


p53 AND IN VIVO CELL DIFFERENTIATION

detectable tumors; 1, very small palpable tumors; 2, visible tumors, cytoplasmic ^-immunoglobulin molecules in vitro. The parental
smaller than 0.5 cm in diameter; 3, tumors larger than 0.5 cm in
diameter, no obvious paralysis; 4, tumors larger than 0.5 cm in diameter
with partial or complete paralysis; 5, death. At each survey, the individ
ual scores were summed up. The sum was divided by the maximal
possible score (which stands for 100% death), and multiplied by 100 to
represent the tumorigenicity index (34).

Immunoprecipitation and Immunoblotting. Cells were metabolically
labeled for l h at 37Â°Cin methionine-less Dulbecco's modified Eagle's

medium supplemented with 10% heat-inactivated dialyzed fetal calf
serum and 0.125 mCi/ml of [35S]methionine (Amersham). Cells were
lysed in a buffer containing 50 HIMTris-HCI (pH 8.0), 5 mM EDTA,
150 mM NaCl, 0.5% Nonidet P-40, and 1 mM phenylmethylsulfonyl
fluoride, sonicated, and precleared on 5% protein A-Sepharose CL-4B
(Sigma). Equal amounts of trichloroacetic acid-insoluble radioactive
material were incubated for 12 h at 4Â°Cwith anti-p53 monoclonal

antibodies. To immunoprecipitate newly synthesized ^-heavy chain
immunoglobulin, exponentially growing cells were washed twice with
PBS and metabolically labeled for 4 h with [35S]methionine. Cells were

lysed, precleared by ultracentrifugation (40K, 30 min), and Â¡nummo
precipitated with specific antibodies. The immune complexes were
collected on protein A-Sepharose CL-4B and washed 4 times with a
buffer containing 5% sucrose, 1% Nonidet P-40, 0.5 M NaCl, 50 mM
Tris-HCI (pH 7.4), and 5 mM EDTA. Immunoprecipitates were sepa
rated on 10% polyacrylamide-sodium dodecyl sulfate gels.

For direct immunoblotting, cells were lysed in sample buffer, boiled,
and subjected to polyacrylamide gel electrophoresis as above. The
fractionated proteins were electro-transferred to nitrocellulose mem
branes and the proteins were detected using the ProtoBlot Western
Blot AP System (Promega).

Genomic DNA Preparation and Analysis. Cells were washed with
PBS, suspended in lysis buffer [0.5% sodium dodecyl sulfate, 50 mM
Tris-HCI (pH 8), 5 mM EDTA] and proteinase K (Boehringer-Mann-
heim; 0.2 Mg/ml) and incubated for 24 h at 37Â°C.Cell lysates were

extracted twice with an equal volume of Tris-EDTA-equilibrated
phenol, followed by one extraction with an equal volume of chloroform-
isoamyl alcohol (24:1), and precipitated with an equal volume of
isopropyl alcohol. Genomic DNA was digested with EcoRl, fraction
ated on 0.8% agarose gels, transferred to nitrocellulose filters, and
hybridized to radiolabeled full length p53cD cDNA insert.

RESULTS

Characterization of p53 Protein in the Various L12-derived
Cell Lines. In vitro transformation of bone marrow cells by Ab-
MuLV yielded a series of pre-B-cell lines that developed lethal
tumors in syngeneic mice (36). An exception in this category
was the LI2 cell line that, when injected into syngeneic C57L/
J mice, induced the development of tumors that regressed in
the host (37). The striking difference between LI2 and the other
Ab-MuLV transformed cell lines was in that LI2 was a p53
non-producer cell line, whereas all the others overexpressed the
p53 protein (37). An analysis of the p53 gene structure indicated
that in LI 2 cells that gene was rearranged because of a Moloney
virus integration into the first intron (38, 39). We found that
transfection of mutant p53 into the LI2 non-producer cells
reconstituted p53 expression and changed these rÃ©gressertu
mors to lethal tumors (33).

Our working hypothesis was that the expression of mutant
p53 facilitates malignant transformation; however, the mecha
nism of action remained unclear. Recently we found that trans
fection of wild type p53 into LI2 induced the generation of
stable clones that constitutively express wild type p53. An
analysis of the cell cycle pattern showed that these L12-derived
clones exhibited a longer doubling time, during which more
cells accumulated in the Gi/G0 phase. Furthermore, these LI 2-
derived cell lines, which expressed wild type p53, produced

L12 cells or the L12-derived clones expressing mutant p53 did
not show n-chain expression (40).

