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Abstract. It has been reported that XAF1 expression in gastric
cancer is negatively correlated with p53. Our purpose was to
clarify the regulatory mechanism of p53 on XAF1 expression.
The effects of overexpressed wild-type and mutant p53 on
XAF1 expression were evaluated. Binding capacity of core
XAF1 promoter sequence to the recombinant p53 protein was
examined. Site-directed mutation of putative p53 binding
sequence and p53 knockdown by siRNA were performed. The
protein expression and promoter activities of XAF1 in cells
with null p53 were higher than that with wild-type and
mutant p53. Ectopic overexpression of wild-type p53
suppressed XAF1 expression. A half-site (-95 to -86 nt) and a
quarter-site (-4 to +1 nt) of p53 responsive element were
found within XAF1 promoter. Both sequences bound to
recombinant p53 effectively and specifically. Site-mutation
of p53 responsive sequences abrogated the binding capacity.
However, only the mutation of half-site increased XAF1
promoter activities. Suppression of p53 not only decreased
the binding capacity of p53 responsive halfsite but also
increased XAF1 transcription. In conclusion, we demonstrated
that p53 could suppress the transcription of XAF1 through
interaction with a high affinity responsive element (-95 to -86
nt) within XAF1 promoter, indicating a novel exclusive
mechanism between these two tumor suppressors.

Introduction

p53 is a tumor suppressor that is involved in the regulation of
various cellular events, such as DNA damage and repair,
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hypoxia stress, cell division and cell cycle progression (1,2).
As a transcription factor, at least 129 target genes have been
identified to be either activated or repressed by p53 (3). The
functions of these genes covered almost all regulatory
pathways related to cell growth control. Loss of the proper
p53 expression by either gene mutation or deletion has been
considered one of the major tumorigenetic mechanisms for
most of cancers including gastrointestinal (GI) cancers (4).

p53 modulates the transcription of its target genes mainly
through the direct binding to the sequence specific responsive
element within their promoters. Unlike most other tran-
scription factors whose binding sequence is relatively unique,
the binding element of p53 is degenerate with some
uncertainty (3,5,6). The consensus sequence is composed of
5-RRRCWWGYYY-3', where R is a purine, Y is a pyrimidine,
W is either A or T (adenine or thymine), G is guanine and C
is cytosine. The p53-binding site in the genome of many
organisms is composed of a half-sitt RRRCWWGYYY
followed by a spacer, usually composed of 0-21 base pairs,
which is then followed by a second half-sitt RRRCWWGYYY
sequence (3,6). In addition, one half-site can be further
divided into two quarter-sites RRRCW and WGYYY. The
assembly mode of this couple of quarter-sites in different
orientation can all bind to p53 with the same affinity (3,6).
Traditionally, it is believed that all four quarter-sites are
required for the direct binding of p53 to DNA as active p53
exists in a form of tetramer and each p53 subunit binds to one
quarter-site in its consensus sequence (7,8). However, two
recent studies demonstrated that p53 tetramer could use only
two monomers to recognize DNA sequence and induce DNA
bending (9,10). Moreover, p53 can also regulate its target
gene indirectly by acting as a transactivator to other DNA-
binding protein such as TATA-binding protein (TBP) (11).
pS53 can even activate the transcription of the c-erbA-a gene
through a DNA element that contains only one p53 quarter-
site in the presence of GC3 element (12).

XAF1 (XIAP-associated factor 1) was first defined as a
XIAP interacting protein that antagonized the effect of XIAP
in inhibiting caspases activation (13). Thus, XAFI was
implicated as a tumor suppressor. Fluorescence in situ
hybridization analysis localized the XAF1 gene locus at
17p13.2, telomeric to the p53 gene (14). The XAF1 locus
was further refined to YAC 746C10, approximately 3 cM
distal to Tp53 (14). The expression of XAF1 in GI cancers is



1032

lower than that of normal tissues due to promoter
methylation in cancer cells (15,16). Interestingly, Byun et al
reported that XAF1 gene silencing in gastric cancer cells is
negatively correlated with the mutation or deletion of p53
with the regulatory mechanisms unknown (15).

