipitated with monoclonal antibodies as follows: (1-5) CQ15 cells; (6-10)
epidermis; (11-15) dermis; (1,6 and 11) PAb419 (anti-T control); (2,7, and 12) PAb122; (3,8,
and 13) PAb421; (4,19, and 14) antibody 200.47; and (5,10, and 15) antibody RA3-2C2.
PAD122, PAb421, 200.47, and RA3-2C2 are all anti-p53 monoclonal antibodies and bring
down a p53 band in all three extracts. Only with PAb421 and epidermis (track 8) are additional
bands seen above and below p53 (marked ‘“0”’).

tained too little p53 to be detected in the assay: HeLa, EJ, and T24. Using
a variety of other methods, we still have not obtained evidence that they
contain p53; certainly they contain less p53 than normal human cells. Nor-
mal human cells contain low levels of p53 by this assay, more in embryo
lung than normal fibroblasts. The p53 in normal human cells is readily la-
beled by [**S]methionine incorporation but not by *P; incorporation (K.
Leppard, unpublished). The p53 they contain is authentic as far as can be
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TABLE III
RELATIVE LEVELS OF p53 IN HumaN CELLS

Amount of p53¢

Cell . Description (%)
SV80 SV40-transformed fibroblast 100
C331 Cervical carcinoma cell line 80
Raji Burkitt lymphoma cell line 40
MB 157 Mammary carcinoma cell line . 30
BT 20 Mammary carcinoma cell line 18
T47D Mammary carcinoma cell line 11
Daudi Burkitt lymphoma cell line 4
Hs578T Mammary carcinosarcoma cell line 2.8
HT 1080 Fibrosarcoma . 2.4
NALM 1 ' Chronic myelogenous leukemia 1
NALM 6 Chronic myelogenous leukemia 1
Tera 1 Teratocarcinoma cell line 1.5
Tera 2 " Teratocarcinoma cell line 0.5
HEL Human embryo lung fibroblasts, fourth passage 0.5

aThe amounts of p53 in detergent extracts of the cell lines listed were measured by the
radioimmunoassay described by Benchimol ef a/. (1982) for human p53, using PAb421 as first
antibody, serum P407 (anti-p53), and 125 I-labeled antibody 8a4 (anti-human IgG) as probe.
All of the values are corrected for the total protein content of the extract and are given relative
to SV80 as 100%. Other cell lines which gave background values in the assay (< 0.3%) were
HeLa, EJ, T24 and normal skin fibroblasts, milk fibroblasts, and milk epithelial cells. These
data are from Benchimol ef al. (1982) and the origins of the cell lines used are given there.

‘determined from tryptic peptide comparisons but different from tumor cell
p53 in its level of phosphorylation.

C. ANTI-p53 ANTIBODIES IN SERA

Although p53 was clearly present in substantial amounts in tumor cell
lines in tissue culture, we were concerned initially that this might be a con-
sequence of growth in culture. Many tumors, particularly highly malignant
ones, do not give rise to cell lines that grow in culture. The cell lines avail-
able may therefore not be representative of the cells in the tumors as they
occur in patients (Fogh and Trempe, 1975). To try and answer this type of
reservation we set up a survey of anti-p53 activity in sera from breast cancer
patients and normal women. The reasoning was that if p53 was altered in
amount, type, or presentation in tumors, it might elicit an antibody re-
sponse. The survey showed anti-p53 activity in about 9% of sera from breast
cancer patients and none in the control sera (Crawford et al., 1982a). Sev-
eral possible explanations can be offered for the low frequency, but clearly
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some patients do produce a humoral response to p53, and this encourages
us to think that p53 is affected in tumors as well as in tumor cell lines.

We have recently carried out a similar survey of sera from lung cancer
patients, lung cancer being chosen because it is a common cancer and a
major cause of death in men and increasingly in women also. In conjunc-
tion with I. Smith, P. Sappino, and B. Ponder of the Royal Marsden Hos-
pital, we screened sera from 77 patients and found 8 of them positive. The
frequency of sera positive for anti-p53 antibodies is again low, comparable
to that seen in the sera from breast cancer patients. It does demonstrate
that production of antibodies against p53 is not restricted to breast cancer
patients but may be more general. The method of screening sera for activity
is now very simple, using a plate binding assay on PVC microtiter trays
(Benchimol ef al., 1982), and this should facilitate large-scale studies. All
those which appear positive on the plate binding assay are then checked by
immunoprecipitation to make sure that they precipitate the SV40 T antigen-
associated p53. In one patient where antibodies to p53 were found before
an operation to remove the primary mammary carcinoma, they were still
present 6 months after the operation. Two years later the titer of this pa-
tient’s serum had fallen by more than 100-fold and activity was only just
detectable in our assay. In other cases, this time patients with lung can-
cer, the titer of the anti-p53 antibodies fell by about fourfold over a period
of 4 months. We would now like to follow the time course of production
of p53 antibodies in a large number of patients over an extended period to
see whether or not these are isolated cases.

If indeed the production of anti-p53 antibodies is a transient phenome-
non this would go some way toward explaining the rather low frequency
with which anti-p53 sera were found. If antibody production occurs only
during a particular phase of tumor development, we have only a low prob-
ability of obtaining serum samples during that phase. Transient antibody
production might be connected with the fact that p53 is a normal cellular
protein and that tolerance to it is eventually reestablished after removal of
the tumor.

The most direct proof that p53 is altered in human tumors is provided
by assay of p53 protein levels in the tumor tissue and comparison with the
corresponding normal tissue. We have initiated a study of p53 levels in co-
lon carcinomas using the assay already mentioned (Benchimol et al., 1983).
The first indications are that a significant number of tumors contain in-
creased amounts of p53), using adjacent sections of colon from the same
patient as control tissue (Crawford and Makin, unpublished). If this is sub-
stantiated in a larger series, then it would both provide an explanation for
the presence of anti-p53 antibodies in the sera of some patients with cancer
of the colon, and it would also be a direct proof for alteration of p53 in
spontaneous human tumors.
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VII. Properties and Quantitation
of p53 Protein

Studies on the properties of pS3 have played an important part in several
of the topics already discussed, for example the establishment of the nature
of p53 as a host-coded protein. As already mentioned, p53 is a phospho-
protein in all of the cell lines examined with the possible exception of
thymocytes and some normal cells. These label reasonably well with
[**S]methionine but do not label significantly with 3*P;. This may be a tech-
nical failure in that these cells contain very little p53, or it may be connected
with the instability of p53 since it has a very short half-life in normal cells,
as discussed later. Where phosphate is present it is attached to serine and
threonine residues, not to tyrosine, and many different sites are phospho-
rylated to some extent (Van Roy et al., 1981). Two serine residues are phos-
phorylated in rat, mouse, monkey, and human p53, and all except mouse
p53 have an additional threonine residue phosphorylated. The threonine
and one of the serine residues map close to the ends of the polypeptide chain
(Van Roy et al., 1981). _

p53 proteins from different species have different mobilities on gel elec-
trophoresis. Mouse p53 runs close to 50,000 apparent molecular weight and
human runs closer to 55,000 molecular weight (Fig. 6). Even closely related
species differ considerably, rat p53 running much more slowly than mouse
p53 and having an apparent molecular weight of about 56,000. In general

. all the cell lines of a given species give p53 proteins with similar mobilities.

