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The p53 protein suppresses tumorigenesis by initiating cellular
functions such as cell cycle arrest and apoptosis in response to DNA
damage. A p53 mutant, p53R172P, which is deficient for apoptosis
but retains a partial cell cycle arrest function, delays tumor onset
in mice. Remarkably, lymphomas arising in Trp53515C/515C mice
(encoding p53R172P) retain stable genomes. Given the dominant
role of p21 in p53 cell cycle control, we crossed Trp53515C/515C mice
onto a p21-null background to determine whether p21 was re-
quired for maintaining chromosomal stability and delaying tumor
onset. Loss of p21 completely abolished the cell cycle arrest
function of p53R172P and accelerated tumor onset in Trp53515C/515C

mice. Cytogenetic examination of Trp53515C/515C p21�/� sarcomas
and lymphomas revealed aneuploidy and chromosomal aberra-
tions that were absent in Trp53515C/515C malignancies. Thus, p21
coupled p53-dependent checkpoint control and preservation of
chromosomal stability, and cooperated with apoptosis in suppress-
ing tumor onset in mice.

apoptosis � chromosomal instability � p53 � tumorigenesis � mouse model

The role of p53 in tumor suppression is well established.
Transcriptional activation of a large repertoire of target

genes implicates p53 in tumor-preventive functions, such as cell
cycle control, apoptosis, and maintenance of chromosomal sta-
bility. Control of the cell cycle by p53 is primarily accomplished
by activation of the cyclin-dependent kinase inhibitor, p21,
resulting in a G1 arrest after DNA damage (1, 2). Loss of p21
severely compromises the G1 checkpoint control by p53 (3–5).
However, p21�/� mice are resistant to early onset tumorigenesis
(3, 6–8). Similarly, deletion of Gadd45, a p53 target gene
involved in the G2/M progression, causes centrosome amplifi-
cation and chromosomal instability (CIN) but does not predis-
pose mice to tumorigenesis (9). These findings reveal the im-
portance of proper cell cycle control in maintaining genomic
integrity and suggest that cell cycle control plays a redundant
role with other p53 functions in suppressing tumorigenesis.

Deletion of the p53 apoptotic targets, Noxa, Puma, and Bax,
in mice also has demonstrated their dispensable role in prevent-
ing early tumor onset (10–13). To better address the role of
p53-dependent cell cycle control and apoptosis in tumor sup-
pression, we exploited the properties of a rare apoptosis-
deficient human p53 Arg-to-Pro mutant, p53R175P, which re-
tains a cell cycle arrest function (14, 15). Trp53515C/515C mice
(encoding p53R172P, the corresponding murine mutant) are
deficient for apoptosis but retain a partial cell cycle arrest
function and have a prolonged survival compared with Trp53�/�

mice (16). Importantly, Trp53515C/515C lymphomas that develop
late have stable genomes unlike Trp53�/� malignancies, which
are characterized by CIN (16, 17). These data demonstrate that
p53-dependent apoptosis is not solely responsible for preventing
tumor onset and suggest that p53 cell cycle control may suppress
tumorigenesis by preservation of genomic integrity.

Given the dominant role of p21 in p53 cell cycle control, we
generated double mutant mice, Trp53515C/515Cp21�/�, to test
whether loss of proper cell cycle control via p21 resulted in CIN,
enhancing tumor onset in Trp53515C/515C mice. Here, we dem-

onstrate that p21 cell cycle control cooperates with the apoptotic
pathway for effective tumor suppression by p53. Our results
explain the failure of mouse models with deletion of individual
p53 target genes to recapitulate a Trp53-null tumor phenotype
(18). Thus, combination therapies targeting p53 cell cycle and
apoptotic pathways are crucial for tumor suppression.