In this study, we first confirmed the negative correlation
between XAF1 expression and p53 and then identified a half-
site p5S3 binding sequence with high affinity with the
recombinant p53 protein. Both the site-mutation of this
binding sequence and suppression of the p53 expression by
siRNA could upregulate XAF1 transcription. Our result
defined XAF]1 as a novel p53 target gene.

Materials and methods

Cell lines and reagent. Human gastric and colon cancer cell
lines AGS, Kato-III, HCT116, LoVo, SW480, SW1116, and
HCT15 were all obtained from ATCC (Rockville, MD, USA)
and cultured as described previously (16,17). Pifithrin-a
(PFT) was purchased from Sigma (St. Louis, MO, USA).
Recombinant p53 protein, p53 gel shift oligonucleotides
(double strand p53 consensus oligonucleotides), goat anti-
human XAF1 (C-16), actin (I-19), mouse anti-human p53
(Pab1801), HRP-conjugated anti-goat IgG and anti-mouse
IgG were all purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Constructs and transient transfection. Luciferase reporter
construct of XAF1 promoter pLuc-107 that contained the
107 bp XAF1 promoter segment upstream of the ATG
translation starting codon has been described before (16,17).
pCMV-p53 and pCMV-p53mt135 expressing wild-type and
dominant-negative p53 proteins, respectively, were purchased
from clontech (Mountain View, CA, USA). Empty vector
pCMV-tagl was the product of Stratagene (La Jolla, CA,
USA). Transient transfection was carried out using
Lipofectamine 2000 reagent according to the protocol of the
manufacturer. For sequential transfection of p53 expressing
vectors with luciferase reporter construct, the cells were
transiently transfected with empty vector or p53 vectors
followed by selection with medium containing 1000 pg/ml
of G418 for 1 week to enrich the transfected cell clones
followed by transfection with the luciferase reporter vector.

siRNA transfection. The siRNA duplexes consisted of 21 base
pairs with a 2-base deoxynucleotide overhang (Proligo,
Singapore). The sequences of the p53 and control siRNA
(GL2, against the renilla luciferase gene) have been reported
before and were as follows (sense strand): pS3 siRNA: 5'-C
UACUUCCUGAAAACAACGTT-3", GL2 siRNA, 5'-CGU
ACGCGGAAUACUUCGA-3' (18,19). The cells were trans-
fected with siRNA duplexes using Oligofectamine (Invitrogen)
as per the manufacturer's instructions.

Luciferase reporter assay. Standard dual luciferase assay was
performed as we have reported (16). pRL-CMV (Promega,
Madison, WI, USA) was used as the internal control. The
firefly and renilla luciferase activities were measured using
the Dual-Luciferase reporter system (Promega) with a model
TD-20/20 Luminometer (EG&G Berthold, Australia). Firefly
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luciferase activity value was normalized to renilla activity
value. Promoter transcription activity is presented as the fold
induction of relative luciferase unit (RLU) comparing to
basic pGL3 vector control. RLU= values of firefly luciferase
unit/values of renilla luciferase unit.

Immunoblotting. The whole cell lysates were prepared with
RIPA lysis buffer (Sigma) supplemented with 0.2 mM
phenylmethylsulfonyl fluoride and 1X protease inhibitor
cocktail (Sigma). The protein concentration was determined
by bicinchoninic acid assay (BCA protein assay kit, Pierce,
Rockford, IL, USA). Immunoblotting was performed as
described previously with the antigen-antibody complexes
were visualized by the enhanced chemiluminescence (ECL)
system (Amersham Biosciences, Little Chalfont Bucking-
hamshire, UK) (17,19).

Preparation of nuclear extract and electrophoretic mobility
shift assay (EMSA). The nuclear proteins of cells with different
treatments were extracted as reported previously by us (17).
Double strand p53 consensus oligonucleotide and XAF1
promoter-specific DNA probes were synthesized. After
annealing, DNA probes were labeled with SmCi of y-32P-
ATP (PerkinElmer Life and Analytical Sciences) using T4
polynucleotide kinase (Promega). For EMSA, total reaction
mixtures containing 10 mM Tris/HCI (pH 7.5), 1 mM MgCl,,
0.5 mM DTT, 0.5 mM EDTA, 50 mM NaCl, 4% glycerol
and 50 ug of poly(dI-dC)-poly(dI-C)/ml, were incubated with
3 ug of nuclear extracts and various unlabelled competing
oligonucleotides for 10 min at room temperature, followed
by addition of 1 ul [(0.5-2)x10° c.p.m.] of the various **P-end-
labelled oligonucleotides. Samples were separated by electro-
phoresis on an 8% non-denaturing polyacrylamide gel, with
detection of radioactive bands by autoradiography for 16-24 h
at -80°C.

