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ABSTRACT

The angiogenesis inhibitor O-(chloroacetyl-carbamoyl)fumagillol
(TNP-470) showed antitumor activity in three human cancer xenograft
systems. TNP-470 potently inhibited the tumor growth of hormone-inde
pendent prostate cancer PC-3 cells and breast cancer MDA-MB-231 cells
dose dependency at weekly s.c. doses of 50-200 mg/kg with maximum

inhibition of 96 and 88% (tumor growth, 4 and 12% of that in the
respective control). In experiments of combination therapy with chemo-
therapeutic agents, the combination of TNP-470 (100 mg/kg) and cisplatin

(5 mg/kg) showed an additive antitumor effect (from treated versus con
trol, 38 and 22% to 5%) against PC-3 carcinoma. 5-Fluorouracil and
Ad riunÃ¬u-i n alone did not significantly inhibit MDA-MB-231 tumor

growth (treated versus control, 131 and 64%, respectively). TNP-470 also

inhibited tumor growth of WiDr colon cancer, although the inhibition was
less marked (treated versus control, 39%) than that observed with the
hormone-independent cancers used in this study.

In an in vitro study, all the cell lines tested were considerably insensitive
to TNP-470 in monolayer cultures (50% inhibitory concentration, ap
proximately 5 /un nil i. whereas TNP-470 inhibited the anchorage-indepen
dent growth of PC-3 and MDA-MB-231 cells (50% inhibitory concentra
tion, 0.05 and 470 ng/ml, respectively). The inhibitory activity of TNP-470
against anchorage-independent growth correlated well with the in vivo

antitumor activity among the cell lines tested. Thus, this inhibitory action
may partly contribute to the potent antitumor activity of the angiogenesis
inhibitor TNP-470. at least in the case of PC-3 and MDA-MB-231.

These results suggest that hormone-independent prostate and breast
cancers may be appropriate target diseases for TNP-470 clinical trials.

INTRODUCTION

Prostate cancer is a common cancer in men, and the number of
patients is increasing with the increase in life expectancy and im
provements in diagnostic techniques. Hormone-dependent prostate

cancer can be effectively controlled by hormonal therapy (1). The
growth of a hormone-dependent cancer, however, eventually becomes

hormone independent during hormonal therapy, and once this hap
pens, control of the disease is difficult, since prostate cancer and its
metastasis are in most cases resistant to conventional chemotherapy
(2). The production of growth factors has been implicated in the
acquisition of hormone-independent growth. Hormone-independent
prostate carcinoma cell line PC-3 has been shown to produce bFGF2

proteins (3). In addition to the stimulatory effect on prostate epithelial
and tumor cell growth (4), bFGF stimulates the growth of endothelial
cells and elicits angiogenesis in vivo (5-7). Hormone-independent
breast carcinoma cell line MDA-MB-231 has also been reported to

secrete pleiotrophin, a possible angiogenic factor (8). Elevated pro
duction of bFGF and pleiotrophin in hormone-independent cancers

may, therefore, contribute to autonomous growth by new blood vessel
formation as well as autocrine growth stimulation.
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TNP-470, a semisynthetic analogue of fumagillin, has been shown

to possess potent antiangiogenic and antitumor activities (9, 10). We
examined the effect of TNP-470 on in vivo growth of hormone-

independent human prostate and breast cancers in nude mice and
found that TNP-470 had a potent antitumor action against these

tumors.

MATERIALS AND METHODS

Materials. TNP-470 (the clinical formulation) was synthesized at our com
pany and dissolved in 5% glucose just before use. Adriamycin and 5-FUra

were purchased from Kyowa Hakko Kogyo Co., Ltd. (Tokyo. Japan). Cisplatin
was obtained from Nippon Kayaku (Tokyo, Japan). These drugs were dis
solved or suspended in 0.9% NaCI solution for injection.

Reagents for cell culture were obtained as follows: Ham's F-12K medium

was from Flow Laboratories (Irvine, Uniled Kingdom); Opti-MEM, MEM, and

MEM nonessential amino acids solution were from GIBCO (Grand Island.
NY); FBS was from Bio Whittaker (Walkersville, MD); and Agar Noble was
from Difco (Detroit. Ml). All other materials were reagent grade.

Animals. Male and female BALB/c nu/nu mice were obtained from
Charles River Japan, Inc. (Yokohama, Japan) at 7 weeks of age. Mice were
used at 8 or 9 weeks of age.

