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Tubulin binding agents (TBAs) reduce tumor perfusion and inhibit mitosis of tumor cells in solid
tumors, but it is not clear which effects contribute to the suppression of solid tumor growth. We
evaluated the antivascular and antimitotic effects of several TBAs, combretastatin A-4 (CS A-4)
phosphate, AC-7700, a novel CS A-4 derivative, colchicine, E7010, and vinblastine, on subcutane-
ous (s.c.) murine colon26 adenocarcinoma (c26). Tolerable doses of vinblastine and E7010 strongly
inhibited tumor growth and induced mitotic arrest of tumor cells without affecting tumor perfu-
sion. Colchicine had no effect on tumor growth and perfusion. When the injected dose was
increased to the lethal range, however, these drugs markedly reduced tumor perfusion and caused
necrosis of tumor tissue. Within the tolerable dose range, AC-7700 both strongly suppressed tumor
growth and reduced tumor perfusion, and CS A-4 phosphate also exhibited a moder ate antivascu-
lar effect. To evaluate the contribution of antivascular activity of TBAS to tumor growth suppres-
sion, excluding their direct cytotoxic effect on tumor cells, we established c26/acr, which isresistant
to TBAsin vitro. Although E7010 showed a reduced suppressive effect on s.c. c26/acr tumor growth
as compared with its effect on wild-type ¢26, AC-7700 remained potent against both cell lines.
These results indicate that TBAs exert antivascular and antimitotic effects on solid tumors with
marked differently effective dose ranges from agent to agent, and that the antivascular effect of

TBAs inhibits solid tumor growth independently of the direct cytotoxic effect on tumor cells.

Key words:

Tumor vasculature is a promising target for novel anti-
cancer agents that would have several theoretical advan-
tages over agents affecting tumor cells, e.g., such drugs
could easily gain access to target cells and development of
resistance would be unlikely because endothelia cells are
genetically stable, homogenous and have a low mutational
rate.

Over the last decade, several investigators have reported
that tubulin binding agents (e.g. vincristine, vinblastine,
colchicine) reduced perfusion and induced hemorrhagic
necrosis in subcutaneous (s.c.) murine tumors.*® This
effect occurs through an unknown mechanism other than
the induction of tumor necrosis factor (TNF)-a® and may
be closely related to microtubule disruption. However,
only afew attempts have been made to adapt this “antivas-
cular effect” to clinical use because (a) tumor perfusion is
inhibited only when drugs are administered at the maxi-
mum tolerable dose (MTD), and (b) it is not clear whether
the antivascular activity of tubulin binding agents contrib-
utes to the suppression of solid tumor growth, since an
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antimitotic effect on tumor cells is induced through inhibi-
tion of spindle formation at doses lower than those
required to reduce tumor perfusion.

A novel tubulin binding agent, combretastatin A-4 (CS
A-4), was isolated from the bark of the South African tree
Combretum caffrum.>” This compound and its disodium
phosphate salt (CS A-4 prodrug) were reported to inhibit
strongly the perfusion of solid murine and human tumors
at doses less than one-tenth of the MTD.® However, single
doses of these compounds have limited potential for inhib-
iting tumor growth in the tolerable dose range. In a previ-
ous study, by replacing the phenolic OH of CS A-4 with
NH,, we obtained AC-7739, which potently suppressed
solid murine tumor growth.’® We also improved the water
solubility of this agent by synthesizing AC-7700, a serine
AC-7739 prodrug.

In the present study, we investigated how the two activ-
ities of tubulin binding agents, the antivascular and anti-
mitotic effects, contribute to the suppression of solid tumor
growth by using multiple doses of agents which interact
with the colchicine-binding site (CS A-4 phosphate, AC-
7700, colchicine, E7010) and vinca alkaloid-binding site
(vinblastine) of tubulin. Moreover, we investigated
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whether the antivascular effect of tubulin binding agents
can suppress solid tumor growth independently of the
direct cytotoxic effect on tumor cells.

MATERIALS AND METHODS

Drugs AC-7700, AC-7739, CS A-4 phosphate, and
E7010' were synthesized by Ajinomoto Co., Inc. (Phar-
maceutical Research Laboratories, Kawasaki). AC-7700 is
a serine prodrug of AC-7739 and is cleaved by aminopep-
tidase, immediately releasing an active form in vitro as
well asin vivo. E7010 is a novel oral microtubule inhibitor
which has been tested in clinical trials.

AC-7700, AC-7739, CS A-4 phosphate, vinblastine
(Kyorin Co., Inc., Tokyo), colchicine (Sigma Chemical
Co., St Louis, Missouri), and cis-diamminedichloroplati-
num (cisplatin, Nippon Kayaku Co., Inc., Tokyo) were dis-
solved in and diluted with saline. E7010 was suspended in
and diluted with 0.5% carboxymethylcellulose. AC-7700
and AC-7739 were administered intravenously (i.v.) or
subcutaneously (s.c.), CS A-4 phosphate was injected intra-
peritoneally (i.p.), vinblasting, colchicine, and cisplatin
were injected i.v., and E7010 was administered per os (p.o).
Animals Female BALB/cxDBA/2F1 (CD2F1) mice were
obtained from Charles River Japan, Inc. (Yokohama), and
were given access to food (CRF1; Charles River Japan,
Inc.) and water ad libitum. Mice were maintained under
specific pathogen-free conditions at 23+2°C and 50+10%
relative humidity. Lighting was automatic on a 12-h light/
dark cycle.

