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Identification and characterization of p53 target genes would lead
to a better understanding of p53 functions and p53-mediated
signaling pathways. Two putative p53 binding sites were identi-
fied in the promoter of a gene encoding PTGF-B, a type B trans-
forming growth factor (TGF-B) superfamily member. Gel shift assay
showed that p53 bound to both sites. Luciferase-coupled transac-
tivation assay revealed that the gene promoter was activated in a
p53 dose- as well as p53 binding site-dependent manner by
wild-type p53 but not by several p53 mutants. The p53 binding and
transactivation of the PTGF-B promoter was enhanced by etopo-
side, a p53 activator, and was largely blocked by a dominant
negative p53 mutant. Furthermore, expression of endogenous
PTGF-B was remarkably induced by etoposide in p53-positive, but
not in p53-negative, cell lines. Finally, the conditioned medium
collected from PTGF-B-overexpressing cells, but not from the con-
trol cells, suppressed tumor cell growth. Growth suppression was
not, however, seen in cells that lack functional TGF-g receptors or
Smad4, suggesting that PTGF- acts through the TGF-f signaling
pathway. Thus, PTGF-B, a secretory protein, is a p53 target that
could mediate p53-induced growth suppression in autocrinal as
well as paracrinal fashions. The finding made a vertical connection
between p53 and TGF-B signaling pathways in controlling cell
growth and implied a potential important role of p53 in inflam-
mation regulation via PTGF-f.

growth suppression | inflammation | transcription regulation

uman p53 is a 393-amino acid nuclear protein that acts

biochemically as a transcription factor. The p53 molecule
consists of three major domains: the N-terminal transactivation
domain; a DNA-binding domain in the center portion of the
molecule; and a C-terminal oligomerization domain (1). p53
specifically binds to its consensus DNA binding sequence, con-
sisting of two repeats of 10-bp motif 5’-PuPuPuC(A/T)(T/A)
GPyPyPy-3'(2), and transactivates expression of the target genes.
Many biological functions of p53 are mediated through its
downstream target genes. For example, p53-induced growth
arrest is achieved mainly by transactivation of Waf-1/p21 (for
G1 arrest) (3) or by activation of /4-3-30 (for G2 arrest) (4).
pS3-induced apoptosis, on the other hand, was mediated by
activation of Bax (5, 6), KILLER/DR5 (7), and the genes
involved in generation of reactive oxygen species (8). p53 also
regulates angiogenesis and tumor metastasis by transcriptional
regulation of the genes encoding epidermal growth factor re-
ceptor (EGFR), thrombospondin, matrix metalloproteinases
(MMPs), cathepsin D, Kang ai (KAIl), basic fibroblast growth
factors, and multidrug resistant gene 1 (MDR1) (9, 10). The p53
mutations found in many human cancers were clustered in the
specific DNA binding domain of the p53 molecule (1). This leads
to an inactivation of p53 function through abolishing p53 specific
DNA binding and transactivation.

The type B transforming growth factor (TGF-B) superfamily has
more than 40 members (11). The members of this family are
involved in regulation of many cellular functions and biological
processes, including proliferation, apoptosis, extracellular matrix
secretion and adhesion, terminal differentiation, and development
(12). The protein PTGF-B was recently identified as a TGF-8
family member that has a very high expression in placenta (13-15).
Biological functions of PTGF-B appear to induce cartilage and
bone formation (16). In addition, PTGF-B may suppress inflam-
mation through inhibition of macrophage activation (17) and
inhibits the proliferation of primitive hematopoietic progeni-
tors (14).

In an attempt to achieve a better understanding of p53 signaling
pathways and mechanism of action, we have used DNA chip
technology to identify p53 target genes (18). Two p53 target genes,
encoding antioxidant enzyme glutathione peroxidase (GPX) and
calcium binding protein S100A2, were identified and characterized
(19, 20). Here, we report the identification and characterization of
PTGF-B, a TGF-B family member, as a p53 downstream target,
determined by assays for DNA binding, transcriptional activation,
and endogenous gene induction. Significantly, PTGF-B-induced
tumor cell growth inhibition requires functional TGF-B recep-
tors/Smad4 proteins, suggesting that PTGF- acts through TGF-
signaling pathway. Thus, PTGF-p is a growth inhibitory cytokine
that could mediate p53-induced growth inhibition on neighboring
cells (21).