Human cells give p53 which may run as a single or double band with the
additional component being the slower one (Crawford ef al., 1981). Some
of the heterogeneity seen on two-dimensional gels of p53 (Fig. 7) may be
due to varying amounts of phosphorylation, but the same general distri-
bution is seen whether **P;- or [**S}methionine-labeled p53 is examined (Fig.
8). We have in general referred to p53 as a protein but it is more correct
to consider it as a family of proteins. It shows heterogeneity in mobility in
the SDS dimension, indicating differences in size. There is no evidence for
glycosylation of human p53 by the dolichol sugar (tunicamycin-inhibited)
pathway (Crawford et al., 1981), nor did treatment with endoglycosidase
H affect the mobility of mouse p53 (Rotter ef al., 1980). In the isoelectric
focusing dimension p53 also shows some heterogeneity and streaking. Some
of the streaking on nonequilibrium pH gradient electrophoresis (O’Farrell
et al., 1977) may be due to aggregation. The isoelectric point of p53 from
Meth A mouse cells was estimated to be at pH 6.3 (DeLeo ef al., 1979) and
from human cells to be at pH 6.7 with a minor species at pH 7.2 (Crawford
et al., 1981). The behavior of p53 on two-dimensional gels is quite char-
acteristic and has been used to distinguish p53 from a similar-sized Kirsten



26 LIONEL CRAWFORD

p53- -

FiG. 6. P53 proteins from different species have different gel mobilities. Extracts of *P-
labeled cells, either SV80 SV40- transformed human cells (1-3) or SYA31E7 SV40-transformed
mouse cells were immunoprecipitated with varying amounts of the anti-p53 monoclonal an-
tibody PAb421 (Harlow ef al., 1981a). The volumes of hybridoma tissue culture supernatant
were 0 (1 and 6), 50 p\ (2 and 5), or 200 p\ (3 and 4). Note that the human p53 doublet
migrates more slowly than the single band of mouse p53.
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Fic.7. Mouse p53 is a family of proteins. An extract of [**SImethionine-labeled SVA31E7
cells was immunoprecipitated with anti-T serum and the protein was resolved on a two-di-
mensional gel (O’Farrell ef al., 1977). The nonequilibrium isoelectric focusing (IEF) dimension
is horizontal and the SDS dimension is vertical. Mouse p53 is resolved into two mobility com-
ponents and several species with different charge. [Taken from Crawford et al. (1979a). Cold
Spring Harbor Symposia or Quantitative Biology 44, 179-187. Copyright © 1980 Cold Spring
Harbor Laboratory.}

MuSV-coded protein (DeLeo et al., 1979) and to show that the p53 proteins
from human tumor cell lines and from SV80 cells were similar.

On small amounts of material, confirmation of similarity between pro-
teins can be obtained by comparing partial proteolysis patterns (Cleveland
et al., 1977). Some regions of the protein are susceptible to cleavage by
protease, and limited digestion gives rise to a characteristic pattern of large
polypeptides. This has been used on many occasions with p53, for example
to show that p53s from embryonal carcinoma cells and SV40-transformed
cells were similar (Linzer and Levine, 1979) and that p53s from various
human tumor cell lines were similar (Crawford et al., 1981). This type of
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comparison has the advantage that it does not require large amounts of
protein or radioactivity, and low levels of other proteins can be tolerated
as impurities in the p53 preparation. More complete proteolysis, usually
with trypsin, gives rise to small peptides. These can then be separated by
electrophoresis and chromatography to give rise to characteristic patterns.
In the early studies tryptic peptide patterns of [**Sjmethionine-labeled pS3
were used to show that p53 was very different in sequence from SV40 large-
T and to show that p53s from different species were similar to each other
(May et al., 1979; Smith et al., 1979a; Simmons et al., 1980; Stitt ef al.,
1981). Rat and mouse p53 were closely similar and shared most of their
[**S]methionine-labeled tryptic peptides, whereas mouse and human pS3
shared only about half their tryptic peptides. All of this was consistent with
P53 being entirely host coded. An example of a tryptic peptide comparison
is given in Fig. 9 where both [**S]cysteine and [**S]methionine were used as
labels so as to cover a larger fraction of the total amino acid sequence
(Crawford et al., 1979a). More recently, tryptic peptide patterns have been
used to show that p53 synthesized in vitro is similar to that isolated from
SV40-transformed or normal cells and synthesized in vive (Maltzman et al.,
1981). A few (three to five) additional peptides were seen in the in vivo-
labeled p53 from the SV40-transformed cells, possibly resulting from post-
translational modifications of the protein in these cells (see Section VIII,B).
If this is the correct explanation, phosphorylation does not seem to be in-
volved (Maltzman ef al., 1981). In a similar study on rat p53, May et al,
(1982) found that the in vivo p53 gave rise to one peptide in addition to

-those found in the digest of in vitro-synthesized p53.

The more basic protein chemical data for p53 such as amino acid com-
position and N-terminal sequence are not yet available, largely because of
the difficulty in getting sufficient pure protein for analysis. The most prom-
ising source of protein for protein chemistry appeared to be EBV- trans-
formed cells, but as already mentioned the protein characterized by Jornvall
et al. (1982) does not appear to be p53. Some data of this sort should be
available for p53 both directly from protein chemistry and from sequencing
of the gene for p53 (Section IX,B). '

Before considering the question of how p53 correlates with transforma-
tion it is necessary to have reliable estimates of the amount of p53 in a
variety of cells and under a variety of conditions. As already mentioned