Tumor cells Murine colon26 adenocarcinoma (c26) was
supplied by Simonsen Laboratories (Gilroy, California)
under the auspices of the National Cancer Institute, NIH
(Bethesda, Maryland), and was maintained by the Japa-
nese Foundation for Cancer Research (Tokyo). C26/acr
was established from ¢26 by maintenance with AC-7739
for 1.5 years. This cell line is resistant only to tubulin
polymerization inhibitors. MethA fibrosarcoma was sup-
plied by the Japanese Foundation for Cancer Research.
Tumor cell lines were maintained in RPM11640 medium
supplemented with 10% fatal calf serum, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 0.2% NaHCO,
under 5% CO,, at 37°C.

MTD The MTD of tubulin binding agents in an intermit-
tent schedule (g4dx3) was determined using CD2F1 mice
as follows: AC-7700, 80 mg/kg/day (i.v.), 40 mg/kg/day
(s.c.); CS A-4 phosphate, 500 mg/kg/day (i.p.); vinblas-
tine, 10 mg/kg/day (i.v.); E7010, 500 mg/kg/day (p.0.);
colchicine, 1 mg/kg/day (i.v.). We defined the tolerable
dose range as doses under the MTD and defined the lethal
dose range as doses above the MTD.

Antitumor effects on solid tumor modelsin vivo Tumor
fragments consisting of 5 mg of ¢26, 5x10° cells of c26/
acr, and 3x10° cells of MethA fibrosarcoma were inocu-

1388

lated s.c. into 5- to 6-week-old CD2F1 mice on day O.
Drugs were administered 3 times a 3-day intervals
(g4dx3) after the tumor volume (TV) reached 0.2-0.5
cm®. Tumor size (long and short diameter) and body
weight were measured two or three times a week. TV was
calculated using the following formula

TV (cm®)=(D,xD2)x1/2x1/1,000
where D, is the tumor’s long diameter and D¢ the short

diameter. Antitumor activity was calculated using the fol-
lowing formula

T/C (%)=T/Cx100

where T is the TV in treated mice and C that in controls.
Antitumor effects were evaluated on the day when T/C
reached the minimum after treatment was completed.
Histopathological analysis Histological analysis was
conducted using mice bearing ¢26 or MethA (9-10 days
after implantation). Mice were injected with a single drug
dose and killed by cervical dislocation 6 h after drug injec-
tion. Local s.c. tumor masses were removed and fixed
with 10% neutral buffered formalin, pH 7.4. Micrometer
sections were made and stained with hematoxylin and
eosin (H&E).

Mitosis of tumor cells was scored in coded dlides by
microscopic examination at 200x magnification. The mor-
phological features were used for histologica identifica-
tion of mitotic tumor cells. Nine fields were randomly
selected in each histological specimen, and in each field
the number of mitotic tumor cells was recorded as number
per 5000 cells. The mitotic index was calculated by using
the following formula

Mitotic index=Mt/Mc

where Mt is the number of tumor cells at metaphase in
mice treated with drugs and Mc is that in controls.

Necrotic area within a tumor mass was calculated by
microscopic examination at 200x magnification using
“Photoshop” (version 4.0, Adobe).
Tumor perfusion measurement Relative tumor perfu-
sion was evauated by usnig the evans blue extraction
technique.™® Evans blue (125 mg/kg) was injected i.v. into
mice bearing c26 or MethA tumors (9-10 days after
tumor inoculation). Mice were killed 30 min later, then the
tumors were removed and weighed. Evans blue in tumors
was extracted into formamide (3 volumes per tumor
weight) at room temperature. The formamide solution was
added to a 96-well microplate (50 ul/well) and the concen-
tration of evans blue was determined from the optical den-
sity (630 nm). The content of evans blue in tumor tissueis
proportional to tumor perfusion, and relative perfusion in
tumors was expressed as the percentage optical density of
treated relative to non-treated tumors.

