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Control of Angiogenesis in Fibroblasts by p53
Regulation of Thrombospondin-1
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As normal cells progress toward malignancy, they must switch to an angiogenic phe-
notype to attract the nourishing vasculature that they depend on for their growth. In
cultured fibroblasts from Li-Fraumeni patients, this switch was found to coincide with loss
of the wild-type allele of the p53 tumor suppressor gene and to be the result of reduced
expression of thrombospondin-1 (TSP-1), a potent inhibitor of angiogenesis. Transfection
assays revealed that p53 can stimulate the endogenous TSP-1 gene and positively
regulate TSP-1 promoter sequences. These data indicate that, in fibroblasts, wild-type
p53 inhibits angiogenesis through regulation of TSP-1 synthesis.

Angiogenesis is controlled by the local
balance between factors that stimulate new
vessel growth and factors that inhibit it. In
most normal tissues, inhibitory influences
predominate, and cells derived from these
tissues usually do not stimulate angiogene-
sis. In contrast, tumor cells, which must
attract new vessels in order to grow and
metastasize efficiently (1), are potently an-
giogenic as a result of decreased production
of inhibitors and increased secretion of in-
ducers (2). As normal cells undergo genetic
changes that lead to malignancy they must
switch from an inhibitory to an angiogenic
phenotype. In this report we examine the
role that the loss of the tumor suppressor
gene p53 plays in enabling human fibro-
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blasts to become angiogenic.

The p53 protein is mutated in human
tumors more frequently than any other
known oncogene or suppressor gene [(3)
and references therein]. In normal cells it
is hypothesized to act as a transcriptional
regulator (4), enhancing the expression of
genes that contain specific p53-binding
sites and interacting with a variety of
transcription factors to inhibit the expres-
sion of other genes (4, 5). Wild-type p53
protein can mediate a number of cellular
activities, including apoptosis, the main-
tenance of genetic stability, G, growth
arrest, cell differentiation, and the sup-
pression of tumorigenicity (3, 5). The
up-regulation by p53 of the gene encoding
p21, an inhibitor of G, cyclin-dependent
kinases, appears to be responsible for p53-
mediated growth arrest (6). The p53-reg-
ulated effector molecules responsible for
the other cellular phenotypes dependent
on wild-type p53 remain to be identified.

To examine the effect of p53 on angio-
genesis, we used fibroblasts cultured from
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carried out on a Nermag R1010C instrument inter-
faced with a Varian Vista 6000 gas chromatograph
with the use of a 7.5-m SPB 1701 fused silica
capillary column (0.25 wm inside diameter, 0.25
pm film thickness; Supelco). Helium was used as
the carrier gas at a pressure of 7 X 1072 torr.
Injections were made in splitless mode with the
injector temperature held at 250°C. The instru-
ment was operated with an accelerating potential
of —70 eV; the source temperature was held at
260°C and the emission current at 250 pA. The
column temperature was programmed from
100°C (held for 0.2 min) to 260°C at 25°C per
minute and then to 290°C at 5°C per minute.
Selected ion monitoring was performed for ions
m/z = 186 and m/z = 188, representing the
[M-PFB]~ ions for M,G-PFB and [?H,]M,G-PFB,
respectively.
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Li-Fraumeni patients (7). These individuals
have inherited one wild-type (wt) and one
mutant allele of the p53 gene and as a result
have an elevated risk of developing sarco-
mas and other tumors in which the remain-
ing wt allele is inactivated (8). At early
passage, the Li-Fraumeni fibroblasts are dip-
loid and have one mutant and one wt p53
allele. On continued passage in culture,
however, they spontaneously lose their wt
allele, become aneuploid and immortal (al-
though not tumorigenic), and retain only
the mutant allele of p53 (7).

We previously showed (9) that hamster
fibroblasts could switch to an angiogenic
phenotype upon loss of an unidentified tu-
mor suppressor gene by decreasing their se-

Table 1. Effect of Li-Fraumeni fibroblast condi-
tioned media on corneal neovascularization. Se-
rum-free conditioned media described in Fig. 1
were tested for the ability to induce neovascular-
ization when incorporated into a noninflammatory
pellet and implanted into the normally avascular
rat cornea (77). Simultaneous controls showed
that antibodies to TSP-1 were not angiogenic
when tested alone (0/3 corneas positive) and not
inhibitory when tested with bFGF (3/3 corneas
positive).