Although mutations may have occurred in a number of sites,
mutant p53 proteins were distinguishable from the wild type
p53 protein by their differential expression of specific antigenic
epitopes. Two monoclonal antibodies were used to distinguish
wild type from mutant p53. While mutant p53 forms retained
the antigenic epitope recognized by PAb-240, wild type p53
lacked this epitope and bound the PAb-246 anti-p53 monoclo
nal antibodies instead (20, 21). Other anti-p53 monoclonal
antibodies that bound equally mutant and wild type pS3 are the
PAb-242 and the PAb-421 (35). As shown in Table 1, the
parental LI2 cells had no detectable p53, and although the
immunoglobulin /(-chain was rearranged (data not shown), no
^-synthesis was evident. L12-derived clones established by
transfection of the wild type p53 expressed the expected wild
type p53 protein as well as cyloplasmic-ji. The individual cell
lines expressed variable levels of p53 protein and cytoplasmic-
n\ L12-derived clones established by transfection of mutant p53
expressed the mutant p53 protein. As expected from this cDNA
sequence, the p53-encoded protein lacked the PAb-421 anti
genic determinant (34); no cytoplasmic-/Â¿was evident. Another
independently established Ab-MuLV-transformed cell line,
230-23-8, which expressed an endogenous mutant p53, exhib

ited a rearranged heavy chain (data not shown) without any
cytoplasmic-ji expression (Table 1).

In Vivo Growth Patterns of LI 2-derived Cell Lines Expressing
Wild Type p53. In the following experiment, we compared
tumor development patterns induced by the various cell lines.
To that end, these cell lines were injected into syngeneic mice
and tumor development was monitored. Fig. 1 summarizes the
overall results obtained. As can be seen in Fig. 1, parental LI2
cells induced the development of large local tumors that were
regressed within 30 days. Tumors induced by L12-cD-derived
clones expressing the wild type p53 protein showed a reduced
incidence and a smaller size of the developing tumors. Reduc
tion in the rate of tumor development was in a direct correlation
with the levels of p53 protein expressed in the individual L12-
cD-derived cell lines (Fig. 1; Table 1).

In agreement with our previous reports (33), another Ab-
MuLV-transformed cell line, designated 230-23-8, which ex
pressed mutant p53 protein, induced the development of lethal
tumors in syngeneic mice. A similar pattern was also observed
with the L12-3A2 cell line, established by transfection of L12
cells with a p53 cDNA that codes for a mutant p53 molecule.

Immunoglobulin Synthesis in Vivo. B cell differentiation is a
well characterized process that involves defined molecular steps
leading to the maturation of an early pre-B-cell into a mature

Table 1 Characterization of LI 2-derived cell lines

Celllinep53
phe-

notypepS3

antigenicdeterminants"PAb-240PAb-242PAb-246PAb-421

mic-/i

LI 2 None

L12cD10* Wild type
L12cD5B* Wild type
LI2cD13* Wild type

L12M8-3A2* Mutant

230-23-8' Mutant

" Determined by specific immunoprecipitation.
* LI 2-derived cell lines generated by transfection of p53 coding plasmids.
' Generated by transfection of bone marrow cells with Ab-MuLV.

5233

Research. 
on October 15, 2021. © 1991 American Association for Cancercancerres.aacrjournals.org Downloaded from 



p53 AND IN VIVO CELL DIFFERENTIATION

100

X
â€¢¿�â€¢¿�o

Â£
o

*a
o
E

Days after injection
Fig. I. Tumor development in mice. Cell lines were injected and tumor

development was monitored as described in "Materials and Methods." L12-

induced tumors (D) were compared with tumors induced by the following cell
lines: L12cD10 (A). LI2cD5B (A), and LI2cDB (O), expressing the wild type
p53; LI2M8-3A2 (x) and 230-23-8 (â€¢)expressing mutant p53.

functional B-cell (41-44). In an earlier study, we found that
expression of wild type p53 in L12-derived cell lines induced
the synthesis of cytoplasmic-M in vitro. Our conclusion was that
wild type p53 accelerated the pre-B-cell differentiation process
(40). In the following experiments, we examined the possibility
that under in vivo conditions the process of cell differentiation
can be further induced, leading to terminal differentiation of
these pre-B cells in vivo. To test this, cells were removed from
8-10-day growing tumors just before the onset of tumor rejec
tion (see Fig. 1), and cell extracts were subjected to Western
blot analysis using anti-IgG antibodies. In each experiment, cell
pellets obtained from growing cells in vitro were compared with
the corresponding induced tumors in vivo. Fig. 2 shows that
LI2 and L12-derived tumor cells expressing the wild type p53
exhibit detectable heavy chain IgG by Western blot analysis.
Under the same experimental conditions, the corresponding
pellets obtained from the in vitro growing cells showed no
detectable IgG molecules. In cells expressing the mutant p53,
both the in vitro growing cell lines and the proliferating tumors
failed to show any IgG immunoglobulin production. When
whole cell pellets were used (Fig. 2), we found a nonspecific
background of proteins ranging in size from M, 10,000 to

30,000 that possibly masked the light chain immunoglobulin
molecules. To resolve this, cells were lysed and the immuno
globulin molecules were absorbed on protein A-Sepharose be
fore separation on the polyacrylamide gel. Fig. 3 shows that in
addition to the IgG heavy chain synthesis, L12-derived tumor
cells expressing the wild type p53 produced light chain immu
noglobulin. Similar patterns were found with the parental LI2
cells.

