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Sequence-specific transactivation by p53 is essential to its role as
a tumor suppressor. A modified tetracycline-inducible system was
established to search for transcripts that were activated soon after
p53 induction. Among 9,954 unique transcripts identified by serial
analysis of gene expression, 34 were increased more than 10-fold;
31 of these had not previously been known to be regulated by p53.
The transcription patterns of these genes, as well as previously
described p53-regulated genes, were evaluated and classified in a
panel of widely studied colorectal cancer cell lines. “’Class I"" genes
were uniformly induced by p53 in all cell lines; ““class II" genes were
induced in a subset of the lines; and “class IlI" genes were not
induced in any of the lines. These genes were also distinguished by
the timing of their induction, their induction by clinically relevant
chemotherapeutic agents, the absolute requirement for p53 in this
induction, and their inducibility by p73, a p53 homolog. The results
revealed substantial heterogeneity in the transcriptional responses
to p53, even in cells derived from a single epithelial cell type, and
pave the way to a deeper understanding of p53 tumor suppressor
action.

he fact that p53 function is impaired in the majority of human

cancers has stimulated efforts to understand the function of
this gene in normal and neoplastic states. A large number of
functions have been attributed to p53, including cell-cycle check-
points, apoptosis, angiogenesis, and genetic stability (1-7). In
cells containing wild-type (wt) p53 genes, the p53 protein is
induced by a variety of stimuli, including chemotherapeutic
agents, oxidative stress, hypoxia, nucleotide depletion, and on-
cogene expression (6, 7).

Though several models for the biochemical basis of p53 action
have been proposed, the most well studied involves its ability to
bind to specific genomic sequences and activate transcription of
adjacent genes (7, 8). The DNA-binding domain has been
defined thoroughly through biochemical studies, and its inter-
action with DNA has been illuminated through x-ray crystal-
lography (9). The active p53 polypeptide exists in tetrameric
form, binding to four palindromic copies of its consensus se-
quence (5'-PuPuPuGA/T-3"). The carboxyl terminus of p53
contains the amino acids required for tetramerization, whereas
the amino terminus contains a potent transcriptional activation
domain that is essential for its ability to regulate downstream
genes (10-12). Tumor-derived mutants are almost always de-
fective in sequence-specific transactivation (SST), providing
compelling evidence for the hypothesis that SST is essential for
pS3 tumor suppression.

Investigators have described several genes that are apparently
controlled by p53 and have postulated that these p53-regulated
genes are responsible for mediating the various effects of p53
(13, 14). These studies have employed different cell types, often
from different species, and have used a large and varied number
of agents to elevate p53 expression. It has therefore been difficult
to put these transcriptional targets into perspective or to inter-
pret and compare the induction patterns observed.

In an effort to understand the transcriptional responses to p53
better, we sought to characterize the genes induced by p53
systematically in a panel of cell lines derived from the same

epithelial cell type (neoplastic cells of the human colon). We
identified a number of potential transcriptional targets and
found marked heterogeneity in the extent, timing, and p53
dependence of both previously identified and unidentified tar-
gets. This heterogeneity suggests that, even in tumor cells
derived from the same stem cell type, the response to p53
expression varies considerably. These results provide insights
into the basis for cell-type-specific responses to p53 and their
associated pleiotropic biologic effects.

Materials and Methods

Cell Culture. Derivation and growth of the lines used in this study
have been previously described (15, 16). Cells were treated with
chemotherapeutic agents for 24 hr at concentrations of 0.2
wg/ml (adriamycin) and 50 ug/ml (5-fluorouracil; 5-FU). Trans-
fections were carried out with either Lipofectamine (Life Tech-
nologies, Grand Island, NY) or Fugene 6 (Roche Molecular
Biochemicals) according to the manufacturers’ instructions.