Results
In response to DNA damage, p21 activation by p53 is essential
in mediating a cell cycle arrest (3–5). To assay p53R172P
induction of p21, Trp53515C/515C mouse embryo fibroblasts
(MEFs) were exposed to DNA damage, and p21 levels were
examined by immunoblot analysis. Like wild-type p53,
p53R172P was stabilized after �-radiation and induced the
expression of p21 (Fig. 1A). Under the same conditions, p21
protein was not detected in Trp53�/� or Trp53515C/515Cp21�/�

cells. We next addressed the importance of p21 in response
to p53R172P by examining the cell cycle progression of
Trp53515C/515Cp21�/� and Trp53515C/515C MEFs. Subconf luent
cultures of early passage MEFs were treated with �-radiation
then labeled with BrdU to determine the proportion of cells in
S phase. Trp53515C/515C and p21�/� MEFs retained a partial
p53-dependent cell cycle arrest, as evidenced by a reduction in
the ratio of cells in S phase after irradiation compared with
Trp53�/� cells (Fig. 1B). In contrast, the number of Trp53�/�

and Trp53515C/515Cp21�/� MEFs in S phase was similar after
treatment, indicating the absence of a cell cycle arrest in these
cells. These findings indicate that p21 entirely mediated the
cell cycle checkpoint control by p53R172P in response to
�-radiation.

To further explore the importance of p21 to cell cycle control
in response to p53R172P, we analyzed the growth rates and
saturation densities of early passage MEFs. At day 4 of culture,
Trp53515C/515Cp21�/� and Trp53�/� cells continued proliferating
and attained a higher saturation density than Trp53515C/515C,
wild-type, or Trp53515C/�p21�/� cells (Fig. 1C). Thus, p21 loss
delayed the ability of p53R172P to arrest cell proliferation upon
contact inhibition, resembling the Trp53-null phenotype. Taken
together these data demonstrate the importance of p21 in
mediating a p53-dependent cell cycle arrest.
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Murine thymocytes undergo p53-dependent apoptosis upon
exposure to �-radiation (19). By using this methodology, we
have previously shown that p53R172P is completely deficient
for apoptosis in vivo (16). In further characterization of
Trp53515C/515Cp21�/� mice, freshly isolated thymocytes were
treated with �-radiation and stained with Annexin-V, a marker
for apoptosis, to determine cell viability. Trp53515C/515C,
Trp53515C/515Cp21�/�, and Trp53�/� thymocytes remained
viable after treatment with 6 and 10 Gy of �-radiation (Fig.
1D). In contrast, wild-type and p21�/� cells displayed abundant
cell death, whereas Trp53515C/�p21�/� cells displayed an in-
termediate viability. Thus, in response to �-radiation,
Trp53515C/515Cp21�/� cells, like Trp53�/� cells, were completely
deficient for apoptosis and cell cycle arrest functions.

Trp53-deficient mouse fibroblasts bypass Ras-induced replicative
senescence and undergo transformation (20). To begin to address
the importance of p21 in tumor suppression in the absence of
p53-dependent apoptosis, we assayed the focus-forming potential
of early passage Trp53515C/515C, Trp53515C/515Cp21�/�, Trp53515C/

�p21�/�, and Trp53�/� MEFs infected with a retroviral vector
encoding an Ha-RasV12 cDNA. Trp53515C/515C MEFs exhibited a
transformation potential in response to activated Ras, forming
�20% the number of foci as Trp53�/� cells (Fig. 2). Loss of p21
enhanced transformation by oncogenic Ras as Trp53515C/515Cp21�/�

cells formed �40% the number of foci as Trp53�/� cells. In
contrast, few foci were formed by Trp53515C/�p21�/� cells. Thus, the
p53R172P mutant exhibited transformation potential in combina-
tion with oncogenic Ras that was enhanced by loss of p21. Yet, loss
of p21 alone in a wild-type p53 background did not affect trans-
formation.