Southern Blot Analysis of Tumor Cells. To exclude the pos
sibility that the immunoglobulin expression measured was a
reflection of immunoglobulin synthesis of host cells invading
the tumor, it was important to assess the clonality of the tumors.
We took advantage of the fact that each of the tumors had a
specific pattern of p53 sequences in its DNA that was distin
guishable from the normal pattern of the host cell. Genomic
DNA was prepared from tumors obtained 8-10 days after
injection of the various cell lines. At that point tumors, although
small in size, consisted of homogeneous proliferating nonne-
crotic tissue. All L12-derived cell lines had a rearranged p53
gene detected as an enlarged EcoRl fragment (28 kilobases),
compared with the expected 16-kilobase band of the host (38).
A 3.3-kilobase EcoRl fragment that represented the p53 pseu
dogene was found in all murine cDNAs. Occasionally, a par
tially digested fragment migrating between the major bands was
detected (see Fig. 4, L12). In addition to these fragments, each
of the cell lines contained the p53 fragments representing the
integrated cDNA-derived sequences. As shown in Fig. 4, gen-
omic DNA of LI 2 and L12-derived tumor cells showed similar
patterns of p53-specific DNA fragments in both the in vitro
growing cells and the in vivo developing tumor cells. In all
samples tested, no host-specific bands (a 16-kilobase expected
fragment) were found. A similar pattern was found in cases of
lethal developing tumors. Genomic DNA of the 230-23-8 cell
line exhibited a 16-kilobase EcoRl unrearranged fragment that
coded for a mutated p53 protein. These observations support
the notion that the IgG that was detected in tumor cell lysates
originated from the developing tumor cells but not from the
host cells. This conclusion is further supported by the finding
that in tumor cells derived from 230-23-8 or L12-M8-3A2
(which were treated by the same method), no IgG was detected
(Fig. 2).

DISCUSSION

The p53 growth regulator is a short-lived protein that exerts
its activity in normal cells at low molar concentrations. Over-
expression of wild type p53 results in growth arrest of trans-

Fig. 2. Immunoglobulin expression in es
tablished cell lines in vitro and in tumor cells
in vivo. Cell lysates of in vitro cell lines (a) or
in vivo tumor cells (A) were separated on poly
acrylamide gels and subjected to a Western
blot analysis using goat anti-mouse IgG (11*1)
antibodies. Arrow, heavy chain of IgG.
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Fig. 3. Expression of heavy and light chain
immunoglobulin in L12-derived cell lines ex
pressing the wild type p53 protein. Immuno
globulin molecules were preabsorbed onto pro
tein A-Sepharose and subjected to a Western
blot analysis, a, b, c, and it. individual tumors
obtained from either L12-cD5 or L12-cD10 in
vivo regressive tumors.
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formed cells (45-48). In addition to interfering with cell prolif

eration, the wild type p53 protein inhibits in vitro malignant
transformation of primary embryonic cells induced by transfec-
tion with other oncogenes (1, 2), suggesting that p53 functions
as a tumor suppressor gene. Several mechanisms of action for
wild type p53 have been proposed. In all cases, however, the
possibility that the endogenously expressed p53 affects the
activity of exogenous wild type p53 was considered. In cases in
which mutant p53 cooperated with the ras oncogene in trans
forming primary embryonic rat fibroblasts, it was suggested
that endogenous wild type p53 was inactivated because of the
formation of a complex with the transfected mutant p53, which
permitted the malignant transformation (1, 4). In the case of
colorectal tumors, again, the cell type was a determining factor
in the inhibition of cell proliferation mediated by wild type p53.
In colorectal carcinomas, where the host cells expressed mutant
p53, exogenous wild type p53 was inhibitory for growth, and
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Fig. 4. Southern blot analysis of in vitro growing cell lines and in vivo
developing tumor cells. Genomic DNA was digested with /.<Â»RIand probed with
a p53 cDNA insert. Arrows, endogenous p53-specific sequences. The rest of the
bands represent the exogenous gene transfected sequences.
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in colorectal adenomas expressing wild type p53 no suppression
was evident (48). In all these experimental models, the activity
of the transfected gene was superimposed on the activity of the
endogenously expressed p53. Under these circumstances, the
measured effects reflected the combined activity of the exoge
nous and endogenous p53 proteins (1, 48). Using the LI2 p53
non-producer cell line enabled us to measure the net activity of
defined p53 molecules that are not affected by any endogenous
p53 expression. Furthermore, with these cell lines we were able
for the first time to measure the effects of wild type p53
expression on in vivo tumor development.