Site-directed mutagenesis. The QuikChange Site-Directed
Mutagenesis kit (Stratagene) was used to generate constructs
with mutation of the putative p53-binding elements. The
DNA sequences of mutant plasmids were confirmed by gene
sequencing. Wild-type and mutant sequence of P1 and P5
with the mutant basepairs underlined were as follows: (P1,
wild-type) 5'-AGATCTCCTCCCTCCCTGAAGCTGTGGG
CTGGGCCA-3'"; (P1, mutant) 5'-AGATCTCCTCCCTCCC
GGAATGCGTGGGCTGGGCCA-3". (P5, wild-type) 5'-CCG
AAAGCCTGCAGAGAGCAGAACATGGAAGGAGA-3";
(P5, mutant) 5'-CCGAAAGCCTGCAGAGAGCAGACGCT
GGAAGGAGA-3'. The wild-type and mutant pLuc-107
constructs were renamed as pLuc-107-WT, pLuc-107-P1/MT
and pLuc-107-P5/MT, respectively.

Statistical analyses. Data are expressed as means + SD.
Differences in numeric data between groups were analyzed
by independent-samples t-test using SPSS 11.0 software. A
p<0.05 was considered statistically significant.

Results

Negative correlation between XAFI expression and the p53
status of GI cell lines. Byun et al (15) reported that loss or
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Figure 1. XAF1 expression was negatively correlated with p53 status in GI
cancer cell lines. (A) XAF1 expression in GI cancer cell lines with different
p53 status was detected by Western blot with actin as the internal control.
These figures were the representatives of three experiments with similar
results. (B) Transcription activities of the XAF1 promoter construct pLuc-
107 in different GI cell lines were evaluated by dual luciferase assay. The
result was expressed as the fold induction of relative luciferase unit (RLU).
“"p<0.05. This experiment was repeated for 4 times with similar results.

abnormal reduction of XAF1 expression in GI cancer tissues
was inversely correlated with p53 mutations. To confirm
their finding, we detected XAF1 expression in 7 GI cancer
cell lines with different p53 status (20-24). We found that the
highest expression of XAF1 in Kato-III cells, a p53 null
gastric cancer cell line (22). On the contrary, the expressions
of XAFI1 in three cell lines with wild-type p53 including
AGS, HCT116 and LoVo were low or absent (21,23,24).
XAF1 expression in p5S3 mutated cell lines were also low
(Fig. 1A).

In addition, we tested the transcription activities of pLuc-
107 in 4 GI cell lines. We found the fold induction of pLuc-
107 in Kato-III, AGS, SW1116 and LoVo cells were 113.68+
15.93, 16.98+5.46, 42.9+2.27 and 13.18+1.85, respectively
(Fig. 1B). Similarly, the activity of XAF1 promoter was high
in p53-null cells and low in cells with wild-type p53.

Alteration of p53 expression regulates negatively the XAFI
expression. To directly evaluate the role of p53 in XAF1
expression, we first ectopically overexpressed wild-type and
mutant p53 in Kato-III cells by transiently transfecting the
expressing vectors. As shown in Fig. 2A, we found that
ectopic overexpression of wild-type but not mutant p53
suppressed XAF1 expression. We then assessed XAF1
promoter activity by sequential transfection with p53 vectors
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Figure 2. XAF1 expression was negatively modulated by p53. (A) Kato-III
cells were transiently transfected with pcMV-tagl (vector), pCMV-p53
(p53-WT) or pCMV-p53mt135 (p53-MT) for 48 h. XAF1 and p53 expression
were detected by Western blot with actin as the internal control. (B) The
transcription activities of pLuc-107 in AGS and LoVo cells transfected with
vector, wildtype and mutated p53 constructs were assessed by dual luciferase
assay. 'p<0.05 and “p>0.05 comparing with the vector controls. (C) The
transcription acitvities of pLuc-107 in AGS cells in presence of either vehicle
control or pifithrin « as assessed by dual luciferase assay. “p<0.05.

