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We assessed the antitumor efficacy of KRN951, a novel tyrosine
kinase inhibitor of vascular endothelial growth factor receptors,
using a rat colon cancer RCN-9 syngeneic model in which the tumor
cells are transplanted into the peritoneal cavity of F344 rats. KRN951
treatments that commenced 4 days after tumor transplantation
(day 4) significantly inhibited tumor-induced angiogenesis, the
formation of tumor nodules in the mesenteric windows, and the
accumulation of malignant ascites. Moreover, KRN951 treatments
initiated on day 14, by which time angiogenesis and malignant
ascites have already been well established, resulted in the regression
of newly formed tumor vasculatures with aberrant structures and
also in the apparent loss of malignant ascites by the end of the study
period. Quantitative analysis of the vessel architecture on mesenteric
windows revealed that KRN951 not only regressed, but also
normalized the tumor-induced neovasculature. Continuous daily
treatments with KRN951 significantly prolonged the survival of rats
bearing both early stage and more advanced-stage tumors, compared
with the vehicle-treated animals. The results of our current study
thus show that KRN951 inhibits colon carcinoma progression in the
peritoneal cavity by blocking tumor angiogenesis, ascites formation,
and tumor spread, thereby prolonging survival. Moreover, these
studies clearly demonstrate the therapeutic effects of KRN951 against
established tumors in the peritoneal cavity, including the regression
and normalization of the tumor neovasculature. Our findings therefore
suggest that KRN951 has significant potential as a future therapeutic
agent in the treatment of peritoneal cancers with ascites. (Cancer Sci
2008; 99: 623–630)

Vascular endothelial growth factor and VEGFR are promising
targets for antitumor therapies as they play major roles

during tumor angiogenesis, which is an essential process for
tumor growth and metastasis. A number of studies have now
demonstrated a clear correlation between VEGF expression,
microvessel density, and a poorer prognosis.(1–4) VEGF mediates
angiogenic signaling to the endothelium via two receptor tyrosine
kinases, VEGFR-1 and VEGFR-2. In particular, VEGFR-2 in
vascular endothelial cells is the main transmitter of the
activation signals that induce the proliferation and migration of
endothelial cells upon their binding of VEGF.(5) In addition, it
seems that the signaling pathways mediated via VEGFR-1 and
-2 are also involved in the VEGF-induced hyperpermeability
of tumor vasculatures.(6)

As a result of these previous findings, there is now great interest
in developing blocking antibodies and small molecules that
target the VEGF and VEGFR pathway as such agents are good
candidate anticancer therapeutics. In this regard, several agents
that target angiogenesis through VEGF function, including those
targeting VEGF itself or the VEGFR, are now in advanced stages

of development.(7–13) Bevacizumab, a VEGF-neutralizing monoclonal
antibody, is the first antiangiogenic agent to be approved by the
FDA as an anticancer agent for the treatment of both colorectal
and non-small-cell lung cancer.(14,15) Many clinical studies have
also demonstrated clear clinical benefits of bevacizumab treat-
ments(14–17) and have thus reaffirmed the potential for using
antiangiogenic agents in the treatment of cancer.

The overexpression of VEGFR is associated with the development
of metastases in colon cancer,(18) and the level of angiogenic
activity in such colorectal tumors has been shown also to be a
important determinant of survival.(16,17,19) Colon cancers metasta-
size to the liver, lymph nodes, and peritoneal cavity, resulting
in peritoneal carcinomatosis. Peritoneal carcinomatosis is also
sometimes associated with the formation of ascites, which is part
of the process of malignancy that signifies end-stage disease.(20)

The progression of such cancers to an ascites-formation stage
limits both the quality of life and survival outcome.(21) Peritoneal
carcinomatosis and malignant ascites formation are also some-
times observed in stomach, ovarian, and pancreatic cancers.(21)

Despite recent advances in cancer therapies, peritoneal carcino-
matoses remain difficult to treat in patients with recurrent disease.