Inducible Lines. A two-step procedure was used to establish a
tetracycline (tet)-off system in which the “off” mode was
achieved by maintaining cells in the presence of 20 ng/ml
doxycycline. In brief, DLD-1 cells were transfected with tTA-
IRES-Neo (tTA, tet activator; IRES, internal ribosome entry
site; Neo, G418 resistance gene) and selected with 800 pg/ml of
G418 (Geneticin, Life Technologies). Single clones were ob-
tained by limiting dilution and tested by transient transfection
with a reporter plasmid, pBI-GL (CLONTECH), which ex-
pressed luciferase and B-galactosidase in a tTA-dependent fash-
ion. One clone, DLDtet14, was chosen to generate inducible cell
lines of interest.

tTA-IRES-Neo was generated by cloning PCR-amplified tTA
cDNA from pUHDI15-1 (17) into the Xbal site of plasmid
pMk10-59 (18). The tet-responsive reporter plasmid pBI-EGFP
was purchased from CLONTECH and modified by the inclusion
of a polylinker to create pBI-MCS-EGFP. Tet-responsive p53
expression constructs were made by cloning restriction frag-
ments of full-length cDNA of wt p53 and p53R175H into
pBI-MCS-EGFP. Tet-responsive p73 expression constructs were
made in a similar fashion by using pCDNA3-HA-p73a and
pCDNA3-HA-p73a292 (HA, hemagglutinin) as the sources of
cDNA (19, 20). These p53 and p73 constructs were linearized
and cotransfected into DLDtet14 cells with pTK-hygro (CLON-
TECH) at =5 to 1 molar ratio. Single colonies were obtained by
limiting dilution with 400 ug/ml G418 and 250 pg/ml hygro-
mycin B (Calbiochem) in the presence of 20 ng/ml doxycycline
for 2-3 weeks. Clones that had low background green fluorescent

Abbreviations: wt, wild-type; tet, tetracycline; 5-FU, 5-fluorouracil; GFP, green fluorescent
protein; SAGE, serial analysis of gene expression; HA, hemagglutinin; tTA, tet activator;
IRES, internal ribosome entry site; EST, expressed sequence tag; PET, p53 early transcript.
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protein (GFP) and homogeneous GFP induction were selected
and analyzed for the expression of p53 by Western blot analysis.

Serial Analysis of Gene Expression (SAGE). SAGE was performed
essentially as described (21). In cases in which tags could not be
assigned to a Unigene cluster, a PCR-based technique was used
to amplify the sequences specific to a given tag (modified from
ref. 22; detailed protocol available from the authors on request).
Comparisons between libraries were carried out by using SAGE
ANALYSIS SOFTWARE 3.04 BETA, and differentially expressed tags
were considered significant when P < 0.001 and the fold of
induction was above 10.

p53 Adenoviruses and Infections. High-titer adenoviruses express-
ing both GFP and either the wt or the R175H mutant form of
p53 were generated through the AdEasy system (23) and used to
infect cells for 4 hr. Cells were washed with normal growth
medium once and allowed to recover for 16 hr before total RNA
and protein was prepared and analyzed as described (21, 22).

Western Blots and Other Assays. The p53, p21, and HA-tagged p73
proteins were detected by mAbs 1801, EA10 (Oncogene Sci-
ence), and 3F10 (Roche Molecular Biochemicals), respectively.
The B-catenin protein was detected by using the mAb C19220
from Transduction Laboratories (Lexington, KY). Luciferase
assays and P-galactosidase assays were carried out by using
Luciferase Assay Reagents (Promega) and AURORATM Gal
Xe (ICN) according to the manufacturers’ instructions. To
determine the fraction of apoptotic cells, cells were trypsinized
and pelleted at 400 g. Resuspended cells were stained with the
DNA-binding dye H33258 and evaluated by fluorescence mi-
croscopy and flow cytometry (24).

Results

Colon Cancer Cell Lines with Inducible p53. Although tTA-based
vectors have been used to establish inducible expression of a
variety of genes in many systems, we were unable to establish
p53-inducible clones with tTA-based (or other inducible) vectors
in colon cancer cell lines (17). This failure was due to the
“leakiness” of standard inducible systems and the silencing of
tTA that often occurred during long-term culture of clones that
initially seemed promising (25).