followed by pLuc-107. The transcription activity of pLuc-
107 in AGS cells transfected with pCMV vector, wild-type
p53 and mutant pS3 vectors were 20.1+1.56, 8.39+1.58 and
26.56+9.68, respectively while that in LoVo cells were
16.88+1.97, 8.08+0.88 and 23.1+1.15, respectively (Fig. 2B).
We showed that wild-type p53 significantly suppressed
XAF1 promoter activity when comparing with vector control
(p<0.05). Transfection with mutant p53 increased XAF1
expression in both cell lines, however, significant difference
was only found in LoVo (p<0.05) but not in AGS (p>0.05)
cells.

We suppressed p53 function using a well-defined p53
inhibitor, PFT (25). Fig. 2C shows that the transcription
activities of pLuc-107 were 12.08+2.24 and 20.49+2.01,
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(half-site):
A PuPuPuC(A/T)(T/A)GpyPyPy
Head Tail
B Pl -107 ATCTCCTCCCTCCCTGAAGCTGT GG -83
q q2
P2 -82 GCTGGGCCATCGGAAAACT -64
P3 -63 TTCAGTTTTGTTTCCTTGCCTGC -41
P4 -40 AAGAAACGAAACTCAACCGAA -20
PS5  -19 AGCCTGCAGAGAGCAGAACATG +3
q3
C Consensus p53 oligonucleotides (Sense strand)

SETACAGAACATGTCTAAGCATGCTGGGGACT -3
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Figure 3. Identification of p53 binding sequence within XAF1 promoter. (A)
Composition of the consensus p53 binding sequence (half-site). (B)
Sequence of the five probes for EMSA and their location within XAF1
promoter. The p53 binding quarter-sites (q1, q2 and q3) were underlined.
Five to 8 base pairs were overlapped between the two neighboring probes.
(C) Sequence of the pS3 consensus oligonucleotides. (D) Double strand
probes were labeled with 3?P and bound to the recombinant p53 protein with
or without pre-incubation with 100-fold excess of unlabelled (cold) p53
consensus oligonucleotide. The binding bands were displayed by EMSA.
(E) Binding activities of P1 and PS5 to recombinant p53 protein as detected
by EMSA.

respectively in the absence or presence of PFT (p<0.05).
Suppression of p53 by chemical inhibitor also stimulated
XAFI transcription.

Identification of the putative p53 binding element within
XAF1 promoter. The consensus p53 binding element is
composed of two copies of the 10 bp (half-site) motif listed
in Fig. 3A (3,6). This half-site can be further divided into two
quarter-sites (head and tail quarter-site). pLuc-107 contains
107 bp sequences (including transcription starting site)
upstream of the ATG translation starting site. Through
searching the putative p53 responsive element (pS3RE) using
TF search (www.cbrc.jp/research/db/TFSEARCH.html), we
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Figure 4. Identification of p53 responsive elements. (A) Sequence of
wildtype and site-mutant P1 and P5 probes. (B) Binding activities of the
wildtype and mutant (MT) P1 and P5 to the recombinant p53 protein as
determined by EMSA. (C) Transcription activities of wildtype (WT), P1
(P1/MT) and P5 (P5/MT) mutant pLuc-107 constructs in LoVo and AGS cells
as determined by dual luciferase assay. “p<0.05; *p>0.05 comparing with the
wildtype vector.