Because p53R172P is completely deficient for inducing
apoptosis and loss of p21 completely abolished its cell cycle
arrest function, Trp53515C/515Cp21�/� mice were monitored for
survival and tumor incidence. Deletion of p21 significantly
accelerated tumor incidence in Trp53515C/515C mice (Fig. 3A).
The median survival of Trp53515C/515C mice was 395 days,
whereas that of Trp53515C/515Cp21�/� mice was 233 days (P �
0.0001). Trp53515C/515Cp21�/� mice began to develop tumors at
a rate similar to that of Trp53�/� mice, yet their overall survival
was significantly prolonged (P � 0.001). Although 50% of
Trp53515C/515Cp21�/� mice were tumor-bearing at 233 days, �80%
of Trp53�/� mice had succumbed to tumorigenesis at this time
point. The types of tumors arising in Trp53515C/515Cp21�/� mice
resembled those of Trp53515C/515C and Trp53�/� mice being mainly
composed of sarcomas and lymphomas (16, 21, 22). Consistent with
previous data, 45% of Trp53515C/515C mice developed sarcomas,
whereas 50% succumbed to lymphomas. In Trp53515C/515Cp21�/�

mice, the incidence of sarcomas rose to 59%, and lymphomas were
reduced to 31%. Trp53515C/515Cp21�/� animals developed different

Fig. 1. Trp53515C/515Cp21�/� cells are deficient for apoptosis and cell cycle arrest.
(A) Immunoblot analysis of p53 and p21 in MEFs of the indicated genotypes
before and after treatment with 6 Gy of �-radiation. Actin was used as a loading
control. (B) Cell cycle progression was assayed by determining the ratio of cells in
S phase from irradiated (6 Gy) to nonirradiated MEFs with different genotypes:
wild-type(Wt),Trp53�/�,Trp53515C/515C (C/C),Trp53515C/515Cp21�/� (C/Cp21�/�),and
p21�/�. (C) Equal numbers of MEFs of different genotypes at passage 2 were
plated in triplicate and counted at the indicated times. Similar results were
obtained from at least two independently derived MEF lines. (D) Apoptosis in
mouse thymocytes after treatment with �-radiation was measured by labeling
cells with Annexin-V. Depicted are average values determined from at least three
mice of each genotype with SE shown.

Fig. 2. Loss of p21 enhances transformation of Trp53515C/515C MEFs by
oncogenic Ras. (A) Transformation of Trp53515C/�p21�/� (C/�p21�/�),
Trp53515C/515Cp21�/� (C/Cp21�/�), Trp53515C/515C (C/C), and Trp53�/� MEFs in
cooperation with activated Ras was determined by a focus-forming assay.
Passage-2 cells were infected with an Ha-RasV12 or control retroviral vector
and plated with noninfected cells of the same genotype. Foci were counted
after 15 days of culture. (B) Quantification of the number of foci arising in
MEFs with different genotypes. Depicted are averages with SEs as deter-
mined from triplicate dishes from a representative experiment performed
three times.
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types of sarcomas, including angiosarcomas, spindle cell sarcomas,
and anaphasic and biphasic sarcomas. Lymphomas were classified
as diffuse and/or histiocytic. In addition, some Trp53515C/515Cp21�/�

mice developed carcinomas (6%), and one had a benign ade-
noma (3%).

The strain of p21�/� mice used in this study are not tumor-
prone likely because of an intact apoptotic response (5). Ac-
cordingly, Trp53515C/�p21�/� mice, like p21�/� animals retaining
a p53-dependent apoptotic response, had a prolonged survival
rate compared with Trp53515C/515Cp21�/� mice that were defi-
cient for apoptosis (Figs. 1D and 3B). These results indicate that
p53-dependent apoptosis was essential for tumor suppression in
the absence of p21 and revealed a cooperative relationship
between p21 expression and p53-dependent apoptosis in sup-
pression of tumorigenesis.

Because Trp53515C/515C MEFs and tumor cells contain diploid
genomes (16), we also addressed the role of p21 in maintaining
chromosomal stability. Metaphase spreads of early passage
Trp53515C/515C, Trp53515C/515Cp21�/�, and Trp53�/� MEFs were
surveyed for chromosomal aberrations in the absence of DNA
damage. As previously reported (16), Trp53515C/515C MEFs, like
wild-type cells, contained few chromosomal aberrations (2.6%
and 3.0%, respectively) (Fig. 4A). However, 13% of
Trp53515C/515Cp21�/� and 25% of Trp53�/� MEFs harbored
chromosomal abnormalities. Thus, p21 coupled cell cycle control
and maintenance of chromosomal stability.