Fi6.8. Human p53 phosphoproteins are resolved into several species on two-dimensional
gels. The upper panel shows [*S]methionine-labeled SV80 (SV40-transformed human fibro-
blasts) and the lower panel shows *P-labeled SV80 cells. The insets show the corresponding
regions of gels from human tumor cell lines (Table I11) and demonstrate the similarity of p53s
from §V40- and nonSV40- transformed human cells [Taken from Crawford ef al. 1981) with
permission.]
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Fic. 9. Comparison of p53 from two different transformed mouse cells. p53 from two
derivatives of 3T3 cells, PyA31C2 polyoma-transformed and SVA31E7 SV40-transformed cells,
were digested with trypsin and resolved by electrophoresis at pH 4.5 (horizontal dimension)
and chromatography (vertical dimension). The upper panel shows [**S]methionine- labeled
peptides, and the lower panel shows [*S]cysteine-labeled peptides. In each case the polyoma-
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(Section IB), the basic problem is one of amount, and in general estimates
have been based on incorporation of [*S]methionine into p53. Two con-
ditions of labeling give easily interpretable results. Short-pulse labeling gives
incorporation which is a reflection of the rate of synthesis of p53 as com-
pared with other proteins in the cell, so long as the specific activity of the
precursor pool is always the same and remains constant during the pulse.
The other alternative is very long labeling, i.e., for at least one cell gen-
eration time so that all proteins in the cell approach equal specific activity.
The amount of incorporation into p53 relative to the total incorporation
into the cell then becomes a reflection of the amount of p53 in the cell. For
practical reasons, labeling periods are usually neither long enough nor short
enough to satisfy either of these conditions. Even so it is frequently stated
that the amount of p53 is high or low, based on the amount of incorpo-
ration. This is only true if the precursor pools are similar in the cells being
compared and, more importantly, if the rate of turnover of p53 is the same.
The latter condition is often not met, and the conclusion reached can be
very misleading. The early estimate of the amounts of p53 in SV40-trans-
formed or abortively infected cells as compared with the same cells mock
infected gave values of <2% for the uninfected mouse cells (transformed
cells = 100%). This was using a 4-hour pulse of [**S] methionine (Linzer
et al., 1979), and it established clearly that mouse 3T3 cells in culture did
contain p53, although in low amounts. At the same time it was shown that
two teratocarcinoma cell lines, F9 and PCC4, incorporated high levels of
[**S]methionine, 11 to 55% of the SV40-transformed cell line. This seemed
to indicate that high levels of p53 could be found in non-SV40-transformed
cells, but although this is true, the results with embryonal carcinoma cells
are misleading if they are taken to indicate high levels of p53..

Similar labeling studies on p53 in cultures from embryos gave results
which encourged the idea that p53 was a fetal antigen. This would fit in
well with the results obtained with embryonal carcinoma cells. The method
of assaying p53 was to make primary cultures from embryos at successive
stages of gestation and label for 3 hours with [**S]methionine (Mora ef al.,
1980; Chandrasckaran et al., 1981b). Early embryos gave high levels of
incorporation into p53, but after 12 days the level began to fall and was
very low by 16 days gestation. The high level of incorporation obtained
with cultures from early embryos was only seen with primary cultures; sec-
ondary cultures gave no detectable p53. The relative amounts of incorpo-
ration into transformed cells, teratocarcinoma cells, and early embryo

transformed cell p53 is on the right and the SV40-transformed cell p53 is on the left. Note
that there are only minor differences between the tryptic peptide patterns from the two cell
lines (arrows). [Taken from Crawford ef al. (1979b). Cold Spring Harbor Symposia on Quan-
titative Biology 44, 179-187. Copyright © 1980 Cold Spring Harbor Laboratory.]
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cultures were 100, 48, and 45 to 52, respectively (Chandrasekaran ef al.,
1981b). Embryonal carcinoma cells and early embryo cultures are therefore
very similar in this respect.

The problem of measuring the amount of p53 protein directly has now
been solved by the use of monoclonal antibodies in radioimmunoassays.
These assays are extremely sensitive and can be highly specific so that re-
liable figures for the relative amounts of p53, if not absolute amounts, can
be determined routinely. One assay described by Lane ef al. (1982) makes
use of antibodies PAb204 (3C4; Lane and Hoeffler, 1980) and PAb421 and
competition between free p53 and p53 complexed to SV40 large-T. In an-
other assay (Benchimol ef al., 1982) advantage has been taken of the mod-
erate number of anti-p53 monoclonal antibodies now available by using
them in pairs to set up a ‘‘sandwich’’-type assay. One monoclonal antibody
is bound passively to the wells of PVC microtiter plates. Cell extract is then

TABLE IV
RELATIVE LEVELS OF p53 IN MoUSE CELLS

Amount of p539

Cell Description (")
SVA3IE7 SV40-transformed BALB/c 3T3 100
MCA Methylcholanthrene-induced C57BL/6 fibrosarcoma 31
CQl5 Spontaneously transformed C3H.Q embryo fibroblast 19
3T6 Mouse embryo fibroblast Swiss 16
Py A3IC2 Polyoma-transformed BALB/c 3T3 16
PYS Parietal yolk sac carcinoma 3
PCC4 Embryonal carcinoma 2
F9 Embryonal carcinoma 2
F9ACCI9 Differentiated carcinoma 2
WME 10 Whole mouse embryo, 10 days gestation =1
WME 12 Whole mouse embryo, 12 days gestation =<1
WME 14 Whole mouse embryo, 14 days gestation, =<1
WME 15 Whole mouse embryo, 15 days gestation =1
BMK Baby mouse kidney, strain TO =1
3T12 Mouse embryo fibroblast BALB/c 2
3T3.A31 Mouse embryo fibroblast BALB/c <1
3T3K Mouse embryo fibroblast Swiss =<1
L929 Methylcholanthrene-induced tumor =<1
NSI Mouse myeloma <1
Thymocytes Baby mouse thymus, strain TO =1

The amounts of p53 in detergent extracts of the listed cells were assayed by one of the
radioimmunoassays described by Benchimol ef al. (1982) for mouse pS3 using PAb421 as first
antibody and 125]-labeled RA3-2C2 as probe. All the values corrected for the total protein
content of the extract are given relative to SVA31E7 as 100%. The values in the table are taken
from Benchimol er a/. (1982) and S. Benchimol (personal communication). The origins and
characteristics of the cell lines used are given in Benchimol ef al. (1982).
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added and the p33 is allowed to react with the antibody. The second an-
tibody, radioactively labeled with '*[, then acts as a probe for the bound
p53. The amount of '*I bound provides a measure of p53. Not all the an-
tibodies listed in Table II can be used with each other since they block each
others’ binding in some combinations (Crawford, 1982b). However, this
antibody set defines at least four independent determinants on p53 and this
is more than sufficient for the purposes of the assay. By checking that con-
sistent results were obtained with several antibody pairs the possibility was
ruled out that some undefined peculiarity of one antibody distorted the
estimates. The range of values obtained for p53 content of different cells,
normalized for protein content, was more than 100-fold (Table IV). By this
assay, teratocarcinoma cells contain 1 to 3% of the amount of p53 con-
tained in SV40-transformed cells (SVA31E7) (Benchimol et al., 1982). The
same is true for 15-day mouse embryos where we found high levels of in-
corporation into p53 and low levels of p53 protein (<1% of SVA31E7).
Earlier embryos gave higher levels of incorporation but also contained low
levels of p53. It is possible to argue that the radioimmunoassay is affected
by variables such as the state of aggregation of p53; however, if we accept
the results of the assay as being of the right order, then we must conclude
that the data on levels of p53 derived from labeling experiments are often
suspect. High levels of incorporation can mean high levels of p53 or high
rate of synthesis of p53, or some combination of the two, and additional
information is needed to decide between these alternatives.