Materials and Methods

Cell Cultures. U2-OS cells were grown in McCoy’s SA medium,
supplemented with 10% fetal calf serum (FCS). Grown in 10% FCS
containing DMEM are the lines of Saos-2, NCI-H460, H1299,
MDA-MB468, and RKO. Mv1Lu and R1B/L17 were grown in
Eagle’s minimum essential medium containing 10% FCS. For drug
treatment, subconfluent cells were incubated with etoposide (25
uM) (Sigma) for various periods of time up to 48 hr. The control
cells were treated with DMSO.

Gel Shift Assay. The assay was performed as described (22, 23). Two
20-bp synthetic oligonucleotides, PTGF-FBS01:5'-CATCTTGC-
CCAGACTTGTCT-3" and PTGF-SBS01:5'-AGCCATGC-
CCGGGCAAGAAC-3', which consist of the putative p53 binding
sites found in the PTGF-B promoter, were labeled and used as the
probes.
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Luciferase Reporter Constructions. The luciferase reporter con-
structs driven by the PTGF-B promoter (see Fig. 24 for a diagram)
were made based on a published sequence (15) as follows: (i)
PTGF-8 W/p53BS: a 923-bp DNA fragment of the PTGF-8
promoter containing two p53 binding sites, generated by PCR
amplification of human placenta DNA (Oncor) with primers
PTGF-FBS01 and PTGF04 (5'-CATCTGAGAGCCATTCA
CCG-3"); (it) PTGF-B W /Fp53BS: an 877-bp DNA fragment with
the first p53 binding site, generated with primers PTGF-FBS01 and
PTGF14 (5'-GTGCAGGTTGCGGCTCTGA-3"); (iii) PTFG-B
W /Sp53BS: a 903-bp DNA fragment with the second p53 binding
site, generated with primers PTGFO03 (5'-CGAACTCCTGGGCT-
CAAACA-3") and PTGF04; (iv) PTGF-8 W /O p53BS: an 857-bp
DNA fragment with neither p53 binding site, generated by primers
PTGFO03 and PTGF14. The PCR fragments were subcloned into a
TA cloning vector (Invitrogen), were sequenced, and then were
resubcloned into pGL-Basic-3 luciferase reporter (Promega).

DNA Transfection and Luciferase Assay. Dispersed cells were seeded
into 24-well plates at a cell concentration of 10° per well (for Saos-2)
or 2 X 10° per well (for U2-OS) 1624 hr before transfection. The
calcium phosphate method was used to transiently transfect Saos-2
cells as described (24) whereas the Lipofectamine method (BRL)
was used for U2-OS transfection. The luciferase reporters, along
with the control plasmids, were co-transfected with a B-galactosi-
dase construct in the presence or absence of constructs expressing
wild-type or mutant p53 proteins (19, 24). Thirty-eight hours after
transfection, cells were lysed and assayed for luciferase/B-
galactosidase activities (24).

Northern Blot Analysis. Subconfluent cells were treated with eto-
poside (25 uM) for various periods of time up to 48 hr. Total RNA
was isolated by using RNAzol solution (Tel-Test, Friendswood,
TX), and 15-20 pg of total RNA was subjected to Northern blot
analysis (25).