To overcome these problems, a different tTA expression
vector was generated (Fig. 14). The vector incorporated a
bicistronic transcription unit with the tet-activator separated
from the G418 resistance gene (Neo) by an improved IRES,
ensuring the constitutive expression of tT'A in geneticin-resistant
clones (18, 26). A bidirectional tTA-responsive promoter regu-
lates expression of GFP from one side and of p53 from the other
(Fig. 14). We established this system in DLD-1 cells that have
endogenous mutant p53 alleles (27). Two clones expressing wt
p53 (wtA and wtB) were selected for further analysis and
compared with an analogous clone (mut) expressing a common
tumor-derived mutant form of p53 (R175H).

Effects of p53 Expression. The p53 protein in this system was
induced rapidly after removal of doxycycline (examples in Fig.
1B). The induction of wt p53, but not mutant p53, stimulated a
relatively rapid induction of p21, a prototypical p53 target gene,
as well as a marked apoptotic response (Figs. 1C and 2.4 and B).
As expected from its induction of apoptosis, prolonged expres-
sion of p53 virtually abolished the cells’ ability to form colonies,
whereas mutant p53 had no effect (data will be available at
www.sagenet.org/findings.htm).

This system also provided a way to determine the “commit-
ment time” in these cells, i.e., the minimal exposure to p53
required to commit the cells irreversibly to death. Exponentially
growing cells were placed in induction medium (without doxy-
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Fig. 1. Modified tet-inducible expression system. (A) Diagram of the mod-
ified tet-off system constructs. *Neo denotes a optimized Neo-resistance gene
(18). (B) Induction of p53 in p53 wtA cells. Cells were induced by removing
doxycycline for the indicated times and assayed by Western blot analysis for
p53 and p21 expression. B-Catenin served as the loading control. (C) Inducible
expression of p53 and p73 resulted in induction of p21, but mutant forms of
p53 and p73 did not. A second clone expressing mutant p53 and p73 yielded
results identical to those shown.

cycline) for varying time periods, and then doxycycline was
added back to the growth medium. A large fraction of cells were
already committed to apoptosis as early as 9 hr after p53
induction, long before any morphological characteristics of
apoptosis could be observed (data will be available at www.
sagenet.org/findings.htm.).

Identification of Previously Unidentified p53-Regulated Genes. The
above results stimulated us to use SAGE to analyze the tran-
scripts present at 9 hr after p53 induction. SAGE involves the
generation of short sequence tags derived from the 3’ ends of
transcripts through a series of enzymatic manipulations. The
relative abundance of individual tags in SAGE “libraries” pro-
vides a direct measure of the abundance of the corresponding
transcripts. A SAGE library from p53 wtA cells was compared
with an analogous library from pS3mut cells both generated from
cells 9 hr after doxycycline withdrawal. A total of 56,182 and
57,893 tags were obtained from the two libraries, respectively.
Collation of the tags revealed that they represented 9,954 unique
transcripts (see Materials and Methods). The great majority of
these genes were expressed at equivalent levels in cells express-
ing either mutant or wt p53. Only 34 tags (0.3% of the total) were
elevated by more than 10-fold in wtA cells compared with mut
cells, whereas 12 tags were expressed at 10-fold lower levels in
the wtA cells compared with the mut cells.

In light of much evidence indicating the importance of p53 in
transcriptional activation (see the introduction), we focused on
the 34 tags expressed at higher levels after wt p53 induction. We
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Fig. 2. Effects of p53 expression. (A) Mutant or wt p53- and p73-inducible clones were assayed for nuclear morphology by fluorescence microscopy at the
indicated time points. Red bars represent p53- or p73-induced cells, and blue bars represent uninduced cells. At least 200 cells were counted for each
determination. (B) Morphology after p53 induction. The same fields are shown as viewed under phase contrast or fluorescence microscopy. The four panels at
Left were p53 wtA cells, and the four panels at Right were p53 mut cells grown in induction (Induced) or normal medium (Uninduced) for 24 hr.