Tumor rejection can be mediated by several cellular mecha
nisms that are controlled by host and tumor cell factors. The
fact that LI2 p53 non-producer cells are rejected by the host,
whereas other p53 producer Ab-MuLV transformed cell lines
develop lethal tumors, suggests that expression of mutant p53
may be important for the manifestation of a fully malignant
phenotype (33). However, although all Ab-MuLV cell lines
were established by the same method and express similar viral
antigens, it is still possible that factors other than p53 account
for the difference between these cell lines. To study the mech
anism of p53 involvement in malignant transformation, we
used a gene transfer system in which the same parental LI2
cells were induced to express either wild type or mutant p53.
Using this strategy, we found that while mutant p53 enhanced
tumorigenicity of LI2 cells, wild type p53 reduced cell prolif
eration in vivo, leading to a faster regression of tumors. These
in vivo findings are essentially in agreement with a recent report
showing that the in vitro proliferation of a p53 non-producer
osteosarcoma cell line was suppressed by overexpression of wild
type p53, whereas expression of mutant p53 facilitated cell
proliferation (49).

The L12 cell line represents an Ab-MuLV transformed pre-
B population and like other members of this category (43),
although exhibiting rearrangements in the immunoglobulin
heavy chain, it produces no immunoglobulin molecules (40). In
our earlier studies, we found that expression of the wild type
p53 in L12cD cell lines induced the synthesis of cytoplasmic p-
protein. This was not the case in L12-derived cell lines express
ing the mutant p53 protein or in the parental LI2 cells (40).
Here we found that these pre-B-cell lines can be further induced
to differentiate in vivo. Indeed, LI2 cells or L12-derived cell
lines expressing wild type p53 seemed to differentiate in vivo
and produced IgG immunoglobulin. No differentiation was
found in cell lines expressing mutant p53. The fact that L12-
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derived cell lines expressing the wild type p53, which are at a
more differentiated phase, show a faster tumor regression rate,
suggests that cell differentiation and tumor regression in these
cells are interconnected pathways.

A number of studies have suggested that tumor regression
may involve a process of terminal cell differentiation (50, 51).
We would like to suggest that LI2 parental cells and the LI 2-
derived cell lines expressing the wild type p53 reach terminal
differentiation in vivo. The fact that these two cell types repre
sent cells at different differentiation phases can explain the
difference in the kinetics of tumor rejection. Expression of
mutant p53, however, blocks cell differentiation, which most
likely leads to the development of aggressive proliferating
tumors.

That the expression of wild type p53 in pre-B cells did not
induce the terminal growth arrest of the population /// vitro,
which was found with other cell lines (45-48), could be due to
the fact that pre-B-cells are early developing cells that may
undergo cell differentiation in vitro without growth arrest of
the population. Under in vivo conditions, these pre-B-cells were
terminally differentiated and therefore terminal growth arrest,
measured as tumor regression, was obtained.

The possibility that regression of tumors originating from
the LI 2 cell line or from LI2 cells expressing the wild type p53
can be due at least in part to an increased immunogenicity of
these rÃ©gressercell lines cannot be completely excluded. How
ever, when major histocompatibility complex-specific markers
were measured, no significant differences between the various
lines was found (data not shown). Furthermore, injection of
these cell lines into immunodeficient mice yielded similar tumor
development patterns. From this we concluded that changes in
tumor development are most likely not a result of changes in
the immunogenicity of the tested cell lines.

Mutations in the p53 gene were found to be located in
different sites of the gene, thus giving rise to a heterogeneous
population of mutant p53 molecules. Most of the mutations
were shown to be inactivation mutations leading to a protein
without any suppressive activity. However, not all the inacti
vation mutations were found to be activation mutations. Indeed
there are examples of mutant p53 protein that had lost their
suppressive activity, as measured in the rat embryo fibroblast
transformation assays, but were incapable of enhancing malig
nant transformation. Indeed, a mutation at codon 270, where
an arginine is substituted for a cysteine, caused the loss of the
suppressive activity but was not accompanied by an enhance
ment of transformation activity (52). Likewise, in a series of
nuclear localization defective cDNA clones, we found that the
wild type p53 protein cannot function as a suppressor protein,
nor does it enhance malignant transformation (53). The exist
ence of such nontransforming p53 mutants, coupled with our
present findings, supports the concept that inactivation of sup
pressive activity mediated by wild type p53 is not always suffi
cient, and that induction of malignant transformation may
require, at least in some tissue types, the gain of a certain
activity by mutant p53.
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