Tissue content of evans blue is aso influenced by vas-
cular permesability. We evaluated the vascular permeability



in tumor tissue by using the FITC-dextran leakage tech-
nique.*¥ The administration of tubulin binding agents did
not change the vascular permeability in tumor tissue. Val-
ues obtained by the evans blue extraction technique thus
mainly reflected tumor perfusion in these models.
Cytotoxic effects against murine tumor cell line Tumor
cells (5x10° in 50 pl/well) were seeded into 96-well
microplates and allowed to attach at 37°C, 5% CO,, for 24
h. Identical plates were then exposed to drugs for 72 h.
Cell growth was assessed by MTT assay, for which 10 ul
of 5 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT, Sigma Chemical Co.) solution was
added to each well and the plates were incubated for 4 h
under 5% CO,, at 37°C. The formed formazan was dis-
solved in 100 ul of 10% sodium dodecyl sulfate+0.01 N
HCI solution. The optical density/well was measured at
570—630 nm using a V,, microplate reader (Molecular
Device Co.,, Inc., Menlo Park, CA). Cell growth was deter-
mined from the percentage ratio of optical density in
treated wells to that in non-treated wells. The compound
concentration required for 50% inhibition of cell growth
(IC,,) was determined from the dose-response curve.
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RESULTS

Inhibitory effect on solid tumor growth The antitumor
activity of tubulin binding agents, AC-7700, CS A-4 phos-
phate, colchicine, E7010, and vinblastine, was examined
in mice bearing subcutaneous ¢26 tumors using an inter-
mittent schedule (g4dx3) (Fig. 1). AC-7700 (s.c.), E7010
(p.0.), and vinblastine (i.v.) strongly suppressed tumor
growth in a dose-dependent manner. CS A-4 phosphate
showed a moderate growth-suppressive effect at the MTD,
whereas colchicine had no effect on ¢26 tumor growth.
The s.c. injection of AC-7700 (40 mg/kg/day) was as
effective as i.v. injection of 80 mg/kg/day (MTD) with
% treated/control value (T/C) of TV of 31.2 and 21.0,
respectively.

Histological analysis of solid tumors treated in the tol-
erable dose range AC-7700 (40 mg/kg, s.c.) produced
prominent diffuse hemorrhagic necrosis at both the periph-
ery and center of s.c. ¢26 tumor tissue with pyknosis of
tumor cells 6 h after injection (Fig. 2b). Hemorrhagic
necrosis of tumor sections was observed from 3 h after
injection in the tolerable dose range of AC-7700 (20—-40
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Fig. 1. Antitumor activity of tubulin binding agents in mice bearing colon26 adenocarcinoma; 5 mg of ¢26 tumor fragment was inocu-
lated s.c. into CD2F1 mice on day 0 and AC-7700 (s.c.) (8), CS A-4 phosphate prodrug (i.p.) (b), colchicine (i.v.) (c), E7010 (p.o.) (d),
and vinblastine (i.v.) (€) were administered on day 7, 11 and 15. Antitumor activity was evaluated on the day when the growth-suppres-
sive effect peaked after treatment finished and is expressed as %T/C of tumor volume. Bars: mean+SD (n=5-6).
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Fig. 2. Histopathological appearance of colon26 adenocarcinoma (H&E) 6 h after treatment with a tolerable (b, ¢, d, €) or lethal dose
(f, g, h) of tubulin binding agents. (a) Non-treated tumor, (b) AC-7700 (40 mg/kg, s.c.), (c) colchicine (1 mg/kg, i.v.), (d) E7010 (330
mg/kg, p.o.), (€) vinblastine (5 mg/kg, i.v.), (f) colchicine (20 mg/kg, i.v.), (g) E7010 (2000 mg/kg, p.o.), (h) vinblastine (40 mg/kg,

i.v.). Bar: 100 uM.

Mitotic index

10 20 40 1 5 330
AC-7700 COL VLB E7010
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Fig. 3. Mitotic index of tumor cells in c26 tumors treated with
tubulin binding agents. Mitotic index was scored from histologi-
cal sections made from tumors at 6 h after trestment. The mitotic
index of non-treated tumor is 1. Bars: mean+SD (n=3).

mg/kg, s.c.) and this effect was also induced by i.v. injec-
tion of AC-7700 (40—80 mg/kg). CS A-4 phosphate pro-
drug (100-500 mg/kg, i.p.) aso induced necrotic changes
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within the tumor mass, but the affected area was limited to
the center of the malignant tissue. The tolerable doses of
E7010 (330 mg/kg/day) and vinblastine (5 mg/kg/day)
which markedly suppressed tumor growth with %T/C of
TV of 12 and 8, respectively, increased the tumor cell pop-
ulation arrested in the metaphase (Fig. 2, d and €). Colchi-
cine has no effect on the histopathology of s.c. 26 tumors
(Fig. 2¢).

The proportion of tumor cells arrested at metaphase
within the ¢26 tumor mass was quantitatively evaluated as
the mitotic index (Fig. 3). Vinblastine and E7010 at tolera-
ble doses increased the tumor cell population arrested in
the metaphase by about five times as compared with non-
treated tumors 6 h after injection. In contrast, AC-7700
(10-40 mg/kg/day, s.c.) had no influence on the mitotic
index of solid c26 tumors.