were able to assign 27 of these tags to known genes or to  Only three of these transcripts had previously been identified as
expressed sequence tags (ESTs) through a combination of  p53-regulated. A summary of the 34 tags and their levels (tag
database searching and PCR-based experimental techniques.  numbers) is presented in Table 1; transcripts that had not been

Table 1. PETs identified by SAGE

Gene Tag sequence p53 wt, no. p53 mut, no. Unigene Description
PET-1* CATGAGCTAAGTTT 25 0 19447 ESTs

PET-2* CATGCCTGACCAGG 20 0 150378 ESTs

PET-3* CATGGTGCTGGTGC 17 0 9613 ESTs

PET-4* CATGCCTGGACGCT 13 0 ESTs

PET-5* CATGGGAGAATTTT 13 0 115274 ESTs, highly similar to hedgehog (Homo sapiens)
PET-6* CATGTCCTGTAAAG 13 0 74034 H. sapiens clone 24651 mRNA sequence
PET-7* CATGTACCCAGGGC 12 0 101395 ESTs

PET-8* CATGGCCCTGACCT 22 1 97871 ESTs

PET-9* CATGGTGCTGCTCC 11 0 7936 ESTs

PET-10% CATGCCGTCTTTCC 12 0 No match

PET-11* CATGGCGAGCTGGC 12 0 146344 ESTs

PET-12% CATGACAACTTAAA 11 0 No match

PET-13* CATGCACACACCAG 11 0 22824 ESTs

PET-14% CATGGGCCGGGCAC 11 0 No match

PET-15% CATGTGCGCTGGCC 11 0 No match

PET-16% CATGCCTTCCAGCT 15 1 No match

PET-17% CATGTTTTGCTTTT 15 1 No match

PET-18" CATGGCAGTGGGCT 21 2 No match

ET2* CATGCCTCAGCCAG 22 0 1407 Endothelin 2

Cav* CATGTGGATCAACC 20 0 119333 Caveolin, caveolae protein, 22 kDa
Htk* CATGTCTGTTTCCA 16 0 155227 Human tyrosine kinase (HTK)

IPK* CATGGAGGTCCTTC 14 0 6453 Human inositol 1,3,4-trisphosphate 5/6-kinase
RTP* CATGGGACTTTCCT 22 1 75789 Human mRNA for RTP

B61* CATGTGTACATTCT 11 0 1624 Ephrin-related ligand precursor |
DR5* CATGAAATTGTTGG 20 1 120932 Human DR5/killer

Mat8* CATGGCAGGGCCTC 19 1 92323 H. sapiens mRNA for MAT8 protein
Gpc* CATGGCTTGTTCTC 17 1 2699 Glypican 1

Jun-B* CATGACCCACGTCA 16 1 89792 Jun B protooncogene

Tsp* CATGGCTCGACTCAG 32 2 87409 Thrombospondin 1

Tap1* CATGGTGCAGGCTC 16 1 158164 Antigen peptide transporter

HO1* CATGCGTGGGTGGG 31 2 75967 Heme oxygenase (decycling) 1
ATDC* CATGTTGCATATCA 15 1 82237 AT group D-associated protein
EVPL* CATGGTGATGGGCT 14 1 25482 Envoplakin

p21* CATGTGTCCTGGTT 153 11 74984 cdk-inhibitor

PETs identified through SAGE analysis; 34 highly induced tags (14 bp) are shown. Columns 3 and 4 indicate the numbers of each tag in two libraries.
*Transcripts that matched Unigene entries but had not been known to be regulated by p53.
TPreviously unidentified transcripts that had no matches to Unigene entries.
*Previously described p53-regulated genes.
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Fig.3. Confirmation of SAGE results by Northern blot analysis. Representa-
tive Northern blots are shown with RNA prepared from cells induced ("' +"') for
9 hror uninduced ("—"). (A) RNA from two independent p53-inducible clones
was analyzed to confirm induction of transcripts by p53. No induction of these
transcripts was observed in RNA prepared from cells with inducible mutant
p53 genes (data not shown). (B) RNA from two independent p73-inducible
clones was used to assay induction of transcripts by p73.

described previously in the literature (available only as EST
entries or not at all) were designated “PETs” (for p53 early
transcripts).