VIII. Cellular Location and Control of p53

A. CELLULAR LOCATION OF p53

In cells transformed or infected with SV40, p53 is aésociated with large-

~T antigen and, as a consequence, its location is nuclear (McCormick and

Harlow, 1980). The prime function of SV40 large-T for the virus appears
to be the initiation of viral DNA replication. It binds specifically to the
region of the genome that acts as the origin of bidirectional DNA repli-
cation (Jessel et al., 1975; Reed et al., 1975). The association of p53 with
large-T does not appear to influence this binding (Reich and Levine, 1982).
Apparently the regions on the large-T molecule involved in the binding to
p53 and to the origin of replication are quite separate from each other. The
association of p53 with large-T is quite stable at acid or neutral pH and
nuclei extracted from SV40-transformed cells retain most of their p53. Ex-
traction with detergent at high pH (8 or 8.5) elutes both large-T and p53
without disrupting the nuclei (Tegtmeyer and Andersen, 1981). In cells not
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transformed by SV40 it is much more difficult to locate p53 unequivocally,
except where substantial amounts of the protein are present. Using the anti-
p53 monoclonal antibody 200.47, Dippold ef al. (1981) were able to show
immunofluorescence which was strong on SV40-transformed cells, in-
termediate on methylcholanthrene-transformed cells, and weak with sar-
comas and leukemias. All these were transformed mouse cells and none of
the normal mouse cells tested showed immunofluorescence.

In general it appears that cells with substantial amounts of p53, whether
SV40 transformed or not, show nuclear fluorescence, both with anti-p33
monocional antibodies ana with polyclonal anti-p53 serum (McCormick and
Harlow, 1980). This is in agreement with cell fractionation studies which
gave the first indications that p53 was a nuclear protein in SV40-trans-
formed cells (Anderson ef al., 1977; Chang et al., 1977). The situation in
normal cells, or in transformed cells where the amount of p53 is small, is
less clear. The fluorescence observed is correspondingly weak and it is dif-
ficult to be sure that it is p53 specific. Antisera may contain low levels of
activity against proteins other than p53, and monoclonal antibodies may
also react with such molecules, for example RA3-2C2 with a B lymphocyte-
specific differentiation antigen and 200.47 with some nuclear component in
human cells. However, both immunofluorescence and cell fractionation
studies have indicated that p53 is present in the cytoplasm of normal mouse
cells and may be concentrated around the nucleus (Rotter ef al., 1981). It
is quite possible that the transformed cells have similar amounts of cyto-
plasmic staining which tends to be swamped by the bright nuclear fluores-
cence. In Abelson MuLV-transformed lymphoid cells p53 appears to be
predominantly cytoplasmic (Rotter ef al., 1983). It is not clear whether pS3
may move from nucleus to cytoplasm during the cell cycle in normal cells
and in cells not transformed by SV40.

There is an extensive literature on the presence of large-T-related mole-
cules on the surface of SV40-transformed cells, and in some cases p53 has
also been detected by surface labeling, membrane fractionation, and im-
munoprecipitation with monoclonal antibodies (Soule and Butel, 1979;
Soule et al., 1980; Chandrasekarar et al., 1981a; Santos and Butel, 1982).
It is always difficult to be sure that surface-located molecules have not been
released by lysis of dead cells and readsorbed on to other cells, but the
weight of evidence now supports the idea that some fraction of both large-T
and p53 may be surface located. One important distinguishing feature of
plasma membrane-associated large-T found recently is that it carries
covalently bound palmitate (Klockmann and Deppert, 1983).

Other studies have indicated that molecules like p53 are located on the
cell surface and associated there with SV40 large-T in SV40-transformed
cells. In SV40-transformed hamster cells, Schmidt-Ullrich et al. (1980)
showed that plasma membrane preparations contained a protein of about
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60,000 molecular weight which was coprecipitated with large-T. By these
criteria it appeared to be p53 like, but other evidence, i.e., that it was a
glycoprotein and had an isoelectric point at pH 4.5, would not be consistent
with what is known of p53 in other species. In SV40-transformed mouse
cells p53 had isoelectric points in the region of 6.5 to 7.0 (Crawford ef al.,
1979a). In the Meth A, methylcholanthrene—transformed mouse cells ex-
amined by DeLeo et al. (1979), p53 had a pI of 6.3. In SV40-transformed
human cells p53 had a pI of 6.7 to 7.2 and there was no evidence for gly-
cosylation of the protein (Crawford et al., 1981). It is quite possible that
the form of p53 present on the cell surface is different from that in the
nucleus, having additional carbohydrate which would increase its molecular
weight and give a more acidic pI. The presence of p53 on the cell surface
would help to explain why a host protein like p53 might become immu-
nogenic. Several suggestions have been made to account for the fact that
anti-p53 antibodies appear in the sera of tumor-bearing animals. In SV40-
transformed cells the association of p53 with large-T could render it anti-
genic either simply by virtue of being associated with a foreign protein or
by undergoing some allosteric change which then renders it immunogenic.
The level of activity against p53 is usually much lower than against large-
T (Lane and Crawford, 1979). This type of explanation is less easily tenable
for the methylcholanthrene-transformed cells and the situation here is even
more puzzling. Only certain lines of methylcholanthrene-induced tumor cells
elicit anti-p53 antibodies (DeLeo et al., 1979; Jay et al., 1979). The two
lines which are effective, Meth A and CMS4, could be contrasted with nine

.other lines of tumor cells, such as CMS3 and CMS5 which contain p53, but

do not induce anti-p53 antibodies. The various lines CMS3, CMS4, CMSS,
and Meth A are all distinct from the point of view of transplantation re-
jection and it is possible that p53 can only become immunogenic in asso-
ciation with the correct transplantation rejection antigen. The responses to
p53 and TSTA are in general different, being humoral for p53 and cell
mediated for TSTA, although there is also a humoral reaction to Meth A.