Effect of AC-7700 on relative tumor perfusion A single
dose of AC-7700 (40 mg/kg, s.c.) reduced the relative per-
fusion of ¢26 tumors from 2 h postinjection; relative tumor
perfusion continued to fall 6 h later (Fig. 4). Histological
analysis of ¢26 tumors showed that inhibition of tumor
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Fig. 4. Influence of AC-7700 on relative tumor perfusion of
subcutaneous ¢26 tumors. A single dose of AC-7700 (40 mg/kg)
was administered s.c. and changes in relative tumor perfusion
were measured over time. Relative tumor perfusion was mea
sured using the evans blue extraction technique and expressed as
the percentage ratio of the optical density of treated to non-
treated tumors. Bars: mean+SD (n=6).

perfusion preceded tumor necrosis. The inhibitory effect of
AC-7700 on solid tumor perfusion was also observed in
subcutaneous MethA fibrosarcoma (Fig. 5, b and ¢)

We found inhibition of tumor perfusion at 6 h following
a single dosing to be closely correlated with relative TV
after AC-7700 treatment in an intermittent schedule
(g4dx3) in s.c. colon26 adenocarcinoma (Fig. 5a) and
MethA fibrosarcoma (Fig. 5b). The inhibitory effect of
AC-7700 on perfusion of MethA fibrosarcoma was aso
correlated with the necrotic area of the tumor section 6 h
after a single AC-7700 treatment (Fig. 5c). Although AC-
7700 did not affect tumor perfusion at 5 mg/kg, it slightly
increased the proportion of tumor cells arrested at the
metaphase in ¢26 tumors (mitotic index=2.74+0.46).
Inhibition of tumor perfusion by tubulin binding
agents We evaluated the antivascular activities of tubulin
binding agents in the tolerable to lethal dose range. AC-
7700 strongly reduced tumor perfusion dose-dependently
below the MTD (Fig. 6a). CS A-4 phosphate also showed
a moderate inhibitory effect on tumor perfusion at the
MTD (Fig. 6b). In contrast, the tolerable doses of colchi-
cine, E7010 and vinblastine had only marginal or no effect
on tumor perfusion (Fig. 6, ¢, d and e).

When the dose was elevated to a lethal level, vinblas-
tine and colchicine potently inhibited tumor perfusion,
their effects becoming comparable to those of tolerable
AC-7700 doses (Fig. 6, ¢c and €). Vinblastine, colchicine
and E7010 aso induced diffuse hemorrhagic necrosis with
congested tumor vessels in ¢26 tumors (Fig. 2, f, g and h).
Tumor sections resembled those of mice treated with
AC-7700 in the tolerable dose range. In contrast, cisplatin
which inhibits DNA replication of tumor cells by binding
to nucleosides did not affect tumor perfusion or the histo-
pathology of c26 tumors even at the lethal doset. Mice
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Fig. 5. Correlation between inhibition of tumor perfusion and
tumor growth suppression or necrosis induction within the tumor
mass by AC-7700 in colon26 adenocarcinoma (a) and MethA
fibrosarcoma (b, ¢). AC-7700 was injected s.c. at doses of 5, 10,
20 and 40 mg/kg/day. Relative tumor perfusion and the necrotic
area within the tumor mass were measured 6 h after a single AC-
7700 injection and suppression of tumor growth was evaluated
on the day when the growth suppressive effect peaked after treat-
ment finished (g4dx3). The correlation was examined by linear
regression analysis and the regression coefficient was determined
as follows: (a) y=0.052+0.78x, R?=0.96; (b) y=0.11+0.35X,
R?=0.97; (c) y=1.8-0.00002%x, R*=0.95. Bars. mean+SD (n=
3-6).

treated with a lethal dose of tubulin binding agents or cis-
platin died a few days after drug injection.

Antivascular and antimitotic activities of tubulin bind-
ing agents are summarized in Table |, together with the
suppressive effect on tumor growth.

C26/acr cdl line resistant to tubulin binding agents
AC-7739, an active form of AC-7700, inhibited the poly-
merization of tubulin extracted from the bovine brain with
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Fig. 6. Effect of AC-7700 and tubulin binding agents on tumor
perfusion in mice bearing colon26 adenocarcinoma. Relative
tumor perfusion in ¢26 tumors was measured by the evans blue
extraction technique 6 h after drug injection. Relative tumor per-
fusion was expressed as the percentage ratio of the evans blue
optical density of treated to non-treated tumors. (a8) AC-7700
(s.c), (b) CS A-4 phosphate prodrug (i.p.), (c) colchicine (i.v.),
(d) E7010 (p.0.), (€) vinblastine (i.v.). Hatched column: tolerable
dose range. Bars: mean+SD (n=3-6).

Tablel. Summary of Antivascular and Antimitotic Activities of
Tubulin Binding Agents at a Tolerable Dose Range?