Positive
corneas/number
" Anti— implanted
Media source TSP-1 for patient
041 172 087
Early-passage cells - 0/8 0/3 0/9
3/3 8/3 5/7
Late-passage cells - 4/4  3/3 11/11
Mix of early- and - o/7 0/3 0/13
late-passage cells + 3/4 3/3 4/4
Early-passage cells - 0/3 0/3 0/4
(+ bFGF) + 3/3 33 4/4
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cretion of thrombospondin-1 (TSP-1), a
large, multifunctional matrix glycoprotein
(10) that is a potent inhibitor of neovascu-
larization (9, 11). Fibroblasts cultured from
Li-Fraumeni patients underwent a similar
angiogenic switch when they lost their wt
p53 allele and became immortal (Fig. 1).
Cells from three patients, each harboring a
different p53 mutation, were found to se-
crete high amounts of TSP-1 into the media
at early passage when they still retained a
wt p53 allele; in contrast, at late passage

when the wt p53 allele had been lost, the -

cells secreted reduced amounts of TSP-1
(Fig. 1A). The mRNA levels [measured
with a probe made from TSP-1 complemen-
tary DNA (cDNA) that may cross-react
with TSP-2] also declined 14- to 17-fold
after loss of wt p53 and remained low when
cells progressed to tumorigenicity (12, 13).
Of the five different thrombospondin-type
proteins identified to date (10), only TSP-1
and TSP-2 contain domains likely to influ-
ence angiogenesis (11), and of these two, only
TSP-1 is regulated by p53. Northern (RNA)
blot analysis with probes specific for the 3’
untranslated region of the mRNAs of TSP-1
and TSP-2 showed that TSP-1 was expressed
in Li-Fraumeni fibroblasts at a 7- to 20-fold
excess over TSP-2 and that only TSP-1 de-
creased when the cells lost wt p53 (13).
Coincident with the loss of wt p53 and
the decline in TSP-1 expression, media
from the Li-Fraumeni fibroblasts lost the
ability to inhibit angiogenesis in vitro (Fig.

Table 2. Temperature-dependent restoration of
anti-angiogenic activity by ts p53 in late-passage
Li-Fraumeni fibroblasts. Serum-free conditioned
media were collected from late-passage cells
growing at the indicated temperature that had
been stably transfected with neo or neo and ts
p53. Media were tested with the additions indicat-
ed for the ability to induce neovascularization in
“the rat comea (77). Dashes indicate that no other
reagents were added.

Positive
Trans-
Temp. " corneas/
fgztr(\eed ) Addition number
implanted
Media from transfected 041 cells
ts p53* 32 — 0/3
tsp53* 32 Anti-TSP-1 3/3
tsp53* 32 bFGF 0/3
tsp53* 38 — 3/3
neo* 32 — 3/3
neo* 38 — 3/3
Media from transfected 087 cells
ts p&31 32 — 0/4
tsp53t 32 bFGF 0/2
tsp53t 32 bFGF + anti-TSP-1 2/2
‘tsp631 32 Media from 087 cells 0/3
expressing ts p53
grown at 38°C
tsp53t 38 — 6/6
*Pools of >30 transfected clones. 1Single trans-
fected clone.
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1B) and in vivo (Table 1). Inhibitory ac-
tivity was relieved when neutralizing anti-
bodies to TSP-1 [see (18)] were added to

A 041 087 172

BHK; ER-t LR

ERLLR cERCP
S

TSP

Fig. 1. The production of anti-angiogenic throm-
bospondin by early-passage Li-Fraumeni cells.
Serum-free media conditioned by cells from three
individuals (041, 087, and 172) with different p53
mutations were collected from early-passage (EP)
or late-passage (LP) cells. (A) Immunoblot analysis
(18) of TSP-1 contains media from baby hamster
kidney (BHK) cells, which produce a smaller
TSP-1 than do human cells. (B) In vitro anti-angio-
genic activity of media from early-passage Li-
Fraumeni fibroblasts tested against the angiogen-
ic stimulus basic fibroblast growth factor (bFGF)
(79). Media were tested in the presence (shaded
bars) or absence (open bars) of anti-TSP-1 for
their ability to block the migration of capillary en-
dothelial cells. Data are reported as cells migrated
per 10 high-power (h.p.) fields. (C) In vitro anti-
angiogenic activity of media from early-passage
cells tested against media from transformed cells.
The angiogenic activity of media conditioned by

the assays, suggesting that secreted TSP-1
was responsible for the inhibitory activity of
early-passage cells and that, in the absence

[=] + anti-TSP-1
§ - anti-TSP-1
2100
e
=
3
g 50} --
E
2
°
[$]
bFGF + 0 [+ 0+ ] +
Controls Patient 041 Patient 172 Patient 08
C
[] Media tested aione (1)
B 1 + Eariy-passage Li-Fraumeni media (2)
142 +anti-TSP-1
[’/]
3
= 100
a
=
;
E s [,
- s
8 i
Control OHS us7 HBL100

media Transformed cell conditioned media

osteosarcoma (OHS) and glioblastoma (U87) cell lines and by an immortal human breast line (HBL100)
was tested in the capillary endothelial migration assay (79). Media from early-passage Li-Fraumeni
fibroblasts and neutralizing antibodies to TSP-1 were added to the assays as indicated. Data are reported

as cells migrated per 10 high-power fields.