To probe for CIN in tumors, cells from lymphomas and
sarcomas arising in Trp53515C/515C and Trp53515C/515Cp21�/� mice
were also analyzed for chromosomal aberrations. Metaphase
spreads of Trp53515C/515C sarcomas (three cases) and lymphomas
(four cases) revealed a diploid chromosome content and few
chromosomal aberrations as previously published for lympho-
mas (16) (Fig. 4 B and C). However, three of four sarcomas and
five of seven lymphomas from Trp53515C/515Cp21�/� mice had
aneuploid genomes with overt chromosomal aberrations such as
breaks, fusions, and marker chromosomes. These aberrations

were similar to those in Trp53-null tumors. These results dem-
onstrate that loss of p53-dependent apoptosis and p21 expression
led to improper cell cycle control, development of CIN, and
subsequent tumor development.

Fig. 3. Loss of p21 accelerates tumor onset in Trp53515C/515C mice. Shown are
tumor-free survival rates of Trp53515C/515C (C/C; n � 20), Trp53515C/515Cp21�/�

(C/Cp21�/�; n � 32) Trp53�/� (n � 23), wild-type (Wt, n � 14), p21�/� (n � 9),
and Trp53515C/�p21�/� (C/�p21�/�; n � 14) mice. Survival was calculated by
using the Kaplan–Meier method.

Fig. 4. Loss of p21 causes CIN in Trp53515C/515C MEFs and tumors. (A) Metaphase
spreads from wild-type (Wt), Trp53515C/515C (C/C), Trp53515C/515Cp21�/� (C/Cp21�/�),
and Trp53�/� MEFs at passage 2 were scored for chromosomal aberrations (n �
128metaphases scored).*,P�0.01;**,P�0.005 (Student’s t test). (B)Percentage
of sarcoma (S) or lymphoma (L) tumor cells with chromosomal aberrations arising
in p53 mutant mice. At least 30 cells per tumor sample were scored for chromo-
somal aberrations. P values were determined by Student’s t test. (C) Representa-
tive metaphase spreads of lymphoma cells derived from p53 mutant mice. FR,
fragment; BR, break; M, marker. n, total chromosome number.
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We have shown that p21 loss led to CIN and enhanced
Ras-induced transformation of Trp53515C/515C MEFs. To deter-
mine whether these effects were specific to p21 or could be
caused by disruption of other cell cycle regulators, we performed
siRNA experiments to down-modulate p16Ink4A, which encodes
another cyclin-dependent kinase inhibitor that regulates the
G1/S transition (23, 24). Low passage Trp53515C/515C MEFs were
transfected with control siRNA or siRNAs specific for p21 or
p16Ink4A, and expression was confirmed by immunoblot analysis
(Fig. 5A). To detect chromosomal alterations, cells were cultured
for two additional passages after transfection with siRNAs and
then prepared for chromosomal analysis. As with genetic abla-
tion of p21, down-modulation of p21 by siRNA increased the
incidence of chromosomal aberrations in Trp53515C/515C MEFs by
2- to 3-fold over cells transfected with control siRNA (Fig. 5B).
Transfection with p16Ink4A siRNA also enhanced the abundance
of cells with chromosomal aberrations approximately 2-fold over
control cells. These results demonstrate that loss of p16Ink4A, like
loss of p21, was sufficient to disrupt chromosomal stability in
Trp53515C/515C MEFs.

Because p16Ink4A is commonly inactivated in human tumors
(25), we sought to determine whether p16Ink4A deficiency, like
p21 loss, would bestow oncogenic potential to Trp53515C/515C

MEFs. To this end, we performed focus-forming assays with

Ha-RasV12-infected Trp53515C/515C MEFs transfected with p21,
p16Ink4A, or control siRNAs. As in previous experiments, p21 loss
caused a 2-fold increase in the number of Trp53515C/515C foci
formed compared with control cells (Fig. 5C). Similarly, cells
transfected with p16Ink4A siRNA also formed twice as many foci
as did cells transfected with control siRNA. Thus, disruption
of two critical cell cycle regulators permitted the development of
CIN and increased transformation potential in the absence of
p53-dependent apoptosis.