Relative tumor

B AR paon M
AC-7700 227 25.6 1.2
CS A-4 phosphate 42.4 56.4 ND?
Colchicine 109.6 97.9 14
E7010 79 135.2 4.8
Vinblastine 121 67.2 5.0

a) AC-7700 (40 mg/kg, s.c.), CS A-4 phosphate (500 mg/kg,
i.p.), colchicine (1 mg/kg, i.v.), E7010 (330 mg/kg, p.0.), vin-
blastine (5 mg/kg, i.v.).
b) ND, not determined.
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Fig. 7. Effects of AC-7700 and E7010 on c26/acr cell line
resistant to tubulin binding agents. (&) In vitro; cytotoxicity of
AC-7739, the active form of AC-7700 and E7010 was evaluated
by using MTT assay, involving contact with drugs for 72 h.
Closed circles: ¢26/wt. Open circles: c26/acr. (b) In vivo; inhibi-
tory activity against tumor growth was examined in s.c. tumors.
Treatment was initiated when the tumor volume reached about
0.2-0.5 cm®. Drugs were administered s.c. (AC-7700, 40 mg/kg/
day) or p.o. (E7010, 330 mg/kg/day) in an intermittent schedule
(g4dx3) and antitumor activity was evaluated on the day when
the %T/C value of tumor volume reached a minimum after treat-
ment was completed. Bars: mean+SD (n=5-6).

an IC,, of 4 uM, comparable to that of CS A-4 (IC,,=4
uM), and arrested tumor cells in the metaphase in vitro.X?
To evaluate the contribution of the direct cytotoxic effect
of AC-7700 on tumor cells to the suppression of solid
tumor growth, c26/acr, a cell line derived from c26 (c26/
wt) resistant to tubulin binding agents, was established in
vitro. C26/acr is about ten times more resistant to AC-
7739 than c26/wt in vitro, with an I1C,, of 13 ng/ml for
c26/acr as compared with 1.4 ng/ml for wild cells (Fig.
7d). E7010, an agent that binds to the colchicine site of
tubulin, was also resistant to c26/acr. In contrast to tubulin
binding agents, the cytotoxic activities of hydroxyurea,
cycloheximide, actinomycin D and oligomycin towards
the two cell lines were identical.

The inhibition of solid tumor growth by AC-7700 and
E7010 was studied using mice inoculated s.c. with the two
cell lines, c26/wt and c26/acr. E7010 showed reduced
growth suppression against c26/acr compared to c26/wt
with %T/C of TV of 18.9 for c26/wt and 85.4 for c26/acr,



as also observed in vitro (Fig. 7b). AC-7700 was equiva-
lently effective against both resistant and wild-type solid
tumors, with %T/C of TV; 28.7 for c26/wt and 39.4 for
c26/acr. Hemorrhagic necrosis was observed in c26/acr
tumors at 6 h after AC-7700 injection.

DISCUSSION

Tubulin binding agents affect the growth of solid
murine tumors in two ways; inhibiting tumor cell mitosis
by disrupting the nucleospindle and reducing tumor perfu-
sion through an unknown mechanism. However, the extent
to which the antivascular or antimitotic effects of each
agent contribute to suppression of solid tumor growth
remains to be clarified.

We found that AC-7700, a novel combretastatin A-4
derivative, produced diffuse hemorrhagic necrosis of
tumors and reduced tumor tissue perfusion in proportion to
tumor growth suppression in the tolerable dose range. We
also showed, using the murine tumor cell line c26/acr,
which is resistant to tubulin binding agents, that AC-7700
did not act directly on tumor cells in vivo. These results
suggested that some tubulin binding agents suppressed
solid tumor growth through an antivascular effect and that
the antivascular effect could potently inhibit solid tumor
growth independently of the direct cytotoxic effect on
tumor cells.

Unlike AC-7700, tolerable doses of vinblastine and
E7010 that potently suppressed tumor growth increased
the tumor cell population arrested at the metaphase within
€26 tumors. These drugs had only a marginal or no effect
against tumor perfusion and did not induce hemorrhagic
necrosis in tumor tissue at the same doses; tumors treated
with vincristine a the MTD aso showed the same
changes. Therefore, these tubulin binding agents sup-
pressed tumor growth mainly by arresting tumor cells at
the metaphase. These observations conflict with previous
reports that vinblastine and vincristine potently inhibited
the perfusion of s.c. murine tumors in the tolerable dose
range, to about 10-20% of the level in non-treated
tumors.*® This discrepancy may be due to differences in
the methods of measuring tumor perfusion or in the kind
of experimental solid tumors. The evans blue extraction
technique tends to overestimate tissue perfusion as com-
pared with other measurements, such as the #RbCl extrac-
tion technique and the double-label fluorescence staining
technique. The evans blue methods may detect only larger
changes of perfusion which are sufficient to induce tumor
necrosis through hypoxic stress. In fact, the hydrogen gas
clearance technique showed that AC-7700 completely
blocked tumor perfusion in a rat tumor system.’® In any
event, vinblastine had a marginal effect on tumor perfu-
sion compared to AC-7700 using the same measurement
method and tumor system. These results suggest that tubu-
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lin binding agents can be divided into antimitotic and anti-
vascular agents based on how they suppress solid tumor
growth.