B. CONTROL IN SV40-TRANSFORMED CELLS

One of the most surprising results in studies on p53 was the finding that
the levels of translatable messenger RNA in untransformed mouse cells was
the same as that in their SV40-transformed progeny (Oren et al., 1981). The
levels of incorporation into p53 in long pulses are very different in these
cells, as are the amounts of p53 measured directly (Benchimol ef al., 1982).
The difference in protein level was about 50-fold and yet the messenger
RNA levels were less than 2-fold apart (Oren ef al., 1981). This evidence
suggests that there is no regulation at the transcriptional level. With short
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pulses of methionine (1 or 2 hours) the rates of p53 protein synthesis in
normal and transformed cells were different but by much less than 50-fold,
indicating that control there was not predominantly at the transiational level.
Evidence for control at the posttranslational level was obtained by com-
paring the rates of degradation of p53 in normal and transformed cells.
The half-life of p53 in transformed cells is greater than 24 hours, whereas
that in normal cells is less than 0.5 hours. This is so short a half-life that
it is difficult to measure accurately, and the half-life difference could easily
be 50-fold, similar to the difference between p53 levels in normal and trans-
formed cells and accounting entirely for it. The protein in transformed cells
is not markedly different from p53 in normal cells, possibly having three
to five altered tryptic peptides (Maltzman ef al., 1981), but the association
with large-T appears to be essential for the stabilization of p53. The tem-
perature-sensitive function of large-T present in #5458 does affect the sta-
bility of p53 in the transformed cells (Linzer er al., 1979; Greenspan and
Carroll, 1981). Here again the messenger RNA level is similar in the
SVTERtsAS58Ch cells at high, nonpermissive temperature and at the low,
permissive temperature, although there is a 100-fold difference in the
amount of p53 labeled in vivo at the two temperatures after pulse and chase
(Oren ef al., 1981). It is not clear if the tryptic peptide differences between
in vivo- and in vitro-synthesized p53 from SV40-transformed and normal
cells (Maltzman et al., 1981) are a cause or a consequence of the associa-
tion with large-T. They are most likely the result of some sort of post-
translational modification and not of phosphorylation. There is no evidence
for glycosylation of p53 from tunicamycin experiments (Crawford et al.,
1981) or endoglycosidase H digestion, but other modifications are possible.
The amount of phosphorylation on p53 may be different in its various as-
sociations. The large-T associated with p53 is more highly phosphorylated
than free p53 (McCormick and Harlow, 1980), and the adenovirus E1b 58K
which is p53-associated is less phosphorylated than the rest (Sarnow et al.,
1982a). The p53 in the complex in fsA58-transformed cells was phos-
phorylated to about the same extent at the high and low temperature
(Greenspan and Carroll, 1981). In studies on p53 in infected monkey cells
phosphorylation of p53 was increased much more than synthesis, perhaps
implying an increased phosphorylation of the newly made p53 (Harlow
et al., 1981a).

C. CONTROL IN DIFFERENTIATING CELLS
In contrast to the situation in SV40-transformed cells, where control of

P53 appears to be at the posttranslational level, control can take place at
the transcriptional level. Teratocarcinoma cells such as F9 in culture undergo
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various sorts of differentiation when exposed to retinoic and cyclic AMP.
These changes seem to be accompanied by changes in the level of translat-
able messenger RNA (Oren ef al., 1982). The changes in rate of synthesis
of p53 seen in the intact cells in vivo are more or less paralleled by the
change in synthesis of the protein in vitro. It must be remembered that these
are not necessarily changes in the level of p53, and these levels are in fact
similar and low in both differentiated and undifferentiated teratocarcinoma
cells (Table IV; S. Benchimol, unpublished results). The half-life of the p53
in differentiated and undifferentiated F9 cells appeared to be the same (3.5
hours), so that this cannot have contributed to the changes in apparent rates
of synthesis (Oren ef al., 1982).

Another situation in which rates of p53 synthesis seem to be regulated at
the transcriptional level is in concanavalin A-stimulated lymphocytes (Mil-
ner and Milner, 1981) Section X,E). It is clear from these studies that con-
trol of p53 synthesis can be exerted at the transcriptional level as well as,
or in addition to, the control over p53 levels mediated by changes in the
stability of the protein.

Chandrasekaran ef al. (1982) also studied F9 differentiation and com-
pared a pluripotent embryonal carcinoma cell, OTT6050, with PYS-2, a
differentiated parietal endoderm cell. Here again there was a decrease in
the incorporation of [**S]methionine into p53 in the differentiated deriva-
tive. The changes in p53 synthesis did not seem to be a result of changes
in growth rate as far as could be determined. The half-life determined for
p53 in PYS-2 cells was 200 minutes, compared with much more than 10

- hours in F9 cells and SV40-transformed cells (Chandrase‘karan etal., 1982).

IX. The Gene(s) for p53

A. CHROMOSOMAL LOCATION OF THE GENE(S) FOR p53

Until recently, satisfactory immunochemical reagents for discriminating
between mouse and human p53 have not been available so that studies on
human p53 in human-mouse hybrid cells have relied on the physical sep-
aration of the two proteins on polyacrylamide gels. Using this technique
Stitt and Mangel (1981) concluded that if the gene for human p53 was lo-
cated on a single chromosome, the most probable location was chromosome
7. With the large number of human-mouse hybrid cells available containing
selected human chromosomes and monoclonal antibody specific for human
p53, PAb1005 (Levine, 1982), it should be possible to confirm and extend
these observations. Since p53 is heterogeneous on two-dimensional gels there
may be several genes for pS3. When DNA clones of a p53 gene become
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available it should be reasonably straightforward to define how many genes
there are for p53 and how much of the heterogeneity of p53 is due to dif-
ferences of amino acid sequence and how much to post-translational mod-
ification.

B. CLONING OF THE GENE(S) FOR p53

Many of the critical questions about control of p53 and its synthesis can
only be answered by looking directly at such things as messenger RNA lev-
els. Similarly, until it is known whether there is one or several genes for
p53, and. whether these genes code for p53 species with different roles, much
of the discussion of possible functions for p53 will be clouded with uncer-
tainty. The most direct approach to answering these and many other ques-
tions is to clone the gene(s) for p53. DNA sequence data can then be
obtained and translated into a predicted protein sequence, which can in turn
be checked against amino acid sequence data from authentic p53 to confirm
that the gene does correspond to p53.

Because p53 is a minor protein and its messenger RNA is also not very
abundant, cloning is technically difficult. Normally it would be possible to
use *‘+/—"’ screening with RNA preparations derived from cells with high
and low (or zero) levels of the relevant messenger RNA. However, as al-
ready discussed, the level of translatable mRNA for p53 can be very similar
in cells with high and very low levels of p53 protein. One mouse cell line
with a high level of p53 messenger was used by Chumakov ef al. (1982) to
isolate the first clone of p53 ¢DNA. The screening procedure was hybrid
selection, making use of the ability of the cloned ¢cDNA to hybridize with
p53 messenger RNA. Translation of the selected mRNA in vitro followed
by immunoprecipitation of the radioactive p53 protein with the monoclonal
antibody PAb122 completed the proof that the correct cDNA had been
obtained. Other attempts to clone p53 using ‘“+/ —”’ scréening have been
made in several laboratories. Although they have not yet been successful
in getting p53 clones, several interesting genes have been picked up (Schutz-
bank et al., 1982; Scott and Rigby, 1983). Another approach that has been
used successfully is via immunoprecipitation of polysomes. In cells syn-
thesizing p53 the polysome fraction will contain p53 mRNA carrying ri-
bosomes with growing polypeptide chains of p53. By attaching anti-p53
monoclonal antibody to those polypeptide chains that have reached a size
large enough to generate the required determinant, these polysomes can be
bound to staphylococcal protein A. Oren and Levine (1983) used the mon-
oclonal antibody RA3-2C2 for this polysome immunoselection step. After
removal of unbound polysomes the mRNA was extracted from the bound
polysomes and used to generate cDNA. In theory, the enrichment of poly-
somal RNA for p53 mRNA by immunoprecipitation could be as much as
10,000-fold but in practice a 100-fold enrichment is normal and a 1,000-
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fold enrichment exceptionally high, according to Oren and Levine (1983).
Their first clone, pp53-208, was composed of about 300 nucleotides from
the 3 noncoding region of the gene. The isolation of these first few p53
clones does constitute a major advance. It opens up the way for isolation
of many more clones covering the whole of the coding sequence and for
isolation of genomic DNA clones complete with flanking sequences and any
introns that the p53 gene may contain. In the next phase of p53 research,
we can expect a rapid expansion of our knowledge of the number and anat-
omy of p53 gene(s) and the control of their expression and, once the intact
gene has been cloned, large-scale production of the protein in bacteria and
eucaryotic cells by introduction of the gene for p53 into expressing vectors.
This will in turn make it much easier to purify the protein to study its func-
tion by techniques such as microinjection. Overall this is-a very exciting
prospect.