Fig. 2. Temperature-de- A
pendent restoration of
TSP-1 production by ts
p53. (A) Late-passage
Li-Fraumeni fibroblasts
from patient 041 were
stably transfected (20)
with pSV2neo alone or
with pSV2neo and a
plasmid encoding a ts
p53 that is in a mutant
conformation at 38°C

and a wild-type conformation at 32°C. Pools of transfec-
tants were isolated, grown at 38° or 32°C, and analyzed
by Northern blots for TSP-1 or control (GPD) mRNAs. (B)
Pools of BHK cells that had been stably transfected with
ts p53 and pSV2neo or with neo alone (neo), were grown
at 38° or 32°C, transfected with the indicated promoter-
CAT construct, and assayed for chloramphenicol acetyl-
transferase (CAT) activity (27). Results are reported un-

neo tsp53
Temperature 32 38 32 38

Mock MG PG TSP PRO =

32°C

<0.01 <0.01 0.07 0.15 0.21

38°C

<0.01 <0.01 019 0.12 0.31 =
=

<001 014 71 36 026 ts

der each lane as micrograms of chloramphenicol con- P53

verted. Cells were mock transfected or transfected with
MG15CAT (MG), a construct with a defective form of the
p53 response element linked to CAT (22); PG13CAT
(PG), a construct with 13 copies of the p53 response
element driving CAT (22); TSP, a construct with the hu-
man TSP-1 promoter (—2033 to +750) linked to CAT

<001 0.05 0.18 029 023 =)
Chloramphenicol converted (ug)

(23); or pRoCoCAT (PRQ), a construct with the cyto-

chrome oxidase promoter linked to CAT (217).
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of TSP-1, these cells display an angiogenic
phenotype (Fig. 1B).

The' switch to an angiogenic phenotype
depended on a reduction in TSP-1 rather
than on an increase in angiogenesis-inducing
activity, which also occurred (14). Media
from early-passage cells contained enough
TSP-1 to inhibit all inducing activity pro-
duced by the late-passage cells (Table 1), by a
tumor cell line (12) derived in vitro by H-ras
transfection of Li-Fraumeni fibroblasts (13),
and by cell lines derived from tumors fre-
quently found in Li-Fraumeni families (Fig.
1C). In vitro assays on the tumor lines were
verified by the in vivo cornea assay (14).

Several lines of evidence indicated that
the correlation between the presence of wt
p53 and high amounts of antiangiogenic
TSP-1 resulted from positive regulation of
the endogenous TSP-1 gene by wt p53.
Re-introduction of the wt p53 gene into
late-passage Li-Fraumeni fibroblasts re-
stored both TSP-1 mRNA levels and the
antiangiogenic phenotype. Late passage Li-
Fraumeni fibroblasts stably transfected with
a plasmid encoding a temperature-sensitive
p53 protein (ts p53) produced high levels of
TSP-1 mRNA (Fig. 2A) and displayed an
antiangiogenic phenotype (Table 2) only
when grown at the permissive temperature.
The antiangiogenic phenotype was abol-
ished by neutralizing antibodies to TSP-1
both in vivo (Table 2) and in vitro (14).

The effect of p53 on TSP-1 expression
appeared to be rapid. In baby hamster kidney
(BHK) cells expressing ts p53, mRNA recog-
nized by a probe derived from human TSP-1
cDNA began to accumulate 6 hours after the
shift to a permissive temperature; this delay is
consistent with the time required for wt p53
to translocate to the nucleus in similar tem-
perature-shift experiments (15). The induc-
tion was not a consequence of p53-induced
G, arrest, as normal fibroblasts that were ar-
rested at confluence or by aphidicolin showed
a decrease rather than an increase in mRNA
levels (13).

Positive regulation of the human TSP-1
promoter by wt p53 was demonstrated in
transient transfection assays. Expression of a
reporter gene driven by the human TSP-1
promoter (—2033 to +750) responded to
the temperature-induced activation of wt
p53 in parallel to a reporter gene driven by
known p53 response elements (Fig. 2B).
Positive regulation by wt p53 was also seen
(13) with constructs containing human
TSP-1 promoter sequences (—38 to +750)
that carried only a TATA element and the
first intron. This intron (16) contains two
adjacent sequence elements at +516 and
+538 that are similar to known p53 re-

sponse elements (4); however, it remains to

be determined whether the TSP-1 promoter
is a direct or indirect target of the p53
protein.
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Our results show that p53 inhibits the
angiogenic phenotype in fibroblasts by
stimulating their production of TSP-1. As
effective antiangiogenic amounts of TSP-1
are secreted by normal and early-passage
Li-Fraumeni fibroblasts in the absence of
damage-induced overexpression of p53,
TSP-1 may mediate a constitutive rather
than an induced antineoplastic activity of
p53.

It is not yet clear if TSP-1 blocks the
development of an angiogenic phenotype in
cells other than fibroblasts. But the ability
of this protein to inhibit angiogenesis in-
duced by cell lines derived from several
tumor types characteristic of the Li-Fraum-
eni syndrome raises the possibility that
TSP-1 or antiangiogenic peptides derived
from it (11) might be developed into effec-
tive prophylactic agents for delaying or pre-
venting tumors in individuals who carry
only one wt p53 allele.
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