We have previously reported that KRN951, a novel quinoline-
urea derivative, inhibited the tyrosine kinase activity of VEGFR-
1, VEGFR-2, and VEGFR-3 with subnanomolar IC50 values.(22)

KRN951 also blocked the VEGF-driven proliferation of human
endothelial cells (IC50, 0.67 nM), but did not affect the prolifer-
ation of various cancer cells in vitro at concentrations <1 μM.(22)

In addition, we found that KRN951 inhibited tumor angiogenesis
in vivo and displayed a broad spectrum of antitumor activities
against tumor xenografts that had been implanted subcutaneously
into mice and rats.(22)

In our present study, we used a syngeneic peritoneal dissem-
inated tumor model system in the rat to further study and elucidate
the effects of KRN951. In this model, a VEGF-secreting cell
line, RCN-9, which was established from a colon carcinoma,(23,24)

is inoculated into the peritoneal cavity of the rat, and the cells
then adhere to the transparent mesenteric windows. These cells
then form multiple tumor nodules accompanied by tumor-induced
angiogenesis within the mesenteric windows(25) and progress with
ascites accumulation. As the rodent mesenteric window is natively
avascular, and newly formed neovasculatures can be readily
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detected, the rat model that we used in our present analyses has
often been used for the study of various aspects of tumor angio-
genesis.(23,25,26) Moreover, the thinness and two-dimensional
structures of the tumor-induced vessels on the mesenteric windows
enable the quantitative architectural analysis of these vessels
and also an assessment of the effects of KRN951 upon these
structures. This is not possible using standard immunohisto-
chemistry in a subcutaneous tumor model.

Because of the characteristics of this rat model, we predicted
that it would be a suitable system to investigate the efficacy of
angiogenesis inhibitors on intraperitoneal tumor development
and tumor angiogenesis. We therefore used this system to eval-
uate the effects of KRN951 on colon cancer in terms of tumor
angiogenesis, already established tumor neovasculatures, ascites
formation, and survival outcomes.

Materials and Methods

Cells. The RCN-9 tumor cell line, which was established from
Fischer 344 rat colon carcinoma cells,(24) was obtained from the
Riken Cell Bank (Tsukuba, Japan). The cells were cultured in
RPMI-1640 medium (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% heat-inactivated fetal bovine serum
at 37°C in 5% CO2. HUVEC were purchased from Cambrex
(Walkersville, MD, USA) and cultured in Cambrex endothelial
cell growth medium-2.

Animals. Male Fisher 344 rats were obtained from Charles
River Japan (Kanagawa, Japan) and maintained under specific
pathogen-free conditions throughout this study. These animals
were used at 7 weeks of age. All animal experiments were reviewed
and approved by the Kirin Institutional Ethics Committee for
Animal Experiments.

Peritoneal disseminated tumor model. To establish the peritoneal
disseminated tumor model, RCN-9 colon cancer cells were inoculated
intraperitoneally into rats according to the method established
by Yanagi and Ohshima.(25) Briefly, 1 × 107 cells in 1 mL phosphate-
buffered saline were injected into the peritoneal cavity of each
rat using a 26-gauge needle under sterile conditions.

Preparation of the KRN951 solution. KRN951 was synthesized
by the Production Department, Research and Development Center,
Kirin Pharma (Tokyo, Japan). KRN951 was suspended in vehicle
(0.5% methyl cellulose in distilled water) and stored at 4°C.
Fresh solutions were prepared weekly.

Experimental design. Rats inoculated with RCN-9 cells were
assigned randomly to three groups and given daily oral doses of
KRN951 (1 or 3 mg/kg) or a 0.5% methylcellulose vehicle control.
These treatments commenced at 4 or 14 days after tumor
transplantation, and continued for 10 or 11 days, respectively. At
the end of the treatment periods, the rats were killed and tumor
progression was evaluated. Ascites were also collected and their
volumes were measured. Each transparent window in the mesentery
surrounded by fatty tissue was observed microscopically. The
percentages of the mesenteric windows with a vasculature and
the number of tumor nodules with or without a vasculature on
the mesenteric windows were then counted.