Although loss of p21 accelerated tumor onset in Trp53515C/515C

mice, the survival of Trp53515C/515Cp21�/� and Trp53-null mice
was significantly different (P � 0.001) (Fig. 3). We therefore
surveyed gene expression by microarray analysis in an attempt to
identify additional p53R172P-dependent genes that may have
conferred a survival advantage to Trp53515C/515Cp21�/� mice.
Wild-type, Trp53515C/515C, and Trp53-null MEFs were treated
with �-radiation and harvested 6 h after treatment. Gene
expression profiles from irradiated wild-type and Trp53515C/515C

MEFs were compared with profiles of irradiated Trp53-null
MEFs. Twenty-nine and 18 genes were differentially expressed
in wild-type and Trp53515C/515C MEFs, respectively, compared
with Trp53-null MEFs according to the criteria detailed in
Materials and Methods. Genes with a fold change �2 and
previously characterized as p53 targets (26–30) or determined to
have consensus p53 binding sites (31) are listed in Table 1. Three
genes, p21, Ak1, and Wig1, were induced in both wild-type and
Trp53515C/515C cells compared with Trp53-null cells. We con-
firmed p53R172P up-regulation of these genes by real-time
RT-PCR analysis. Activation was determined by normalizing
gene expression in irradiated wild-type, Trp53515C/515C, and
Trp53515C/515Cp21�/� MEFs relative to irradiated Trp53-null
MEFs. In response to �-radiation, wild-type p53 caused an
approximate 4-fold induction of Ak1 and Wig1 and a robust
80-fold induction of p21 over control cells (Fig. 6A). In
Trp53515C/515C MEFs, p53R172P caused a 4-fold activation of
Ak1 and Wig1 and a 10-fold activation of p21 (Fig. 6B).
Trp53515C/515Cp21�/� MEFs exhibited a 4-fold induction of Ak1
and Wig1, but no change was detected in p21 expression (Fig.
6C). Activation of Ak1 and Wig1 by p53 can inhibit cellular
proliferation (29, 32, 33). Our data suggest that these factors may
also play important roles in p53 tumor suppression.

Discussion
By exploiting the properties of a p53 point mutant, p53R172P,
we have illustrated the importance of separate p53 activities in
delaying tumor onset. Our analyses show that cooperation
between p21 and apoptosis was essential for tumor suppression
by p53. Mechanistically, p21 was required for cell cycle arrest and
preservation of chromosomal stability. Trp53515C/515Cp21�/�

MEFs, like Trp53�/� cells, had a defective G1 checkpoint and
developed chromosomal aberrations. Loss of p21 also enhanced
transformation of Trp53515C/515C MEFs in response to oncogenic
Ras, whereas Trp53515C/�p21�/� cells, retaining a single wild-
type p53 allele, resisted Ras-induced transformation. These data
demonstrate that a defective p53 cell cycle arrest due to the
absence of p21 imparted a proliferative advantage to cells,
contributing to CIN. However, CIN was resolved in cells with an
intact p53-depedendent apoptotic response. Additionally, a
functional p53-dependent apoptosis pathway in p21�/� mice
was associated with their tumor-free survival, whereas
Trp53515C/515Cp21�/� and Trp53�/� mice succumbed to early
onset tumorigenesis and tumors arising in these mice were
characterized by CIN. Thus, p53-dependent apoptosis played an
obligate role in preventing expansion of aneuploid cell popula-
tions and tumor development.

That Trp53515C/515C MEFs formed fewer foci than Trp53�/�

cells in response to oncogenic Ras raised the possibility that
p53R172P can induce replicative senescence. These data would

Fig. 5. p16Ink4A deficiency enhanced CIN and transformation of Trp53515C/515C

cells. (A) Trp53515C/515C MEFs at passage 2 were transfected with the indicated
siRNAs, and decreased protein levels were confirmed by immunoblot analysis. (B)
Metaphase spreads of Trp53515C/515C MEFs transfected with the indicated siRNAs
were scored for chromosomal aberrations. Depicted are the results obtained
from two independent experiments in which duplicate dishes of MEFs were
transfected with siRNAs then pooled for chromosomal analysis 6 days later. (C)
Trp53515C/515C MEFs were infected with Ha-RasV12, transfected with the indicated
siRNAs, and then plated 48 h later. Foci were counted at day 15. Con, control.
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implicate replicative senescence in tumor suppression by
p53R172P.