Construction of PTGF-B-Expressing Plasmid, Establishment of Stable
Transfectants, Collection of Conditioned Medium, and Western Blot
Analysis. An 886-bp cDNA fragment, flanking the entire open
reading frame (ORF) of PTGF-B, was generated by reverse tran-
scription-PCR amplification (26) using human placenta mRNA
(Ambion) as template. The primers used are PTGF-ORF01:5'-G-
GAATTCGCCACCATGCTCCTGGTGTTGCTGG-3; and
PTGF-ORF02:5'-GGAATTCTCACTTGTCATCGTCGTCCT-
TGTAGTCTATGCAGTGGCAGTCTTTGG-3', containing a
Flag-tag sequence at its 3" end. The PCR fragment was subcloned
into pcDNA3 (Invitrogen) and was sequenced to confirm the
orientation and freedom of reverse transcription-PCR-generated
mutation. The PTGF-B-expressing vector along with the empty
vector was transfected into DLD-1 colon carcinoma cells by Lipo-
fectamine, followed by G418 selection and ring-cloning (27). To
determine PTGF-B expression in stable lines, confluent cells were
serum-starved for 48 hr, and conditioned medium was collected,
concentrated by Centricon 10 (Ambion), and assayed by Western
blotting (28) for PTGF- expression using Flag-tag antibody (Sig-
ma). To prepare conditioned medium for growth inhibition assay,
confluent PTGF-B-expressing DLD-CI7 cells as well as Dnl-3
control cells were serum-starved for 72 hr. The conditioned me-
dium was collected and concentrated, and protein concentration
was measured (Bio-Rad). The conditioned medium was then
aliquoted and stored at —70°C until use.

Antibody Generation, Affinity Purification, and Blockage of PTGF-p-
Induced Growth Inhibition. A polyclonal antibody against PTGF-f3
protein was generated using standard methods by Zymed. The
antigen used is a 20-aa peptide [PTGF-1: (C)QKTDTGVSLQTY-
DDLLAKD-COOH] located in the C terminus of PTGF- protein.
The antibody was affinity-purified with the antigen peptide, using
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the SulfoLink Kit (Pierce). For neutralization of PTGF-B, affinity-
purified antibody was preincubated with PTGF-B-containing con-
ditioned medium (20 ug of antibody protein added into 1 ml of
conditioned medium containing 100 ug of protein) for 1 hr at 4°C
before being added to growth medium for cell proliferation assay.

BrdUrd Incorporation Assay for Cell Proliferation. Subconfluent cells
(Mv1Lu, Dul45, R1B/L17, RKO, or MDA-MB486) were seeded
at 5,000 cells/well in 96-well flat-bottomed microtiter plates in
medium containing 10% FCS. Next day, pure TGF-B1 protein
(BMB) or serum-starved conditioned media from DLD-CI7 and
Dn1-3 cells were added, respectively, with various protein concen-
trations. The plates were subsequently cultured for 24 hr, followed
by incubation with BrdUrd for 6 hr. Incorporation of BrdUrd into
DNA is measured by immunoassay as specified in the kit (Boehr-
inger Mannheim).

Results

Identification of Two p53 Binding Sites in the Promoter of the PTGF-8
Gene. We have recently used Affymetrix GeneChip arrays
(HUM®6000) in an attempt to identify genes responsible for apo-
ptosis induced by etoposide, a p53 activator (18). We compared
potential p53-inducible genes identified by our chip screening (18)
and serial analysis of gene expression (SAGE) technology (8).
TGF-B type II receptor was identified by the chip (18), and
PTGF-B, a TGF-B superfamily member (13-17) was identified by
SAGE (8). Computer searching of the gene promoters for p53
consensus binding sequence revealed no binding site for TGF-
receptor but two putative binding sites for PTGF-B. The first
binding site is PTGF-FBS01:5'-CATCTTGCCCAGACTTGTCT-
-3’ containing two mismatches (underlined) to the consensus
sequence. The second binding site is PTGF-SBS01: 5'-AGCCAT-
GCCCGGGCAAGAAC-3' containing three mismatches (under-
lined). They are located, respectively, at —898 to —879 and —43 to
—24 upstream from possible translation initiation site (14, 15).