To confirm the SAGE data, Northern blot analyses were
performed on all 27 assigned transcripts. In each of the 27 cases,
the expression of the transcripts was substantially induced in
both of the p53 wt-inducible clones and in neither of the p53
mut-inducible clones (see examples in Fig. 34). Using similar
Northern blots, we also examined the expression of nine genes
that did not register as highly induced in the SAGE analysis but
had been reported previously to be transcriptionally regulated by
p53 (14). Of these nine, three (cyclin G1, Fas, and cathepsin D)
were not found to be induced at the early time point studied,
whereas six were indeed induced but at lower levels than the 27
transcripts noted above (see examples in Fig. 3 A and B and
complete list in Table 2). Examination of the SAGE data showed
that these six genes (Bax, IGBP3, PIG3, 14-3-30, MDM2, and
Gadd45) were each induced by p53 at 9 hr, at levels between
2-fold and 10-fold.

The tTA system depicted in Fig. 14 was also used to obtain
inducible expression of the p73 gene (19, 20). The induction of
wt, but not mutant, p73 stimulated apoptosis of DLD-1 cells,
though not quite as dramatically as p53 (Fig. 24). Only 6 of the
36 p53-induced transcripts described above were found to be
induced significantly in the p73 wt clones (Table 2 and Fig. 3B).
These data establish that the genes regulated by p53 and p73 are
considerably different, even when similarly expressed through
the identical promoter in the same cells.

Northern blot analysis was also used to determine the earliest
times at which induction of these genes could be detected (Fig.
44; complete listing in Table 2). Increased levels of 11 genes
could be detected as early as 3 hr after doxycycline withdrawal
(e.g.,p21, caveolin, DR5, and Jun-B). Of the other 20 genes, most
were expressed by 6 hr after doxycycline withdrawal (e.g., PET-1
and PET-4), whereas one (Gadd45) was not induced until 12 hr
after removal of doxycycline.

14520 | www.pnas.org

Table 2. Classification of p53-regulated genes

Gene Class Time Adr.Ind. 5-FUInd. p53-dep. p73-Ind.
Cav | E 1 1 - —
DR5 | E 1 2 — —
Gpc | E 1 1 + -
14-3-30* | E 2 2 - +
p21 | E 2 2 + +
HO1 | | 2 1 - -
Htk | | 1 1 - —
Bax* | | 2 2 — —
PIG3* | | 2 2 + -
Jun-B 1l E 0 0 - +
Mdm2* 1l E 2 2 + —
PET-3 1l E 2 ND - -
PET-7 1l E 2 ND - —
ATDC 1l E 0 ND N/A +
B61 1l | 2 2 -

PET-1 1l | 1 0 -

PET-8 1l | 1 1 — —
PET-4 1l | 1 2 - -
Gadd45* 1l L 1 0 - +
RTP 1l | 1 1 - +
IGBP3* 1l | 1 0 N/A -
ET2 1l | 0 0 - —
Mat8 1l | 2 0 +

PET-9 1l | 1 ND -

Fas* 1l N/A 1 0 - —
PET-11 1l ND 1 ND — -
Cln G1* 1] N/A 0 0 N/A -
Tsp 1] E 1 1 - —
PET-2 1] | 0 ND N/A -
PET-5 1] | 0 ND N/A -
PET-6 1] | 0 ND N/A —
IPK 1] | 1 ND — -
CatD* 1] N/A 0 0 N/A ND
PET-13 1] ND 1 ND - ND
Tap1 ND | ND ND ND -
EVPL ND | ND ND ND -