Vinblastine, E7010, and colchicine strongly reduced
tumor perfusion at the lethal doses. Their inhibition of
tumor cell mitosis disappeared and hemorrhagic necrosis
was induced in s.c. tumors. A single dose of AC-7700 (5
mg/kg, s.c.), which did not affect tumor perfusion, caused
a dlight increase of the tumor cell population arrested at
the metaphase. Cisplatin, an inhibitor of DNA replication,
neither increased tumor cell population in the metaphase
nor affected tumor perfusion in the tolerable to lethal dose
range. These observations indicate that antivascular and
antimitotic effects against solid tumors are common bio-
logical activities of tubulin binding agents and the effec-
tive dose ranges for these two activities are markedly
different for each agent.

The antivascular effect of tubulin binding agents is not
mediated by TNF-a induction.? The inhibition of angio-
genic factor production may aso not be related to the
action mechanism of the antivascular effect, because shut-
down of tumor perfusion commences only 30 min after
microtubule inhibitor injection.® Dark et al. reported that
vascular resistance was increased in solid tumors treated
with CS A-4 phosphate.® Our preliminary study also indi-
cated that AC-7700 elevated the mean arterial blood pres-
sure (MABP) dlightly in rats and dogs when given at a
tolerable dose. (a) Induction of endogenous vasoconstric-
tive factors, (b) inhibition of production of vasodilative
factors (e.g., constitutive nitric oxide synthesis from
endothelia cells), or (c) ateration of endothelial cell shape
by AC-7700 may increase peripheral vascular resistance
and finaly elevate MABP as well as reduce perfusion spe-
cifically in tumor tissue. Combining AC-7700 with inhibi-
tors of endogenous vasoactive factors and anticoagulants
had no effect on the antitumor activity of AC-7700. This
observation is consistent with previous reports that CS A-4
increased vascular resistance in rat tumors perfused with a
cell-free buffered solution ex vivo.® Although the vascular
actions of AC-7700 resemble those of a nitric oxide syn-
thase inhibitor, e.g., its tissue selectivity, kinetics of perfu-
sion inhibition, and the effect against MABP ') AC-
7700 did not inhibit vasodilation of rat aorta dependent
upon NO synthesis in an ex vivo system. We have
observed that human umbilical vein endothelial cells
(HUVEC) changed rapidly from flat to round within 1 h of
exposure to microtubule inhibitors in vitro. Dark et al.
speculated that endothelia cell detachment could occlude
tumor vessels,® but we observed no thrombi consisting of
vascular endothelial cells or any other component in c26
tumor vessels treated with tubulin binding agents. It thus
appears most likely that endothelial cell shape changes
narrowed the vessels, and reduced perfusion within malig-
nant tissue.
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The mechanism of impairment of solid tumor perfusion
by the vasodilative agent hydralazine may serve as a refer-
ence for one more hypothesis. Hydralazine reportedly
reduces systemic perfusion pressure and causes an imbal-
ance between the intravascular and extravascular pressures
in malignant tissue, selectively reducing tumor perfu-
sion.’® 19 This action depends on high interstitial fluid
pressure within the tumor tissue derived from abnormal-
ities of tumor vessels, e.g., high vascular permeability,
poor lymph drainage, and a lack of basal lamina and
smooth muscle cell lining.22» Tubulin binding agents
may alter this balance by weakening the structural durabil-
ity of the tumor vasculature through destruction of the
cytoskeleton of endothelia cells or by increasing the vas-
cular permeability within malignant tissue. Vascular per-
meability was increased in vitro (HUVEC monolayers on
Transwell plates) and in vivo (Miles assay using dorsa
mouse skin) by treatment with concentrations of AC-7700,
vincristine and colchicine that are attainable in plasma
when tolerable to lethal doses of these drugs are adminis-
tered. This observation is consistent with results obtained
by Watts et al. using CS A-4.22 However, histopathologi-
cal analysis using FITC-dextran leakage methods indicated
that AC-7700 did not affect vascular permesbility in c26
tumors.

The difference in mode of action between AC-7700 and
other tubulin binding agents is also not related to the bind-
ing site on the tubulin molecule, because colchicine,
E7010, and AC-7700 al bind to the same tubulin “colchi-
cine site.” 229 Because amost al tubulin binding agents
showed antivascular activity at doses above the MTD, dif-
ferences in their mode of action may be due to their differ-
ent abilities to disrupt microtubules and to lethal effects on
normal tissue. The hydrogen gas clearance technique

REFERENCES

1) Baguley, B. C., Holdaway, K. M., Thomsen, L. L., Zhuang,
L. and Zwi, L. J. Inhibition of growth of colon38 adenocar-
cinoma by vinblastine and colchicine: evidence for a vascu-
lar mechanism. Eur. J. Cancer, 27, 482—487 (1991).

2) Hill, S. A, Lonergan, S. J., Denekamp, J. and Chaplin, D. J.
Vinca akaoids: anti-vascular effects in a murine tumor.
Eur. J. Cancer, 29A, 1320-1324 (1993).