X. The Function of p53

We still do not know the function of p53 in the metabolism of trans-
formed or normal cells but there have been several suggestions.

A. TUMORIGENICITY

It was clear some time ago that while elevated levels of p53 frequently
accompanied tumorigenicity, this correlation was by no means complete
even with cell lines from malignant human tumors. In HeLa cells no evi-
dence could be found for the presence of p53 labeled with either 2P, or
[**S]methionine followed by immunoprecipitation with the monoclonal an-
tibody PAb122 (Crawford ef al., 1981). We have subsequently gone back
to HeLa cells several times with other monoclonal antibodies and with other
approaches, such as looking for a T-associated protein in these cells after
SV40 infection, but still without getting any convincing evidence for the
presence of p53 in these carcinoma cells. This is not a peculiarity of cervical
tumor lines since another cervical carcinoma cell line C331 (Auersperg, 1964)
had high levels of p53 by P, incorporation and by direct assay (Benchimol
et al., 1982). It is also not a peculiarity of HeLa cells, a line which has been
in culture for a very long time. Two other cell lines from bladder carci-
nomas, EJ and T24 (Marshall et al., 1977; Bubenik et al., 1973), also appear
to be negative for p53. These are among the most potent donor cell lines
for DNA transformation studies (Section X,D), and the oncogenes that they
carry have been characterized in considerable detail (Krontiris and Cooper,
1981; Shih ef al., 1981; Perucho ef al., 1981; Puiciani ef al., 1982). In con-
junction with M. Barbacid we looked at the level of p53 (human) in the T24
bladder carcinoma cell line and at the level of p53 (mouse) in the lines of
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NIH/3T3 cells which had been transformed by T24 DNA.. There was no
significant elevation of the p53 in any of the first or second cycle transfer
transformed NIH/3T3 cell lines.

All of these negative findings are dependent on the methods of detection
used, the specificity of the antibodies or antisera, and the level of sensitiv-
ity. This is equally true of the work with mouse cells. The earliest indication
that spontaneously transformed cells which were tumorigenic in mice might
lack p53 was obtained by immunoprecipitating extracts of [**S]methionine-
labeled cells with anti-T sera from tumor-bearing hamsters (Chang et al.,
1979). The line of cells used was 210 from AL/N mice. This line had trans-
formed properties and some of its subclones (210C) had low tumorigenicity
both in syngeneic and in nude mice (Mora and Chandrasekaran, 1982). Par-
allel lines of mouse fibroblasts also apparently lacked p53 and were highly
tumorigenic, e.g., 104C and 219CT (Mora et al., 1980), and SV40-trans-
formed derivatives of 210 still retained their low tumorigenicity and showed
normal labeling of SV40 large-T and p53 after immunoprecipitation with
the same anti-T serum (Chang et al., 1979). The problem here is that the
p53 in the transformed cells could be precipitated either by virtue of its
association with large-T or directly by interaction with anti-p53 antibodies.
Only if these antibodies were present at a sufficiently high level in the serum
used, and if the volume of serum added was adequate, could the negative
result obtained with 210C and the highly tumorigenic 104C and 219CT
AL/N cell lines be interpreted as showing that synthesis of p53 was lacking
in these cells. The antiserum used was tested against F9 teratocarcinoma
cells and did precipitate p53 in the absence of SV40 large-T (Mora ef al.,
1980). On this basis then it should have detected p53 in extracts of 210C,
104C, and 219CT, if there was any significant amount present. This result
could also be confirmed with the array of anti-p53 monoclonal antibodies
now available, although in some ways a polyclonal serum gives a wider
cover for p53 molecules with diverse antigenic properties.-

Because SV40 induces a strong transplantation rejection antigen, it can
appear to be an agent which prevents rather than causes tumors. Some
spontaneously transformed AL/N mouse cell lines such as 104C are tu-
morigenic, but when they are transformed by SV40, they become T-antigen
positive and 100-fold less tumorigenic (Mora ef al., 1977). The subsequent
loss of T antigen is then correlated with a return to high tumorigenicity
when the cells are again passed through mice to cause tumors. This is a
rather artificial system but it does illustrate the difficulty of correlating tu-
morigenicity with other properties of the cell such as the presence of p53
or the rate of synthesis of p53. It is clear that these are lines of spon-
taneously transformed cells with high or low tumorigenicity which have low
53 levels by the criteria applied here. Different inbred strains of mice have
been found to differ in the amount of p53 that their untransformed cells
contain, as judged by [**S]methionine incorporation in culture. An in-
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teresting correlation has been observed between the rates of SV40 transfor-
mation of the cells and their p53 content (S. Shen, personal communication).
This would imply that the efficiency of SV40 transformation of mouse cells
is to some extent dependent on the amount of P53 present in the cell before
exposure to the virus. The amount of p53 does rise after SV40 infection (S.
Benchimol, unpublished results) (Section VIIA).

Another example of a low-p53 line of transformed mouse cells has been
described by Rotter er al. (1980). One line of C57L bone marrow celis trans-
formed by Abelson MuLV L1-2 had a low P53 content as judged by the
rate of [*S]methionine or [*H]leucine incorporation. The tumors produced
in mice by this cell line were unusual in that they came up at the usual time
but later regressed. After exposure of L1-2 to the tumor promoter TPA.
(12-0-tetradecanoyl phorbol-13-acetate) cells showed higher incorporation
into p53, together with increased tumorigenicity, i.e., the tumors produced

- did not regress but rapidly killed the recipient mice (V. Rotter, personal

communication). It could be argued that this is an instance where thereis a
correlation of p53 with progressive growth of the tumor, but it is a complex
situation and there may be other changes in the cells caused by exposure to
the TPA.