Tumor Growth in Vivo. PC-3 cells (3 X 10"), MDA-MB-231 cells (3 X
10h), or WiDr cells (3 X 10") were inoculated s.c. into the right axillary region

of the flank of nude mice on day 0. Female nude mice were used in the
experiments for MDA-MB-231 and WiDr tumors, and male nude mice were
used for PC-3 tumors. Mice with tumors of a similar size were selected for
experiments, s.c. administration of TNP-470 was initiated on day 19 for PC-3,
on day 24 or 28 for MDA-MB-231, and on day 5 for WiDr, and TNP-470 was

then s.c. injected once a week. Control mice received 5% glucose solution. On
the indicated days, tumor size was measured.

Tumor volume was calculated as follows:

Tumor volume (mm') = 0.5 x a X i>2

where a is the longest diameter and b is the shortest diameter (11).
In the experiments of combination therapy, TNP-470 and chemo-

therapeutic agents were injected as described in the figure legends.
Cells and Cell Culture. PC-3 (12), MDA-MB-231 (13), and WiDr (14)

cells were obtained from the American Type Culture Collection (Rockvillc,
MD) and grown as a monolayer. Ham's F-I2K/10% FBS, Opti-MEM/5% FBS,

and MEM/10% FBS/1% nonessential amino acids solution were used as the
growth medium for PC-3, MDA-MB-231, and WiDr cells, respectively. For the
cell growth assay in monolayer cultures, the cells were seeded in 24-well plates
(Costar, Cambridge, MA) at 4000 cells/well on day 0. TNP-470 diluted with

the corresponding medium was added to each well on day 1. Cell number was
determined with a Coulter counter (Model ZB1 ; Hialeah, FL) on day 4. For cell
growth in soft agar cultures, the cells were suspended at 3000 cells/ml of 0.3%
agar in the corresponding growth medium. Aliquots of 250 (Â¿1were overlaid on
500 fil of 0.6% agar in the growth medium. After the agar solidified. TNP-470

in growth medium was added to each well. The number of colonies with a
diameter of more than 100 /um was counted with an image analyzer (Luzex 3U,
Nikon, Japan) on day 9 (PC-3), day 11 (WiDr), or day 15 (MDA-MB-231).

RESULTS

Antitumor Activity in Human Tumor Xenograft. TNP-470 in
hibited the growth of PC-3 carcinoma in a dose-dependent manner
(50-200 mg/kg, every week) and completely inhibited the growth at

a dose of 200 mg/kg but with toxic death of 2 out of the 5 mice (T/C,

5233

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/21/5233/2452436/cr0530215233.pdf by guest on 19 M

ay 2023



ANTITUMOR ACTIVITY OF TNP-470 AGAINST HORMONE-INOKPENDENT TUMORS

4% on day 66) (Fig. 1). A dose-dependent antitumor effect of TNP-
470 was also observed in MDA-MB-231 tumor-bearing mice (Fig. 2).
TNP-470 at a weekly dose of 200 mg/kg inhibited the growth of
MDA-MB-231 tumors, and tumor volume was only 12% of that in the

control group on day 70. The antitumor activity against WiDr carci
noma was less marked than that against PC-3 and MDA-MB-231

tumors (Fig. 3); a weekly dose of 200 mg/kg resulted in tumor growth
39% of that in the control group on day 40.

Antitumor Activity of TNP-470 in Combination with Chemo-
therapeutic Agents. We examined the antitumor activity of TNP-470
against PC-3 and MDA-MB-231 tumors in combination with chemo-

therapeutic agents clinically used for prostate and breast cancer.
CDDP (5 mg/kg; s.c., every week) showed strong antitumor activity
against PC-3 tumors (T/C, 22%) (Fig. 4). When TNP-470 (100 mg/kg,
s.c., every week; T/C, 38%) was injected into PC-3 tumor-bearing

mice along with CDDP, the antitumor activity was markedly enhanced
by the combination (T/C, 5%) (Fig. 4). In the case of MDA-MB-231
cells, 5-FUra did not suppress the tumor growth at a dose of 30 mg/kg

(T/C, 131%) and Adriamycin only weakly suppressed the growth at a
dose of 2.5 mg/kg (T/C, 64%) (Fig. 5). When 5-FUra and Adriamycin

were injected at doses of 60 and 5 mg/kg, respectively, mice died from
toxic effects. The antitumor activity of TNP-470 against MDA-MB-
231 tumors was not enhanced by combination with 5-FUra or Adria

mycin (data not shown).
Inhibition of Cell Growth in Vitro. TNP-470 inhibited the growth

of PC-3, MDA-MB-231 and WiDr cells cytotoxically with an IC50

value of 4.9, 4.4, and 4.3 jug/ml in monolayer cultures, respectively
(Fig. M ). The growth of PC-3 cells in soft agar cultures, however, was
much more sensitive to TNP-470. The dose response curve was bi-

phasic, and the IC5(, value was 0.05 ng/ml (Fig. 6ÃŸ).The sensitivity
of MDA-MB-231 cells to TNP-470 in soft agar cultures was less

prominent. The IC5(1value in soft agar cultures was 0.47 jug/ml. In the
case of WiDr cells, TNP-470 showed considerably weak activity in

soft agar (IC-m. 9.4 /Â¿g/ml)cultures.