Class: class I, induced by Ad-p53 wt in all five colorectal cancer cell lines
studied; class Il, induced in only a subset of these lines; class Ill, induced in none
of the lines; N/A, not applicable; ND, not determined. Time: E, early (detect-
ably induced within 3 hr of doxycycline withdrawal); I, intermediate (detect-
ably induced after 6 hr); L, late (detectably induced only after 12 hr). Adria-
mycin (Adr.) or 5-FU induced (ind.): 2, induced in two wt p53 cell lines; 1,
induced in one cell line; 0, induced in neither cell line. p53 dependence (dep.)
was determined only for transcripts induced by adriamycin or 5-FU in HCT116
cells. "+ denotes that induction was reduced substantially or absent in p53

KO cells, and “—"" indicates that comparable induction was observed in the p53
KO cells. p73 induced; "'+ denotes that transcript was induced in two p73 wt
clones, and "'—"" indicates that induction was not observed in both clones.

*Genes not identified herein but shown to be p53-regulated in other studies.
All other genes were identified through the SAGE analysis reported in this

paper.

Uniformity of Expression of p53-Activated Genes in Colorectal Cancer
Cells. Replication-deficient adenoviruses containing a GFP gene
plus either a mutant or a wt p53 gene were generated by using
AdEasy vectors (23) and used to infect five different colorectal
cancer cell lines. The five lines were chosen on the basis of
infectability with adenoviruses and were representative of those
with endogenous wt p53 genes (HCT116 and SW48) or endog-
enous mutant p53 genes (DLD-1, SW480, and SW1417). All five
cell lines were infected to similar extents, based on GFP fluo-
rescence and p53 protein expression assessed by Western blots
(data not shown).

The transcripts from 34 genes, including the 25 genes revealed
by SAGE and the 9 genes identified through other methods, were

Yu et al.
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Fig.4. Heterogeneity in the induction of p53-responsive genes. (A) Time course of induction. The p21, Jun-B, Caveolin, and DR-5 genes were detectably induced
by 3 hr after doxycycline withdrawal, whereas Gadd45 was induced 12 hr later. RNA was prepared from wtA cells at the indicated time points. (B) Induction by
p53 adenoviruses. Class | genes included p21, Bax, Caveolin (Cav), DR5, Htk, and Gpc, whereas RTP, Jun-B, and Fas were class Il genes, and thrombospondin (Tsp)
was a class Il gene. “W" and ""M"’ refer to the adenoviruses expressing wt p53 and mutant p53, respectively. (C) Induction by chemotherapeutic agents. RNA
from the indicated colorectal cancer cells lines treated with adriamycin (Adr) or 5-FU for 24 hr was analyzed. RNA from untreated cells was used as control (con).
The expression of p21 was strongly induced by both drugs in both cell lines expressing wt p53 but was not induced in DLD-1 cells containing endogenous mutant
p53 orin p53 KO cells. In contrast, Bax was induced by adriamycin but not by 5-FU. The induction of Bax by adriamycin was considerably stronger in the two lines
with wt p53 than in DLD-1 or p53 KO cells. Another pattern was observed with Fas, in which little induction was observed in any of the lines studied.

assessed in these lines (Table 2). The expression of these
transcripts and their inducibility by p53 varied widely among the
lines (Fig. 4B and Table 2). Three classes of transcripts were
identified. Class I contained 9 genes, which were induced in all
five lines (e.g., p21 and caveolin); class 11 contained 17 genes,
which were induced in a subset of the lines (e.g., RTP and Jun-B);
and class III contained 8 genes, which were not induced in any
of the lines by adenovirus infection (e.g., thrombospondin). Cell
lines that expressed one class II gene were no more likely to
express a different class II gene than another cell line. However,
every gene induced by p53 adenovirus infection of DLD-1 cells
was also induced in the tTA system, suggesting that the activation
of downstream genes by p53 was largely determined by the cell
type rather than the mode by which exogenous p53 was intro-
duced.