p53 Specifically Binds to These Two Binding Sites in the PTGF-8
Promoter. To examine whether p53 binds to these putative p53
binding sites, we used both partially purified recombinant p53
protein from baculovirus (23) and nuclear extract from p53-positive
U2-0S cells treated with etoposide (25 uM). As shown in Fig. 1,
consistent with the previous observations of many other p53
binding oligonucleotides (22-24, 29), neither PTGF-FBS01 (A4) nor
PTGF-SBS01 (B) bound to p53 in the absence of pS3 antibody
(lanes 1, 5, 7, and 9). The binding resumed in the presence of p53
antibody, pAb421, known to enhance and stabilize p53-DNA
binding (30) (Fig. 1 A and B, lanes 2, 8, and 10). Binding of either
oligonucleotide to purified p53 revealed two binding bands (Fig. 1
A and B, lane 2), possibly reflecting a different protein-DNA
conformation (23). Both p53 binding sites were also found to bind
to endogenous p53 in nuclear extract treated with etoposide for 6
and 24 hr, respectively (Fig. 1 A and B, lanes 8 and 10), but not in
untreated samples (Fig. 1 A and B, lane 6). The binding is
sequence-specific because it can be largely competed away by
100-fold excess of unlabeled oligonucleotide (Fig. 1 4 and B, lanes
3 and 11), but not by a sequence-nonspecific competitor (Fig. 1 A
and B, lanes 4 and 12). Thus, p53 binds to both p53 binding sites
found in the PTGF-B promoter.

p53 Dose- as well as p53 Binding Site-Dependent Transactivation of
the PTGF-B Promoter. To examine whether p53 transactivates the
PTGF-B promoter and whether activation is p53 dose-dependent,
a luciferase reporter construct driven by a 923-bp promoter frag-
ment containing both p53 binding sites (PTGFBW /p53BS) was
made. This luciferase reporter was cotransfected with various
amounts of pS3-expressing plasmid into pS3-negative human Saos-2
cells. p53 transactivated the PTGF- promoter in a dose-dependent
manner. The luciferase activity was increased by 12-, 18-, or 23-fold
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Fig. 1. p53 binds to putative p53 binding sites in the promoter of the PTGF-B8
gene. Synthetic oligonucleotides (PTGF-FBSO1 and PTGF-SBS01) were labeled
with [y-32P]JATP and were used as probes in gel shift assays. (A) The oligonucle-
otide PTGF-FBSO1. (B) The oligonucleotide PTGF-SBSO1. Lanes: 1-4, partially
purified p53 protein (3 pg) with or without pAb421 antibody; 5-12, nuclear
extracts (8.5 ug) prepared from U2-OS cells treated with etoposide (25 uM) for 0
hr (lanes 5 and 6), 6 hr (lanes 7 and 8), and 24 hr (lanes 9-12). Competition was
performed with a 100-fold excess of unlabeled specific oligonucleotides, PTGF-
FBSO1 or PTGF-SBSO1, respectively, or nonspecific oligonucleotide mT3SF (5'-
GGGGTTGCTTGAAGAGCGTC-3') (29).

with an amount of input p53 DNA of 0.1, 0.3, and 0.7 pg,
respectively (data not shown).

To examine whether transactivation of the promoter by p53
depends on the p53 binding sites, three additional luciferase re-
porter constructs were made. As presented in Fig. 24, four con-
structs are PTGF-B8 W /p53BS (containing two p53 binding sites);
PTGF-B W/Fp53BS (the first site); PTGF-8 W/Sp53BS (the
second site); and PTGF-B W /O p53BS (no p53 site). Each of these
constructs was individually cotransfected with a p53 expressing
plasmid into Saos-2 cells. As shown in Fig. 2B, in the absence of p53
(vector control), these four luciferase reporters give rise to a similar
level of luciferase activity. However, in the presence of p53, a p53
binding site-dependent transactivation was revealed. The first p53
binding site induced a 3.5-fold activation whereas the second
binding site contributed an 18-fold activation. With both binding
sites, a 29-fold transactivation was achieved. Thus, transactivation of
the PTGF-B promoter is p53-binding site-dependent, and the
second binding site appears to be more active.

Lack of Transactivation of the PTGF-f3 Promoter by Most p53 Mutants.
We next examined whether the PTGF-B promoter was also sub-
jected to transactivation by p5S3 mutants. Plasmid DNAs encoding
p53 mutants were individually co-transfected into Saos-2 cells with
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Fig. 2.  p53 binding site-dependent activation of the PTGF-B promoter by
wild-type p53, but not by most p53 mutants. (A) Diagrammatic presentation of
four luciferase reporter constructs driven by the PTGF-8 promoter, containing,
respectively, two (W/p53BS), the first one (W/Fp53BS), the second one
(W /Fp53BS), and none of p53 binding sites (W/Op53BS). (B) Activation of
luciferase activity in p53-binding site dependent manner. (C) Lack of transacti-
vation of PTGF-B promoter by most p53 mutants. Four constructs were transiently
co-transfected with or without p53 expressing plasmids, respectively, along with
a p-galactosidase-expressing vector into human Saos-2 cells, followed by lucif-
erase assay. The results are presented as fold activation + standard error derived
from three independent transfections, each run in duplicate, after normalization
with B-galactosidase activity for transfection efficiency.