B. EMBRYONIC ANTIGEN

It was suggested by Mora et al. (1980) that the high level of incorporation
they observed in cultures of mouse embryo cells taken from embryos early
but not late in gestation would be consistent with p53 being an embryo
antigen. The high level in transformed cells would then be another example
of an embryonic antigen appearing in cells that have undergone malignant
transformation. Such antigens are more often located on the cell surface
rather than in the nucleus as is the case for p53. Examples of embryonic
antigens would be carcinoembryonic antigen (CEA) found in colon cancer
and a-fetoprotein found in liver tumors. As we have seen the level of p53
is in fact low in embryos—it is only the rate of synthesis which is high—
so whether we should still think in terms of analogies between embryos and
transformed cells is debatable. In any case, the function of embryonic an-
tigens in the growth and differentiation of the embryo is not in general well
defined, so that we would not really be saying anything very significant
about the function of p53 if we included it among the embryonic antigens
expressed in transformed cells.

C. PROTEIN KINASE
Many metabolic processes are controlled by phosphorylation of enzymes

at critical points in the pathways of synthesis or degradation. There was
therefore a good deal of excitement when it was shown that the transform-
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ing protein of Rous sarcoma virus src was a protein kinase which acted on
itself, on immunoglobulin in immune complexes, and on a variety of host
proteins in the transformed cell (Collett and Erikson, 1978). It is now known
that about half of the RNA tumor viruses have transforming proteins with
kinase activity (reviewed by Bishop, 1982). The activity is unusual in that
the site phosphorylated is tyrosine rather than (or in addition to) the more
usual serine and threonine (Hunter and Sefton, 1980; Collett et al., 1980).
Protein kinase activity specific for tyrosine has also been reported in as-
sociation with polyoma virus middle-T antigen (Eckhart ef al., 1979;
Schaffhausen and Benjamin, 1979; Smith ef al., 1979b). Since SV40 does
not have a middle-T antigen it was not unreasonable to think that p53 might
perform a similar function for SV40. Kinase activity had been found as-
sociated with SV40 large-T (Tjian and Robbins, 1979), although this activ-
ity does not seem to be intrinsic (Tiian ef al., 1979) and it is directed toward
serine and not tyrosine (Griffin ef al., 1980). Kinase activity has also been
detected in adenovirus-transformed cell extracts associated with the Elb
58K protein already mentioned in the context of complex formation with
p53 (Section IV,B) (Branton ef al., 1981). As p53 is associated with both
the adenovirus 58K protein and large-T, it could contribute this T-associ-
ated kinase activity. Direct assay of immune complexes of p53 with mon-
oclonal antibody 200.47 did indeed show that there was kinase activity
associated with p53 (Jay et al., 1981). The amino acids phosphorylated were
serine and threonine and the activity was highest with Mn>* as a divalent
cation rather than Mg?*. Other monoclonal antibodies which react with
p53, such as PAb421 (Harlow et al., 1981b), also show kinase activity in
immune complexes with p53, but none of the anti-p53 antibodies we tested
seemed to inhibit the kinase activity (our unpublished results). The activity
is extremely weak and the most likely explanation would seem to be that
one or more of the kinases present in substantial amount in the cell binds
to p53 and is coprecipitated with it to a minor extent. The alternative ex-
planation, that p53 is a kinase but that the assay conditions normally used
are far from optimal or that the substrate is wrong, cannot be ruled out.
Certainly the activity seen to far is not analogous to that of RNA tumor
virus-transforming proteins or polyoma virus middle-T in its amount, spec-
ificity, or cellular location.

D. TRANSFORMING GENE

One of the most exciting resuits obtained in this field in recent years has
been the detection and cloning of DNA oncogenes from tumors and tumor
cell lines (reviewed by Weinberg, 1982a). DNA is extracted from malignant
human cells and then used to transform NIH/3T3 mouse cells by the cal-
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cium phosphate coprecipitation method. The efficiency of transformation
varies greatly and by no means all tumors and tumor cell lines are active
as donors, but it is clear that human DNA sequences are acquired by the
transformed mouse cells together with the morphological changes which
comprise the transformed phenotype. Different oncogenes come from dif-
ferent types of tumor and can be distinguished by restriction-site mapping
and by DNA sequencing in the cases where they have been cloned. The gene
products of the various oncogenes have been identified in some cases and
these are also different in size and cellular location. Although the number
of oncogenes may be smaller than at first thought (W einberg, 1982b) the
number is still substantial. This type of oncogene is thus clearly distinguish-
able from p53 since alteration of p53 is found in a wide variety of different
tumors and, in addition, cells such as EJ and T24, which are good sources
of transforming DNA, do not contain detectable p53. It seems, therefore,
that p53 is not a2 member of this family of DNA oncogenes.

E. CEgLL CYCLE-RELATED PROTEIN

Mouse lymphocytes stimulated with concanavalin A show- greatly in-
creased DNA synthesis (Milner and McCormick, 1980; Milner and Milner,
1981). After exposure to concanavalin A for a few hours the cells were
stimulated to synthesize p53 and, later, DNA. The time of p53 synthesis
seemed to coincide with commitment to leaving the G, and entering the S
phase. Inhibition of transcription during concanavalin A stimulation de-
layed the onset of p53 synthesis so that new messenger RNA synthesis
seemed to be involved. Whether this was the synthesis of p53 messenger
RNA or of the messenger RNA for some protein which stabilized pS3 was
not resolved, but as it was p53 synthesis, rather than amount of protein
which was followed, it seems more likely that the effect was directly on p53
messenger RNA. The antibody used here, PAb421, reacts with mouse p53
and the results show clearly that p53 synthesis is affected by this type of
stimulation, but it is not known whether the level of p53 protein is similarly
affected.

A different approach also using monoclonal antibody has given further
support to the idea that p53 is involved in cell division and DNA replication.
Microinjection of anti-p53 antibody into the nuclei of 3T3 cells about to
undergo serum stimulation largely prevented the normal DNA synthesis re-
sponse (Mercer ef al., 1982). The antibodies used here were PAb122 and
200.47 together with an anti-Lyt 2.2 antibody as a negative control. The
use of two anti-p53 antibodies with different specificities makes it very un-
likely that reaction with proteins other than p53 can account for the results
obtained. Both anti-p53 antibodies inhibited the serum stimulation of DNA
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synthesis when they were injected into the nuclei of 3T3 cells 2 hours before
or 2 hours after serum stimulation. The amount of inhibition varied from
31 to 55%, on the basis of the number of nuclei labeled with [PH]thymidine.
Injection into cells 4 to 17 hours after serum stimulation had no significant
effect on DNA synthesis, showing that the antibodies were not exerting a
general inhibitory effect on DNA metabolism. The theory initially put for-
ward to explain the effect of a pulse of cycloheximide on DNA synthesis
was that a labile gene product required for initiation of DNA replication
was synthesized in the first 3 to 4 hours after serum stimulation (Novi and
Baserga, 1972). This would fit in well with P53 being the labile gene product
postulated by these and other workers (Campisi et al., 1982) since its half-
life in 3T3 cells is short. Injection of anti-p53 antibody did not affect DNA
synthesis in SV40-infected 3T3 cells (Mercer et al., 1982). The effect of
SV40 T antigen on DNA synthesis seems therefore to be quite different, as
though T antigen overrides the other controls, and this would clearly be an
advantage to the virus in its replication, making it less dependent on the
state of the cell before infection.