Various studies have implicated p53 in the protection against
tumor development in the context of CIN (3, 9, 34, 35). Deletion
of checkpoint or DNA repair genes leads to CIN but not
tumorigenesis unless p53 also is removed. Our analyses of a
different cyclin-dependent kinase inhibitor suggest that loss of
p53-dependent apoptosis also would enhance the tumor predis-
position of p16Ink4A-null mice. This result would implicate sep-
arate p53 functions in distinct tumor suppressor pathways.

By use of an apoptosis-deficient mouse model, our findings
establish that tumor development resulting from CIN relies,
specifically, upon abrogation of the p53 apoptotic pathway. In
summary, we have shown that p53 cell cycle control through p21
is critical for suppressing tumorigenesis by preservation of
chromosomal stability. Although p53 may serve as a gatekeeper

through its apoptotic function (36), its activation of p21 fulfills
its role as guardian of the genome (37).

Materials and Methods
Mice and Tumor Analysis. Generation of Trp53515C/515C mice was
previously described (16). p21�/� mice were obtained from T.
Jacks (Massachusetts Institute of Technology, Cambridge, MA)
and were crossed with C57BL/6 mice for more than five gener-
ations until the background was at �90% C57BL/6. The back-
ground of wild-type and Trp53�/� mice was �90% C57BL/6. To
detect chromosomal aberrations, lymphoma cells were isolated
from affected spleens or lymph nodes by homogenization.
Sarcoma cells were prepared by homogenizing tissues with
trypsin for 5 min at 37°C then incubating them with 4 mg/ml
collagenase D and dispase (Sigma, St. Louis, MO) for 2 h and
plated in complete media. Metaphase spreads were prepared
and evaluated as described (38).

Cell Culture and Apoptosis Assay. MEFs were generated from 13.5
day-old embryos. For cell cycle analysis, MEFs were treated as
previously described (16). Focus-forming assays were performed
as described (39) with minor modifications. After selection of
MEFs with puromycin, 2,000 puromycin-resistance cells were
mixed with 300,000 noninfected cells of the same genotype and
plated in 100-mm dishes. Fifteen days after plating, cells were
fixed and stained with crystal violet in methanol, and foci were
counted. For growth curve analysis, 19,000 cells were plated in
triplicate in 35-mm dishes and counted at the indicated time
points. The medium was changed every 3 days. Cells were
transfected with siRNAs for p21 (40), p16Ink4a (40) or with
control siRNA (Dharmacon, Lafayette, CO) by using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s recommendations. For apoptosis assays, freshly
isolated thymocytes were prepared and evaluated as previously
described (16).

Immunoblot Analysis. Cell pellets were resuspended in lysis buffer
(41). Forty micrograms of protein were resolved on 10% poly-
acrylamide gels and transferred to nitrocellulose. Membranes
were incubated with anti-p53 (CM5; Novocastra Laboratories,
Newcastle upon Tyne, U.K.), monoclonal anti-p21 (BD Pharm-
ingen, San Diego, CA), anti-p16 (M-156; Santa Cruz Biotech-
nologies, Santa Cruz, CA), or anti-�-actin antibodies (Sigma).

Real-Time RT-PCR. MEFs were exposed to 6 Gy of �-radiation with
a 137Cs source then cultured for 6 h and prepared as described
(42). The primer sequences for p21 and Gapdh were previously
described (42). The following primer sets were also used: Ak1,
GGAGACCATCAAGAAGCGGC and TTCGGCATTGAC-
CTTGCG; and Wig1, CTACTGTAAGCTGTGCGATGCC and
AGTGACTCTGAGCTTCGGCC. Expression of mRNA was
normalized to expression of Gapdh in each reaction.