Expression of p53-Activated Genes After Treatment with Chemother-
apeutic Agents. The two systems described above (tTA and
adenovirus infection) employ exogenous p53 expressed at levels
likely to be higher than those ever encountered in vivo. To assess
transcriptional induction of these genes at more physiologic
levels of p53, we treated cells with two agents known to induce
endogenous p53: adriamycin, a prototypical DNA damaging
agent, and 5-FU, an antimetabolite that is the mainstay of
adjuvant therapy for colorectal cancer in the clinic. Expression
of each of the 34 genes in the panel was examined in response
to these drugs in four colorectal cancer cell lines (Table 2). Two
of these lines (SW48 and HCT116) had wt p53 genes, one had a
mutant p53 gene (DLD-1), and one had its endogenous wt p53
gene disrupted by homologous recombination (p53 KO; ref. 16).
The majority of the 36 tested genes were found to be induced by
adriamycin in at least one of the cell lines with wt p53 (Fig. 4C
and Table 2). Interestingly, however, only six genes were found
to be induced by both adriamycin and 5-FU, though identical
levels of p53 resulted from treatment with both drugs (28). For
example, Bax was induced by adriamycin in HCT116 cells but not

Yu et al.

by 5-FU, even though 5-FU treatment stimulated extensive
apoptosis in this line (Table 2 and Fig. 4C). Thus, in addition to
cell-type dependency, there was a clear dependence on the
nature of the induction signal. To our surprise, analysis of the p53
KO line revealed that p53 was not required for induction in most
cases. Only 3 of the 36 genes studied (p21, Mdm?2, and PIG3)
were induced to considerably higher levels in parental cells than
in the p53 KO cells after treatment with these two drugs.

Discussion

Initial descriptions of oncogene and tumor suppressor gene
action concentrated on relatively simple linear pathways. As
more has become known about signal transduction, it has
become clear that important cellular pathways are much more
complex than originally believed (29). These complexities in-
volve downstream and upstream branching as well as positive
and negative feedback controls.

Viewed in the above context, the relatively large number of
genes that we found to be induced by p53 was not surprising. The
heterogeneity in induction, however, was unexpected. Only a
small number of genes (class I) were induced in all of the five
lines studied, even by very high levels of p53 expression, despite
the fact that the lines were derived from the same precursor cell
type. The responses to drugs that induce p53 at more physiologic
levels were even more heterogeneous. These results suggest that
most of the genes transcriptionally activated by p53 are code-
pendent on other transcription factors. The presence or absence
of such factors is in turn likely to depend on other genetic
alterations accumulated during the long history (decades) of
neoplastic cells before their removal from patients. This heter-
ogeneity helps explain the diverse patterns of expression ob-
served in published studies of pS3 effectors. Based on the results
reported here, one would expect even less uniformity in the
levels of expression of these genes in different cell types from
different species.
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Several other features of potential p5S3-regulated genes were
notable. First, the induction of most of the genes was not strictly
pS3-dependent, because similar levels of induction were ob-
served in isogenic controls differing only in the targeted deletion
of the p53 gene (Fig. 4C). That p53 is not required for these genes’
induction should not be interpreted to mean that pS53 is not
important for their induction. These genes likely respond to
several transducers of the same initiating signal. Reactive oxygen
species (ROS), for example, induce p53 and p21 independently.
With p53 present, p21 is induced to greater levels than in its
absence, but p21 is still induced by ROS in the absence of p53
(30). Second, more genes were induced by high exogenous levels
of p53 than by the lower endogenous levels of p53 stimulated by
treatment with chemotherapeutic agents. There were no excep-
tions to this pattern, in that all genes induced by chemothera-
peutic agents were also induced by the p53 adenovirus. These
differences likely reflect differences in the affinity of various
promoters for p53, such that some are responsive only to high
levels of p53 (31).
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In summary, p53 activates the expression of many genes whose
effects, in aggregate, determine important components of neo-
plastic cell behavior. The particular genes induced likely depend
on the cell’s normal tissue derivation as well as on the genetic
alterations that have occurred during the tumorigenic process. It
is unlikely that mutation of any single gene could recapitulate all
the effects of p53, and such recapitulation should not be ex-
pected in experimental studies. Recognition of these facts, which
likely apply to other tumor suppressor genes, should prove useful
for designing and interpreting future studies on downstream
effectors.
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