The rate of synthesis of p53 has been found to vary during the cell cycle
in mouse cells synchronized by serum starvation (N. Reich, R. Thomas,
and A. Levine, personal communication). Serum-starved 3T3 cells accu-
mulate in G, and then, in readdition of serum, set off through G,, S, and
mitosis as a relatively synchronous population. Incorporation of
[**S]methionine into p53 is initially low and increases as the cells enter the
S phase. The rate of synthesis peaks during the S phase and then falls as
the cells leaves the S phase and enter mitosis. During the S phase, when
DNA replication is taking place, the labeled p53 behaved as a nuclear ma-
trix-associated protein (N. Reich, R. Thomas, and A. Levine, personal
communication). Since newly synthesized DNA is also found associated with
the nuclear matrix this would all be consistent with P53 being intimately
involved in control of DNA replication.

XI. Conclusions

We now have a great deal of information about the amount and rate of
synthesis of p53 in different cells and under different conditions, and we
are in a much better position to address the question of the role of p53 in
transformation. Initially it seemed that the situation was simple and that
the presence of p53 was correlated with transformation. Detection of p53
in normal cells and tissues meant that this could not be correct. and that we
must look in more detail at the amount and type of p53 present in normal
and transformed cells. Quantitation of P53 has proved difficult and only
recently have reliable values been obtained by making use in radioimmu-
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noassays of the anti-p53 monoclonal antibodies that are now available. The
data from these assays show clearly that there is a good correlation in one
sense, in that cells containing high levels of p53 are transformed. However,
the correlation is by no means complete and there are clear examples of
highly transformed cell lines, of both mouse and human origin, which have
little or no p53 as far as our present techniques of detection and assay go.
It is still possible that we are looking in a much too general way at p53 and
that we should rather be looking at one particular form of p53 in one lo-
cation in the cell. Further information on the function of p53 would be
invaluable here in directing our attention to the active form of p53 and to
its site of action. An example of the importance of a particular form of
p53 may be phosphorylated p53, although it should be emphasized that this
is still going to be a heterogeneous collection of molecules phosphorylated
to varying extents at several different sites. Even so the correlation of phos-
phorylated p53 with transformation is-better than that of p53 in general.
Normal cells, and in particular normal thymocytes, contain p53, but it is
not phosphorylated. Clearly we need much more detailed information on
the sequence and strcture of p53 from normal and transformed cells. None
of the information available at present excludes quite substantial dif-
ferences in amino acid sequence between normal- and transformed-cell p53,
let alone modification of all sorts. Even so it seems unlikely that differences
of this sort could account for the apparent lack of phosphorylated p53 in
malignant human tumor cell lines such as HeLa, EJ, and T24.

Probably the reason why the correlation of p53 with transformation is
so incomplete is that it is a secondary consequence of the change which
constitutes transformation. Certainly the correlation is poor and there is no
reason to think of p53 being implicated in tumorigenicity. The most likely
role for p53 in normal cells is as a control protein required for the onset
of cellular DNA synthesis and replication. The experiments described in
Section X,E give strong support for this idea and hold out a good prospect
of major advances in the near future in our understanding of the function
of p53. Such a role for p53 would be consistent with its presence at low
levels and with its short half-life in normal cells, as well as with its synthesis
immediately before cells enter the S phase. Changes in p53 leading to
increased half-life of the protein would then have the consequence that the
p53 which initiated one S phase would persist for long enough to push
the cell without delay from mitosis into the next S phase, and so on. The
involvement of p53 in one of the major pathways by which cellular DNA
replication is controlled would also account for its rapid synthesis in the
tissue of developing embryos, and its relatively short half-life here would
also fit with the limited duration of rapid growth in the embryo which is
followed by differentiation.

Changes in the amount and rate of turnover of p53 may become a com-
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mon way of obtaining uncontrolled cell growth, but it can clearly not be
the only way. For example, SV40 T antigen seems able to overcome the
defect in cells that show temperature-sensitive DNA replication, and injec-
tion of anti-p53 antibodies into SV40-transformed cells does not interfere
with subsequent DNA synthesis (Mercer et al., 1982). This would imply that
there are p53-independent pathways leading to DNA replication. A similar
explanation could account for the tumor cells that lack p53 but are trans-
formed themselves and act as a source of transforming DNA. The oncogene
in EJ and T24 cells (Section X,D) appears to be closely related to rasH (Der
et al., 1982; Parada et al., 1982; Pulciani et al., 1982; Santos ef al., 1982).
This gene, previously characterized as coding for a transforming protein
with a molecular weight of 21,000, is carried by Harvey murine sarcoma
virus. The function of p21 in transformed cells is not known, but although
it binds GTP strongly, it does not appear to be a protein kinase. The dif-
ference between the normal cellular p21 sequence and the transforming p21
sequence appears to be a single amino acid change pinpointing the nature
and location of the critical change (Tabin ef al., 1982; Reddy et al., 1982).
As neither the EJ human tumor cells nor the transformed mouse 3T3 cells
carrying the human transforming gene from these cells showed altered p53,
we conclude that the p21 is involved in a p53-independent pathway leading
to malignancy and uncontrolled cell growth.

Interest in p53 has been high for several years and we may now be at the
end of the first phase. We can take a more balanced view of the importance
of p53 in transformation and again emphasize the importance of p53 in
normal cells. This may prove to be another instance of working with trans-
formed cells and finding out more about normal cells. In any case there is
little prospect of understanding how control over cell growth breaks down
in malignant cells unless we have a better understanding of how control
works in the normal cells from which they arise. As we enter the next phase
of work on p53 applying the techniques of recombinant DNA technology
in conjunction with the immunochemical approaches already established,
the prospects for a continued rapid advance in our understanding of p53
and its function seem very good.
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I. Introduction

Hemopoiesis is central to the maintenance of homeostasis and the control
and curtailment of many pathological insults. The cells of the hemopoietic
system are involved in constant processes of differentiation, maturation,
and turnover, and are relatively accessible for study. Consequently, hem-
opoiesis has become an increasingly important model for the understanding
of mammalian cell differentiation. The different cellular components of
this system, comprising erythroid, myeloid, and lymphoid lineages, are de-
rived from a single population of pluripotent stem cells (reviewed by Till
and McCulloch, 1980). The cells within these lineages turn over at different
rates under both physiological and pathological conditions, placing com-
plex demands on dif ferential recruitment from the stem cell pool.
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