3) Chaplin, D. J, Pettit, G. R., Parkins, C. S. and Hill, S. A.
Antivascular approaches to solid tumor therapy: evaluation
of tubulin binding agents. Br. J. Cancer, 74 (Suppl.
XXVII), S86—S88 (1996).

4) Hill, S. A., Sampson, L. E. and Chaplin, D. J. Anti-vascu-
lar approaches to solid tumor therapy: evaluation of vinblas-
tine and flavone acetic acid. Int. J. Cancer, 63, 119-123
(1995).

5) Pettit, G. R., Singh, S. B., Hamel, E., Lin, C. M., Alberts,
D. S. and Garcia-Kendall, D. Isolation and structure of the

1394

showed that the perfusion of subcutaneous rat tumors
was shut down only 30 min after AC-7700 injection.®®
Mitotic arrest of tumor cells, however, peaked about 6 h
later. Potent microtubule disruption over a short period
may make it possible to reduce tumor perfusion without
the letha toxicity caused by mitotic inhibition. It is
reported that CS A-4, the lead compound of AC-7700, is
highly effective among natural products in disrupting
microtubules and binds irreversively to plasma protein
(albumin) to be rapidly inactivated.>® These biologica
and pharmacokinetical properties may enable CS A-4 and
its derivatives to disrupt microtubules for a short period,
exerting antivascular actions in the tolerable dose range.
This speculation is consistent with our hypothesis that
reduction of tumor perfusion was caused by changes in the
endothelial cells or tumor vessels, not by endothelia cell
death. In our preliminary experiments, the myelotoxicity
of AC-7700 was milder than that of vinblastine or col-
chicine.

In the present study, we showed that tubulin binding
agents exert antivascular and antimitotic effect on solid
tumors with markedly different effective dose ranges for
each agent, and we demonstated that the antivascular
effect of tubulin binding agents could potently suppress
solid tumor growth independently of direct cytotoxic
action on tumor cells. AC-7700 is a unique tubulin bind-
ing agent, which exerts antivascular activity at tolerable
doses with potent antitumor activity on solid tumors. Fur-
ther investigation is needed to elucidate the mechanism by
which tubulin binding agents reduce solid tumor perfu-
sion.

(Received August 11, 1999/Revised September 29, 1999/
Accepted October 7, 1999)

strong cell growth and tubulin inhibitor combretastatin A-4.
Experientia, 45, 209—211 (1989).

6) Cushman, M., Nagarathnam, D., Gopal, D., He, H.-M., Lin,
C. M. and Hamel, E. Synthesis and evauation of
analogues of (Z)-1-(4-methoxyphenyl)-2-(3,4,5-trimethoxy-
phenyl)ethene as potential cytotoxic and antimitotic agents.
J. Med. Chem.,, 35, 2293—-2306 (1992).

7) Woods, J. A., Hadfield, J. A., Pettit, G. R., Fox, B. W. and
McGown, A. T. The interaction with tubulin of a series of
stilbenes based on combretastatin A-4. Br. J. Cancer, 71,
705-711 (1995).

8) Dark, G. G, Hill, S. A,, Prisg, V. E., Tozer, G. M., Pettit,
G. R. and Chaplin, D. J. Combretastatin A-4, an agent that
displays potent and selective toxicity toward tumor vascula-
ture. Cancer Res., 10, 1829-1834 (1997).

9) Dorr, R. T., Dvorakova, K., Snead, K., Alberts, D. S,
Salmon, S. E. and Pettit, G. R. Antitumor activity of com-


query?uid=1827725&form=6&db=m&Dopt=b     
query?uid=8343277&form=6&db=m&Dopt=b     
query?uid=7558438&form=6&db=m&Dopt=b     
query?uid=2920809&form=6&db=m&Dopt=b     
query?uid=2920809&form=6&db=m&Dopt=b     
query?uid=1613753&form=6&db=m&Dopt=b     
query?uid=7710932&form=6&db=m&Dopt=b     
query?uid=8913833&form=6&db=m&Dopt=b     

10)

11)

12)

13)

14)

15)

16)

bretastatin-A4 phosphate, a natural product tubulin inhibi-
tor. Invest. New Drugs, 14, 131-137 (1996).

Ohsumi, K., Nakagawa, R., Fukuda, Y., Hatanaka, T.,
Morinaga, Y., Nihei, Y., Ohishi, K., Suga, Y., Akiyama, Y.
and Tsuji, T. Novel combretastatin analogues effective
against murine solid tumors; design and structure-activity
relationships. J. Med. Chem., 41, 3022—-3032 (1998).
Nihei, Y., Suga, Y., Morinaga, Y., Ohishi, K., Okano, A.,
Ohsumi, K., Hatanaka, T., Nakagawa, R., Tsuji, T.,
Akiyama, Y., Saito, S, Hori, K., Sato, Y. and Tsuruo, T. A
novel combretastatin  A-4 derivative, AC-7700, shows
marked antitumor activity against advanced solid tumors
and orthotopicaly transplanted tumors. Jpn. J. Cancer
Res., 90, 1016—1025 (1999).