two luciferase reporters, PTGF-B W/p53BS or PTGF-B
W/Sp53BS. The p53 mutants used are p53-143A, p53-175H,
p53-248W, p53-273H, and p53-281G, five p53 mutants most com-
monly found in human cancers (31), and p53-280T, a dominant
negative p53 mutant found in nasopharyngeal carcinomas (32, 33).
As shown in Fig. 2C, compared with the vector control and
wild-type p53, all of the p53 mutants, except p53-281G, do not
induce any significant transactivation of the promoter. Transacti-
vation by p53-281G was very striking, with a level comparable to
that of the wild-type p53. However, activation by p53-281G was
found to be p53 binding site-independent. All four reporters
produced a similar fold activation (Fig. 2C; data not shown).
Furthermore, expression of p53-281G protein is much higher than
that of the wild type (19). If normalized with the pS3 expression
level, wild-type p53 should have a much higher activity in transac-
tivation of the PTGF-@ promoter.

p53-Dependent Transactivation Can Be Enhanced by Etoposide. We
have shown that etoposide can activate p53 in U2-OS cells (24). We
therefore examined whether etoposide would induce p53-
dependent transactivation of the PTGF-B promoter. As shown in
Fig. 3, transactivation of the luciferase reporter driven by PTGF-f3
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Fig.3. Induction of p53-dependent transactivation of the PTGF-S promoter by
etoposide. Subconfluent U2-0S cells were co-transfected with B-galactosidase-
expressing construct and PTGF-8 W /p53BS luciferase reporters, individually, orin
combination with a construct expressing a dominant negative p53 mutant (p53-
280T) or the vector control by the Lipofectamine method. Cells were treated with
etoposide (25 uM) 24 hr after transfection for 0, 2, 6, 12, 24, and 48 hr, respec-
tively, followed by luciferase activity measurements. Three independent trans-
fections, each run in duplicate, were performed, and results are presented as fold
activation = standard error after normalization with g-galactosidase activity for
transfection efficiency. To calculate the fold activation, the luciferase activity
from PTGF-BW /p53BS construct after 0 hr of etoposide treatment was arbitrarily
setas 1.

W/p53BS was induced by etoposide in an incubation time-
dependent manner. A 25-fold activation was achieved at 48 hr. To
confirm that the etoposide-induced transactivation is p53-
dependent, we transfected p53-280T, a known dominant negative
p53 mutant (19, 32, 33), into U2-OS cells, followed by etoposide
treatment and luciferase assay. As a control, the empty vector was
used. Etoposide-induced activation was dramatically reduced by
p53-280T (PTGFBW/p53BS + p53-280T), but not at all by the
vector control (PTGFBW /p53BS + Vector). The results demon-
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Fig.4. Induction of endogenous PTGF-Bexpression by etoposide in p53 positive
cells. (A) Subconfluent U2-0S, Saos-2, H460, and H1299 cells were subjected to
etoposide (25 M) treatment for various times up to 48 hr, followed by total RNA
isolation and Northern blot analysis, using PTGF-3 cDNA as a probe. (B) The time
course of PTGF-B mRNA induction by etoposide in U20S cells. (C) PTGF-g protein
induction by etoposide. Subconfluent H460 cells were subjected to DMSO or
etoposide (25 nM) treatment for 24 hr under serum-free condition. The media
were collected, and proteins were TCA-precipitated and subjected to Western
blot analysis using rabbit anti-PTGFg antibody.
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strate that transactivation of the PTGF-B promoter by etoposide is
largely p53-dependent.