DISCUSSION

It has been reported that TNP-470 shows antiangiogenic effects in

various in vitro and in vivo assay systems (9, 10). Endothelial cells are
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Fig. 1. Growth inhibition of PC-3 carcinoma by TNP-470. PC-3 cells (3 X IO6) were

inoculated s.c. into the right axillary region of the flank of a male nude mouse on day Ãœ.
TNP-470 was administered s.c. once a week beginning day 19. Points, means Â±SE (n =
5). O, control; â€¢¿�.TNP-470 (50 mg/kg); D, 100 mg/kg; â€¢¿�200 mg/kg. / and 2, total
number of toxic deaths.
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Fig. 2. Growth inhibition of MDA-MB-231 carcinoma by TNP-470.MDA-MB-23I

cells (3 X IO6) were inoculated s.c. inlo the right axillary region of the flank of a female
nude mouse on day 0. TNP-470 was administered s.c. once a week beginning day 28.
Points, means Â±SE (n = 5). O, control; â€¢¿�,TNP-470 (50 mg/kg); Q, 1(X)mg/kg; â€¢¿�200

mg/kg.
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Fig. 3. Growth inhibition of WiDr carcinoma by TNP-470. WiDr cells (5 X 10") were

inoculated s.c. into the righi axillary region of the flank of a female nude mouse on day
0. TNP-470 was administered s.c. once a week beginning day 5. Ptiinls. means Â±SE
(n = 5). O, control; â€¢¿�.TNP-470 (50 mg/kg); D, 100 mg/kg; â€¢¿�.200 mg/kg.

most sensitive to TNP-470, while tumor cells are generally much less
sensitive to TNP-470 in vitro.* TNP-470 showed strong antitumor and

antimetastatic activities against several rodent tumors in vivo (15) and
preferentially reduced the labeling index of endothelial cells in tumor
tissues.4 Therefore, the antitumor and antimetastatic activities of TNP-

470 have been thought to be exerted by its antiangiogenic action. In
this study, we examined the antitumor activity of TNP-470 against

human tumors in nude mice.
TNP-470 showed antitumor activity against all the human tumors

tested in nude mice. The antitumor activity of TNP-470 was more
potent against both hormone-independent prostate carcinoma PC-3
and breast carcinoma MDA-MB-231 than against WiDr colon carci
noma. PC-3 cells have been reported to produce large quantity of
bFGF, one of the most potent angiogenic factors (3). MDA-MB-231

cells have also been reported to secrete pleiotrophin, a possible

' M. Kusaka et al., manuscript in preparation.
4 T. Yamamoto et al., manuscript in preparation.
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Fig. 4. Enhancement of the antitumor activity of TNP-470 by combination with CDDP.

PC-3 cells (3 X 10ft) were inoculated s.c. into the right axillary region of the flank of a
male nude mouse on day 0. TNP-470 and CDDP were administered s.c. once a week
beginning day 19. Arrows, days of administration. Points, means Â±SE (n = 5). O,
control; D, TNP-470 (1(X) mg/kg); â€¢¿�,CDDP (5 mg/kg); â€¢¿�TNP-470 (100 mg/kg) and
CDDP (5 mg/kg). *, as compared with TNP-470 alone.
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Fig. 5. Comparison of the antitumor activity of TNP-470 and chemotherapeutic agents.
MDA-MB-231 cells (3 X 10'') were inoculated s.c. into the right axillary region of the

flank of a female nude mouse on day 0. TNP-470 was administered s.c. once a week, and
5-FUra and Adriamycin were administered s.c. on days indicated by arrows beginning day
24. Points, means Â±SE (n = 5). O, control; â€¢¿�,TNP-470 (100 mg/kg); D, 5-FUra (30

mg/kg); â€¢¿�Adriamycin (2.5 mg/kg).

angiogenic factor (8). These factors are likely to stimulate the tumor
growth in vivo by eliciting angiogenesis in addition to acting directly
as possible autocrine growth factors (3, 8). Thus, the in vivo growth of
PC-3 and MDA-MB-231 tumors might be more angiogenesis- or
angiogenic factor-dependent than that of WiDr carcinoma. The obser
vation that TNP-470 inhibited the growth of PC-3 and MDA-MB-231

tumors in vivo more potently than that of WiDr tumors is compatible
with the concept that TNP-470 inhibits tumor growth by interfering

with angiogenesis and other biological actions of angiogenic factors.
In monolayer cultures, PC-3 cells were highly resistant to TNP-470.