only found some potential binding elements with their
identity to the consensus sequences less than 50%. However,
we were able to find three quarter-sites of p53 responsive
elements, they located at -95 to -90 nt (q1), -86 to -90 nt (q2)
and -4 to +1 nt (q3), respectively (Fig. 3B). Q1 and q2 were
located continuously without any insertion with their
configuration being at tail-tail orientation. Thus we considered
it as a half-site pS3RE (-95 to -86 nt). We then synthesized 5
double strand DNA probes that covered the entire 107 bp
segment with 5-8 base pairs of overlapped sequences between
the two neighboring probes. The core probe sequences are
shown in Fig. 3B. P1 contained p53RE while P5 contained
q3. EMSA assay showed that specific binding bands occurred
between the recombinant p53 protein with P1 and P5 (Fig. 3D).
Moreover, the binding between P1/P5 and p53 protein could be
completely blocked by pre-incubation with excessive non-
labeled double strand p53 consensus oligonucleotides (Fig. 3E).
These finding suggested the existence of p53 binding elements
within XAF1 promoter.
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Figure 5. p53 knockdown inhibited the binding activity of its responsive
element and increased XAF1 transcription. (A) Three micrograms of the
nuclear proteins of AGS and Kato-III cells were incubated with 32P labeled
P1 probe in the presence or absence of excessive cold p53 consensus oligo-
nucleotide. Binding activity was detected by EMSA assay. (B) AGS and
LoVo cells were transfected with control or p53 siRNA for 48 h, the
expressions of p53 and XAF1 were detected by Western blot with actin as
the internal control. (C) AGS cells were transfected with control or p53
siRNAs for 48 h. The nuclear proteins were extracted to detect their binding
to labeled P1 probe by EMSA assay. (D) AGS cells were co-transfected
with siRNA and pLuc-107 constructs. The transcription activities were
assessed by dual luciferase assay. “p<0.05, comparing with the control
siRNA.

ldentification of the functional p53 responsive element. To
define the specific sequence that mediated p53-induced XAF1
suppression, we first synthesized mutant P1 and P5 probes
with pS3RE and g3 being mutated, respectively. The wild-type
and mutant (MT) sequences are listed in Fig. 4A. Similarly,
we generated two mutant reporter constructs of pLuc-107
with the same sequences being mutated by site-directed
mutagenesis. We first tested the binding activities of mutant
probes by EMSA assay. We showed that the mutation of both
elements completely abrogated their binding activities to p53
protein (Fig. 4B), indicating the mutant sites were indispen-
sable for binding between p53 and XAF1 promoter.

We then assessed the effect of site mutation on XAF1
promoter activity. As shown in Fig. 4C, P1 mutation increased
the transcriptional activities of pLuc-107 in both AGS and
LoVo cell lines. The fold induction of RLU were 13.18+1.85,
21.4340.94 and 14.25+1.49, respectively for pLuc-107-WT,
pLuc-107-P1/MT and pLuc-107-P5/MT, respectively in
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LoVo cells. Significant difference was found between pLuc-
107-WT and pLuc-107-P1/MT (p<0.05), but no difference
was found between pLuc-107-WT and pLuc-107-P5-MT
(p>0.05). Similar result was obtained from AGS cells (Fig. 4C).
These results indicated the sequence between -95 to -86 nt
was a functional pS3RE that mediated p53-induced XAF1
suppression.

p53 knockdown inhibits the binding activity of its responsive
element and increases XAF1 transcription. Subsequently, we
examined the effect of p53 knockdown on XAF1 expression.
We first compared the binding activity of P1 with the nuclear
extract of cells with different p53 status. As shown in Fig. 5A,
the nuclear extract of AGS (p53 wild-type) (21) but not Kato-
I (p53 null) (22) could bind to P1 specifically. Secondly, we
suppressed p53 expression by siRNA. We found that p53
knockdown increased XAF1 expression in both AGS and
LoVo cells (Fig. 5B). p53 siRNA decreased the binding
between P1 and the nuclear extract of AGS as demonstrated
by EMSA (Fig. 5C). Finally, we showed that co-transfection
of p53 siRNA increased the transcription of XAF1 promoter
pLuc-107 in AGS cells (Fig. 5D). The RLU fold induction of
control and p53 siRNA was 11.8+2.39 and 17.47+1.06,
respectively. Significant difference was found between the
two siRNAs.

Discussion

In this study, we defined an exclusive mechanism between
two tumor suppressors, p53 and XAF1 gene. A p53 responsive
element (-86 to -95 nt) was identified within the core promoter
of XAF1 gene. p53 protein bound to this element with high
affinity. Abrogation of this element by site-mutation or p53
knockdown inhibited the binding and abolished the inhibiting
effect of p53 on XAF1 transcription.