Increased PTGF-B mRNA Expression by Etoposide in p53-Positive but
not p53-Negative Cells and Induction of PTGF- Protein by Etoposide.
To examine whether endogenous PTGF-B is subjected to p53
regulation, we treated four human cell lines with etoposide and
measured mRNA expression by Northern blot analysis. The four
cell lines used included osteogenic sarcoma lines, U2-OS (p53-
positive), Saos-2 (p53-negative), and lung carcinoma lines NCI-
H460 (p53-positive) and H1299 (p53-negative). As shown in Fig.
44, no endogenous basal level of PTGF-B mRNA could be
detected in any of four cell lines. Upon etoposide treatment,
PTGF-B mRNA was induced only in p53-positive U2-OS and H460
cells, but not in p53-negative Saos-2 or H1299 cells. We further
examined the time course of PTGF-B induction by etoposide in
U2-0S. Induction of PTGF-B mRNA started to occur at 6 hr
post-treatment and then gradually increased and reached maximal
level at 24—48 hr (Fig. 4B). The induction pattern agreed well with
p53 activation by etoposide (ref. 24; also see Fig. 1). Finally, we
examined whether etoposide induced PTGF-B protein expression
in p53-positive H460 cells. As shown in Fig. 4C, both premature and
mature forms of PTGF-B protein were detected in conditioned
medium collected from cells treated with etoposide, but not from
DMSO control cells. These results clearly demonstrated a p53-
dependent induction of endogenous PTGF-B expression and indi-
cate that PTGF-B is an endogenous p53 target gene.

Suppression of Tumor Cell Growth by PTGFB. It has been recently
shown that p53, upon activation, can induce the secretion of growth
inhibitory cytokines that exert an antiproliferative effect on neigh-
boring tumor cells (21). We hypothesized that PTGF-B could be
one of these secretory proteins that are activated by p53 and
mediate p53-induced growth inhibition. To test potential growth
inhibitory activity of PTGF-f, we generated stable clones overex-
pressing flag-tagged PTGF-B in DLD-1 colon carcinoma cells (27).
Because PTGF- is a secretory protein, expression of PTGF-B was
examined from the conditioned media collected from these stable
lines by Western blot analysis using anti-flag antibody. As shown in
Fig. 54, three bands with the sizes of 6, 15, and 45 kDa, respectively,
were revealed in the conditioned medium from a PTGF-B-
transfected clone (DLD-C17), but not from the vector control
(Dn1-3). The 15-kDa band corresponds to the mature form of
PTGF-B whereas the 45-kDa band is the premature form (16). The
nature of the 6-kDa band is not clear. It might be a degradation
product of a mature form. This band was not detectable when the
same PTGF-B-encoding plasmid was transiently transfected into
293 cells (data not shown). The conditioned medium was collected
from DLD-CI7 and Dn1-3 control and was applied to Mv1Lu mink
lung epithelial cells, a common TGF-p target cells, along with pure
TGF-p1 protein (BMB) as a positive control. While pure TGF-g1
induced a dose-dependent growth inhibition (data not shown), the
conditioned medium collected from DLD-CI7 (PTGF-B), but not
from Dn1-3 control (pcDNA3), inhibited Mv1Lu cell growth, also
in a dose-dependent manner. The ICsy, (a concentration that
caused half-maximal growth inhibition) was ~3.5 ug/ml (Fig. 5B).
Thus, PTGF-B inhibits growth of cells that are sensitive to TGF-S1.

To determine potential tumor cell growth inhibition, the condi-
tioned medium was applied to Dul45 prostate carcinoma cells. As
also shown in Fig. 5B, a dose-dependent growth inhibition with an
IC50 of 2 g/ ml was achieved by using the medium from DLD-CI7
cells, but not from Dn1-3 cells. Similarly, pure TGF-B1 induced a
dose-dependent growth inhibition (data not shown). Thus, like
TGF-B, PTGF-B has growth inhibitory activity against human
tumor cells.

To determine whether observed growth inhibition was largely
attributable to PTGF-B, the conditioned medium was applied to an
anti-FLAG M2 affinity gel (Sigma), and partially purified PTGF-
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(Flag-tagged) was then used for cell proliferation assay. Growth
inhibitory activity against both MvlLu and Dul45 cells was signif-
icantly increased, with an ICs of 0.8 wg/ml for Mv1Lu cells and 0.4
pg/ml for Dul45 cells (data not shown). Furthermore, PTGF-f3-
induced growth inhibition of Mv1Lu cells was completely blocked
by preincubation of conditioned medium with anti-PTGF-f anti-
body (data not shown). Thus, PTGF-B is the major protein in
conditioned medium that confers growth inhibition.