TNP-470 showed, however, strong growth-inhibiting activity against
PC-3 cells in soft agar cultures. TNP-470 also inhibited the growth of

MDA-MB-231 cells in soft agar cultures more potently than that in

monolayer cultures as was previously reported by Sugita et al. (16).
However, this is not a general phenomenon since WiDr cells and some
other tumor cells (data not shown) were almost equally sensitive to
TNP-470 in monolayer and soft agar cultures. The sensitivity of the
growth in soft agar cultures to TNP-470 correlated well with the

sensitivity in vivo among the human cell lines used, suggesting some
contribution of the inhibitory action against anchorage-independent

growth to the antitumor action. Extensive investigation using a wide
variety of human solid tumor cells is underway to determine the
relationship between inhibitory activities of TNP-470 against anchor
age-independent growth and tumor growth. From the observations
that the growth of WiDr cells was sensitive to TNP-470 in vivo despite

its resistance Â¡nboth monolayer and soft agar cultures and that growth
inhibition of endothelial cells is still more sensitive to TNP-470 than

that of some tumor cells in soft agar cultures, the antitumor activity of
TNP-470 seems to be mainly due to its antiangiogenic activity. The
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Fig. 6. Effect of TNP-470 on the cell growth in vitro. A, monolayer cultures: Cells were

seeded in 24-well plates at 4(XK)cells/well on day 0. TNP-470 was added on day 1. The
cell number was counted on day 4 with a Coulter counter. Note that the number of PC-3,
MDA-MB-231 and WiDr cells on day 1 were 12,7,and 11% of the numbers of the control

cells on day 4. B, soft agar cultures: cell suspension (750 cells/0.3% agar) was overlaid on
a 0.6% agar layer. After solidification, TNP-470 was added. The number of colonies with
a diameter of more than 100 firn was counted with an image analyzer on day 9 (PC-3),
day 15 (MDA-MB-231), or day 11 (WiDr). Points, means Â±SE (Â«= 3). O, PC-3 cells;
â€¢¿�.MDA-MB-231 cells; D, WiDr cells.
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contribution of the antiangiogenic action of TNP-470 to its antitumor

action remains though to be evaluated histologically.
The mechanism of the inhibitory action of TNP-470 against an

chorage-independent growth of PC-3 cells in soft agar is not clear at
present. The dose-response curve of TNP-470 for PC-3 anchorage-
independent growth was similar to that for endothelial cells in mono-
layer cultures,3 and the IC5l>for PC-3 anchorage-independent growth

was close to the cytostatic IC5(1for endothelial cell growth. This might
indicate that TNP-470 acts on a site within the common signal trans-
duction pathway which mediates endothelial cell growth and PC-3
anchorage-independent growth.

The following observations seem to have important implications for
clinical trials of TNP-470: (a) TNP-470 potently inhibited the in vivo
growth of MDA-MB-231 carcinoma, which was isolated from a pleu
ral effusion of a patient treated with 5-FUra, Adriamycin, and cyclo-
phosphamide (13), and the tumor growth responded poorly to chemo-
therapeutic agents such as 5-FUra and Adriamycin in vivo; (b) TNP-
470 showed potent antitumor activity against PC-3 cells and this

activity was strongly enhanced by combination with CDDP, a cur
rently used chemotherapeutic agent for prostate cancers. Recently,
Teicher et al. (17) have reported that a combination therapy of anti
angiogenic agents and conventional cytotoxic agents gave higher
therapeutic efficacy against a murine tumor than either agents alone.
The present results are in agreement with their results. Furthermore,
specific angiogenesis inhibitors are thought to cause few side effects
since angiogenesis only occurs in limited physiological situations in
normal adults (18), and the side effects which do occur were found to
be reduced by i.v. infusion while the antitumor effect was potentiated
slightly (15). In conclusion, hormone-independent prostate and breast
cancers appear to be appropriate target diseases for TNP-470 clinical

trials, and i.v. infusion appears to be the most appropriate adminis
tration route.
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