The negative correlation between XAF1 and p53 was first
reported by Byun ef al (15). During the investigation of
methylation-induced gene silencing of XAF1 in gastric
cancer tissues, they found loss or down-regulation of XAF1
expression presented in 4 of 5 (80%) cell lines with wild-type
p53, but only in 2 of 10 (20%) cell lines harboring homo-
zygous deletions or mutations of p53. In addition, 7 of 9
(78%) primary tumors with reduced XAF1 expression carried
wild-type p53 and 13 of 15 (87%) primary tumors with mutant
p53 showed normal expression of XAFI. In this study, we
used different cell lines. Our results were generally consistent
with their finding that wild-type p53 suppressed XAF1
expression. Mutant p53 did not suppress XAF1 expression
and even had some stimulating effect on XAF1 promoter
activity in LoVo cells (Fig. 2B). This effect might be
caused by abrogation of the interaction between the
endogenous wild-type p53 protein and its binding element
by ectopically overexpressed mutant pS3 protein in LoVo
cells.

p53 protein exists in cells with damaged DNA (transformed
cell) as a tetramer (5-7). Each subunit of such a tetramer binds
to one quarter-site of pS3RE. Thus, it was conventionally
believed that four quarter-sites of pS3RE were all required
for p53 binding (6-9). Most of p5S3REs identified so far are
composed of two half-sites (3). This might be the reason that
we could not find a typical pS3RE through TFsearch.
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However, we found only one half-site of pS3RE within
XAF1 promoter (-95 to -86 nt). EMSA assay confirmed its
high affinity to both recombinant p53 protein and nuclear
extract of cells with wild-type p53, while site mutation
confirmed the specificity of its binding activity and function.
Some other p53 target genes such as PTK2 (FAK) had also
only one functional half-site of pS3RE (AAGCAAGC).
Interestingly, p53 also functioned as a repressor for FAK
transcription (26). Our finding was further supported by two
recent structural studies in which it was reported that the
traditionally believed mode with four p53 monomers binding
at all four DNA quarter-sites did not cause linear DNA to
bend. Alternatively, p53 tetramer could use only two
monomers to recognize DNA sequence and induce DNA
bending (9,10). Consistent with these reports, we found that
one quarter-site (P5) of pS3RE could bind to recombinant p53
but had no function, while the binding to two quarter-sites
(P1) was effective in exerting biological function as
determined by mutation experiments (Fig. 4C).

Not surprisingly, the pS3RE we identified is not 100%
identical to that of the consensus sequence. The last base (G)
of p53RE within XAF1 prompter (CCTGAAGCTG) was
mismatched. The identities between the pS3RE of the 129
p53 target genes and the consensus sequence were from 42.33
to 93.98% (3). Although p53 predominantly functions as a
tumor suppressor, its target genes can be either the tumor
suppressor or oncogenes. In addition to suppressing the
oncogenic genes such as survivin and to activate pro-apoptotic
genes such as puma and bax, p53 can also activate onco-
genic genes EGF-R and H-RAS. Our finding suggested that
p53 could even suppress a tumor suppressor gene.

We had previously reported that XAF1 was a stress-
exclusive protein which was negatively modulated by heat
shock factor 1 (HSF1) (27). Interestingly, HSF1 was closely
correlated with p53 in exerting their functions. Both proteins
are stress-activated proteins and play synergized effect in
carcinogenesis (28). p53 inhibitor PFT also suppressed the
functions of HSF1 (29). Moreover, HSF1 was required for
the nuclear translocation and the subsequent transaction
function of p53 (30). Therefore, our current finding that p53
suppressed XAF1 transcription supported the existence of a
self-protective mechanism for cells with damaged DNA or in
response to stress stimulation. Lack of XAF1 expression in
cells with wild-type p53 can prevent cells from undergoing
redundant apoptosis, while p53 deficient cells expressing
high level of XAF1 can sensitize the cells to apoptosis. This
may serve as the second line of eradication mechanism of
transformed cells. Nevertheless, the functional correlation
between XAF1 and p53 require further investigation.

In conclusion, we identified a p53 responsive element
within XAF1 promoter located at -95 to -86 nt upstream the
translation starting codon. This area is contained by the core
promoter of XAF1 (16,27). p53 inhibits XAF1 transcription
through interaction with this element. Our result implicated
XAF1 as a novel p53 target gene with the functional
correlation to be elucidated.
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