Microarray Analysis. MEFs were treated with 6 Gy of �-radiation
and harvested 6 h later. Total RNA was isolated by using an

Table 1. p53 target genes regulated by p53R172P

Probe set Description FC/SE

Wild-type/Trp53�/�

96801�at Adenylate kinase 1 (Ak1) 5.5/1.6
160127�at Cyclin G 8.8/1.7
98067�at Cyclin-dependent kinase

inhibitor 1A (p21)
5.0/2.2

101587�at Epoxide hydrolase 1,
microsomal

13.1/0

99629�at Etoposide-induced 2.4
mRNA

3.1/1.1

100064�at Gap junction membrane
channel protein � 1

2.5/0.1

98501�at IL-1 receptor-like 1 2.6/0
99622�at Kruppel-like factor 4

(gut)
2.2/0.4

99638�at Procollagen, type XV 3.9/1.0
98110�at Transformed mouse 3T3

cell double minute 2
3.5/0

92262�at Wild-type p53-induced
gene 1 (Wig1)

4.3/0.9

Trp53C/C/Trp53�/�

96801�at Adenylate kinase 1 (Ak1) 3.3/1.1
93536�at Bcl-2 associated X

protein
2.4/0.3

95423�at Calcium-binding protein
P22

2.2/0.3

98067�at Cyclin-dependent kinase
inhibitor 1A (p21)

4.8/2.1

94881�at Cyclin-dependent kinase
inhibitor 1A (p21)

9.4/3.6

92262�at Wild-type p53-induced
gene 1 (Wig1)

3.7/1.3

FC/SE, fold change/standard error.

Fig. 6. Real-time RT-PCR analysis for transcriptional activation by p53R172P. Gene expression was first normalized to Gapdh. Fold induction was calculated as
gene expression differences in irradiated (6 Gy) wild-type (A), Trp53515C/515C (B), and Trp53515C/515Cp21�/� (C) MEFs over that in irradiated Trp53-null cells. Data are
depicted as the fold induction with SE from triplicate samples.
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RNeasy kit (Qiagen, Valencia, CA). Ten micrograms of total
RNA was used for cRNA probe preparation and hybridization
onto oligonucleotide U74Av2 GeneChip arrays according to
manufacturer’s recommendations (Affymetrix, Santa Clara,
CA). Hybridized arrays were scanned with a GeneArray Scanner
(Hewlett–Packard, Palo Alto, CA). The image and intensity data
were collected with Affymetrix Microarray Suite 5.0 and further
analyzed by DNA-Chip Analyzer software (dChip) (43). Briefly,
the scanned images were quantified with Microarray Suite 5.0
and then linearly scaled to an average expression level of 2,500
units to generate a signal intensity for each probe set. The signal
intensities from the 11 or 16 probe pairs for each gene were used
to determine gene expression values and differentially expressed
genes with dChip. The data were first normalized against a
default baseline array and expression values were calculated by
using the perfect-match– mismatch model. Gene expression was
considered significantly altered if all of the following conditions
were met: (i) expression value must be called present in at least
one of the paired samples for comparison; (ii) the difference of
expression values between the paired samples was �100 to avoid
the effects of unreliable low intensity; (iii) the ratio of expression
values between the paired samples exceeds a threshold more
than or equal to 1.5 or less than or equal to �1.5, with a lower

confidence bound of the 90% confidence interval [lower bound
of fold change (LBFC)]; (iv) the paired samples were signifi-
cantly different, with P values �0.05 as determined by t test. The
irradiation and microarray hybridization were repeated in two
independent experiments, and the two independent data sets
were analyzed by two strict strategies. First, the two data sets
were combined to identify differentially expressed genes by using
the above comparison criteria. Second, the two data sets were
separately analyzed by using the same comparison criteria, and
the differentially expressed genes in common between the two
independent analyses were identified. The first strategy gener-
ated a single LBFC for each gene. The second strategy generated
two LBFCs for each overlapping gene. The two LBFCs gener-
ated by the second strategy were averaged and a SE was
obtained.
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