Growth Suppression by PTGF-B Requires an Intact TGF-B/Smad4
Signaling Pathway. Last, we determined whether PTGF-B-
mediated growth suppression was via TGF- signaling pathway. It
is known that the TGF-p signaling pathway is mediated by type 11
(TBRII) and type I (TBRI) TGF-B receptors as well as receptor-
activated Smad4 (12). Mutations in either of these genes would
render cells resistant to TGF- as well as PTGF- if it acts through
TGF-B signaling pathway. Indeed, neither TGF-B1 (data not
shown) nor condition medium from PTGF-B-expressing cells (Fig.
5B) had any growth inhibitory activity against TBRII mutant RKO
cells (34), TBRI mutant R1B/L17 cells (35), and Smad4 null
MDA-MB468 cells (36). These results indicate that PTGF-g-
induced growth inhibition requires an intact TGF-B recep-
tor/Smad4 signaling pathway.

Discussion

The finding reported here indicates that PTGF-B, a TGF-
family member, is subjected to p53 activation and is a p53 target
gene. This conclusion is supported by the following: (7) p5S3 binds
to the p53 binding sites in the promoter of the PTGF- gene; (ii)
pS3 transactivates the PTGF-B promoter in p53 dose- and p53
binding site-dependent manner; (iii) the p53 binding and trans-
activation of the PTGF-B promoter was enhanced by etoposide,
a p53 activator; (iv) etoposide/p53-induced transactivation of
the PTGF-B promoter can be largely blocked by a dominant
negative pS3 mutant; and (v) expression of endogenous PTGF-f3
was remarkably induced by etoposide only in pS3-positive cells.
The finding made a linkage between p53 tumor suppressor and
a TGF-B family member and indicated a vertical signal trans-
duction pathway from p53 to PTGF-B.

PTGF-B is a newly identified secretory protein (13-17). Al-
though it only shares 25% overall sequence identity to TGF-3
family members, PTGF-B has characteristics of TGF-$ superfam-
ily, including a signal peptide, a consensus RXXRA/S cleavage
signal for processing to mature form, and seven conserved cysteine
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the mean from three independent experiments, each
run in quadruplet. The growth rate was calculated
with the control group (without any addition of con-
ditioned medium) setting as 100%.

25 30 35

residues in carboxyl terminal (mature form) (13-17). It is known
(for review, see ref. 12) that TGF-B-mediated signaling pathway is
initiated by the binding of TGF-p to type II TGF-B receptor that
leads to activation of type I receptor via phosphorylation. Activated
type I receptor then phosphorylates receptor-regulated Smads
(such as Smad3) that forms heterodimer or trimer (37) with
common Smad4 and translocates into nucleus. In nucleus, hetero-
trimerized Smads interact with nuclear transcription factors such as
FAST-1 (38) to regulate expression of target genes such as plas-
minogen activator inhibitor-type 1 (39). Other TGF-S target genes
include p21/Wafl (40), c-myc (41), p15 (42), and cdc254 (43).
Smad4 is a Mad-related protein independently identified as a
candidate tumor suppressor gene dpc4 (44). It plays a central role
in mediating signaling pathways involving multiple TGF-B family
ligands (45). We have shown here that, like TGF-B1, PTGF-B
suppresses growth of cells that contain intact TBR/Smad4 signal,
but not the cells that lack functional TGF- receptors or Smad4.
Although it is unknown whether PTGF-f binds to one of TGF-
receptors, it appears that PTGF-B acts through TGF- signaling
pathway. Thus, PTGF-B transmits p53 signal to TGF-B signal
transduction pathway.