Koyanagi, N., Nagasu, T., Fujita, F., Watanabe, T.,
Tsukahara, K., Funahashi, Y., Fujita, M., Taguchi, T.,
Yoshino, H. and Kitoh, K. In vivo tumor growth
inhibition produced by a novel sulfonamide, E7010, against
rodent and human tumors. Cancer Res., 54, 1702—-1706
(1994).

Bibby, M. C., Double, J. A., Loadman, P. M. and Duke, C.
V. Reduction of tumor blood flow by flavone acetic acid: a
possible component of therapy. J. Natl. Cancer Inst., 81,
216—-220 (1989).

Dvorak, H. F., Nagy, J. A., Dvorak, J. T. and Dvorak, A.
M. ldentification and characterization of the blood vessels
of solid tumors that are leaky to circulating macromole-
cules. Am. J. Pathol., 133, 95—109 (1988).

Hori, K., Saito, S.,, Nihei, Y., Suzuki, M. and Sato, Y.
Antitumor effects due to irreversible stoppage of tumor tis-
sue blood flow: evaluation of a novel combrestatin A-4
derivative, AC7700. Jpn. J. Cancer Res., 90, 1026—-1038
(1999).

Andrade, S. P., Hart, I. R. and Piper, P. J. Inhibitors of
nitric oxide synthase selectively reduce flow in tumor-asso-
ciated neovasculature. Br. J. Pharmacol., 107, 1092—1095
(1992).

17)

18)

19)

20)

21)

22)

23)

24)

25)

Indirect Tumor Cell Killing by Combretastatins

Tozer, G. M., Prise, V. E. and Chaplin, D. J. Inhibition of
nitric oxide synthase induces a selective reduction in tumor
blood flow that is reversible with L-arginine. Cancer Res.,
57, 948—955 (1997).

Peters, C. E. and Chaplin, D. J. Blood flow modification in
the SCC2 tumor: effects of 5-hydroxytryptamine, hydrala-
zine, and propranolol. Int. J. Radiat. Oncol. Biol. Phys., 22,
463-465 (1992).

Dewhirst, M. W., Madwed, D., Meyer, R. E., Ong, E. T.,
Klitzman, B., Rosner, G. L. and Dodge, R. Reduction in
tumor blood flow in skin flap tumor after hydralazine is not
due to avascular steal phenomenon. Radiat. Oncol. Invest.,
1, 270-278 (1994).

Jain, R. K. Transport of molecules in the tumor intersti-
tium: areview. Cancer Res., 47, 3039—-3051 (1987).
Boucher, Y. and Jain, R. K. Microvascular pressure is the
principal driving force for interstitial hypertension in solid
tumors: implication for vascular collapse. Cancer Res., 52,
5110-5114 (1992).

Watts, M., Woodcock, M., Arnold, S. and Chaplin, D. J.
Effects of novel and conventional anti-cancer agents on
human endothelial permeability: influence of tumor secreted
factors. Anticancer Res., 17, 71-76 (1997).

McGown, A. T. and Fox, B. W. Structural and biochemical
comparison of the anti-mitotic agents colchicine, combreta-
statin A4, and amphethinile. Anticancer Drug Des., 3,
249-254 (1989).

Yoshino, H., Ueda, N., Niijima, J., Sugumi, H., Kotake, Y.,
Koyanagi, N., Yoshimatsu, K., Asada, M., Watanabe, T.,
Nagasu, T., Tsukahara, K., lijima, A. and Kitoh, K. Novel
sulfonamides as potential, systemicaly active antitumor
agents. J. Med. Chem., 35, 2496—2497 (1992).

Y oshimatsu, K., Yamaguchi, A., Yoshino, H., Koyanagi, N.
and Kitoh, K. Mechanism of action of E7010, an orally
active sulfonamide antitumor agent: inhibition of mitosis by
binding to the colchicine site of tubulin. Cancer Res., 57,
3208-3213 (1997).

1395


query?uid=8913833&form=6&db=m&Dopt=b     
query?uid=9685242&form=6&db=m&Dopt=b     
query?uid=10551333&form=6&db=m&Dopt=b     
query?uid=8137285&form=6&db=m&Dopt=b     
query?uid=2911084&form=6&db=m&Dopt=b     
query?uid=2459969&form=6&db=m&Dopt=b     
query?uid=10551334&form=6&db=m&Dopt=b     
query?uid=1281718&form=6&db=m&Dopt=b     
query?uid=9041200&form=6&db=m&Dopt=b     
query?uid=1735679&form=6&db=m&Dopt=b     
query?uid=3555767&form=6&db=m&Dopt=b     
query?uid=1516068&form=6&db=m&Dopt=b     
query?uid=9066632&form=6&db=m&Dopt=b     
query?uid=2930627&form=6&db=m&Dopt=b     
query?uid=1619621&form=6&db=m&Dopt=b     
query?uid=9242451&form=6&db=m&Dopt=b     