The promoter sequence of the PTGF-f3 gene has been recently
cloned and characterized (15). There are several transcription
factor binding sites, including SP1, AP-1, AP-4, and several GR
elements. Indeed, PTGF- B was found to be regulated by androgens
(16). We showed here that, in addition, PTGF-p is strongly subject
to p53 up-regulation. This p53 activation is mediated through two
p53 binding sites in the promoter of PTGF-B, and the second p53
binding site appears to play the major role. It is noteworthy that the
second site is located downstream from the TATA box and the
transcriptional start (15), but immediately upstream from the ORF
(14, 15). It is well known that p53-induced transactivation of its
downstream target genes is mediated by p53 binding sites located
either in the promoter (e.g., Waf-1, Bax, MMP2) (3, 5, 24) or in the
introns (e.g., Mdm2, Gadd45) (46, 47). We showed here an example
that the p53 binding site fell downstream from the transcriptional
start site but is still active in mediating p53 activation.

In addition to wild-type p53, one p53 mutant, p53-281G, but not
other p53 mutants, also up-regulates the PTGF-f3 gene. p53-281G
is a DNA contact mutant (48) that fails to bind to p53 consensus
sequence (49). However, in addition to activating the PTGF-3 gene,
p53-281G also transactivates several other genes, including EGFR,
MDR-1, PCNA, GPX, and c-myc (19, 50-53). The fact that p53-
281G transactivates these gene promoters in a p53-binding site-
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independent manner indicates that transactivation must be medi-
ated through other cis-element(s) in the promoter, as demonstrated
recently in the c-myc gene (53). Alternatively, this p5S3 mutant-
induced transactivation is merely a secondary effect. Of interest will
be defining whether the transactivation of the PTGF- 3 promoter by
p53-281G is mediated through the cis-element(s) in the promoter
and, if so, mapping the element(s).

Biological significance of our finding is implicated in the role of
p53 played in cancer and inflammation. First of all, it is well known
that p53-induced growth suppression is mediated mainly by trans-
activation of p21/Waf-1, a universal inhibitor of cyclin-dependent
kinase that induces G1 arrest (3, 54). Our data shown here indicate
that, in addition, PTGF-B, a TGF-B family member, can also
mediate this growth inhibitory activity. Importantly, unlike
p21/Waf-1, which is a cellular protein and only functions in the cells
that express it, PTGF-B is a secretory protein that can function in
the cells secreting it (autocrine) as well as in their neighboring cells
(paracrine). Thus, p53 antiproliferating signal can be transmitted
from its responder cells to nonresponder cells through this “para-
crine” effect. It has been previously reported that insulin-like
growth factor binding protein 3 is a p53 target gene (55). However,
pS53-enhanced secretion of insulin-like growth factor binding pro-
tein 3 is much limited to inhibiting mitogenic signaling induced by
insulin-like growth factor 1 (55). Thus, p53-induced growth inhi-
bition on the neighboring cells can be mediated more widely by
PTGF-B. It is most likely that PTGF-p is one of growth inhibitory
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cytokines secreted from cells after pS3 activation by ionizing
radiation (21).

Second, although p53 has been well documented as a tumor
suppressor, the potential role of p53 in inflammation is not well
understood. In fact, increased p53 expression has been found in
number of inflammatory tissues, including (i) coronary reste-
nosis lesions (56), (i) atherosclerotic lesions (57, 58); (iii)
pancreatitis (59); and (iv) ulcerative colitis and Crohn’s disease
(60). Importantly, increased p53 in inflammatory tissues, such as
atherosclerotic lesions, was found to be functional active, as
demonstrated by an induction of expression of Waf-1/p21 and
Mdm?2, two known p53 target genes (57, 58). Because PTGF-f3
is a potent p53 target gene (this report) and has anti-
inflammatory activity (17), increased p53 expression in inflam-
matory tissues may reflect a tissue defense mechanism that
triggers signaling pathway, leading to activation of PTGF-p and,
finally, the inhibition of inflammation. Thus, p53-PTGF-p sig-
naling pathway could play an important role in inflammation
modulation, which is an interesting subject for future investiga-
tion.

In summary, we have identified PTGF-B, a member of TGF-3
superfamily, as a p53 target gene. Because PTGF-B, as a
secretory ligand, inhibits tumor cell growth and suppresses
inflammation, the finding reveals a mechanism by which p53 acts
as a tumor suppressor and implies a little-known but potentially
important role of p53 in inflammation regulation.
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