In a subsequent survival study, rats inoculated with RCN-9
cells were assigned randomly to vehicle-treated or 1 mg/kg
KRN951-treated groups (n = 10 per group). Separate treatments
then commenced from the day of tumor inoculation or at
14 days after this transplantation. The results were plotted using
Kaplan–Meier methods and the differences in survival were
analyzed by log-rank test. A P-value of <0.05 was considered
statistically significant.

Tumor vessel imaging. RCN-9 cell-inoculated rats with and
without KR951 treatment were anesthetized and injected
intravenously with fluorescein isothiocyanate-labeled dextran
(molecular weight 200 000; Sigma, St Louis, MO, USA). After
the animals had been killed, the mesenteries were fixed with 4%

paraformaldehyde and placed on glass slides. The vasculature
associated with each mesenteric window was then photographed
microscopically. The number of vessel joints and paths (as
vessel bifurcation characteristics), the areas and lengths of vessels
(as the angiogenesis density), and the tortuosity of the vasculatures
were recorded objectively and evaluated quantitatively using an
angiogenesis image analyzer (Kurabo, Osaka, Japan). Four rats
were used in these experiments from each group and 12–15
different fields from each animal were analyzed.

Enzyme-linked immunosorbent assay. The VEGF levels in ascites
were measured using a commercial rat VEGF-specific ELISA Kit
(Quantkine M; R & D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions (detection limit, 7.8 pg/mL).
Ascites were harvested as described above and centrifuged, and
the supernatant was frozen until analysis.

Permeability assay and detection of VEGFR-2 phosphorylation.
The effects of malignant ascites on endothelial cell permeability
and VEGFR-2 phosphorylation, and the inhibitory activity of
KRN951 on these effects, were evaluated. Ascites samples taken
from a vehicle-treated peritoneal disseminated tumor model on
day 25 were pooled and the resulting supernatant was used in these
assays. We examined propidium iodide uptake as a measure of
permeability in an in vitro assay.(20) VEGFR-2 phosphorylation
was determined by western blotting. For the permeability assay,
HUVEC at 90% confluence in culture were serum starved overnight
in a basic medium (EBM-2) containing 0.5% fetal bovine serum.
These cells were then washed with phosphate-buffered saline,
and malignant ascites and a 10-nM concentration of KRN951
were added to the culture plates. Medium alone or 50 ng/mL
VEGF (PeproTech EC, London, UK) without ascites served as
the internal controls. After 7 h incubation, the cells were harvested
and treated with propidium iodide (1 μg/mL), and subjected to
FACS analysis. Permeability was assessed by measuring the uptake
of propidium iodide by the HUVEC. For western blotting,
HUVEC were treated in the same way except that the stimulation
time with ascites of 10 min. Following cell lysis, VEGFR proteins
were immunoprecipitated with an anti-VEGFR-2 antibody (A-3;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then
subjected to immunoblotting with an antiphosphotyrosine antibody
(4G10; Upstate Biotechnology, Lake Placid, NY, USA), as
described previously.(27)

Results

Suppression of both tumor-induced angiogenesis and tumor nodule 
formation by KRN951. In vehicle-treated rats, a number of tumor
nodules accompanied by newly formed blood vessels in the
mesenteric windows were observed at day 14 (Fig. 1Aa). KRN951
treatment at a dose of 1 mg/kg, however, efficiently blocked
angiogenesis on the mesenteric windows and also prevented the
formation of tumor nodules (Fig. 1Ac). In addition, almost no
neovasculature or visible nodules could be observed in rats treated
with 3 mg/kg KRN951 (Fig. 1Ae). At day 25, the tumors in the
vehicle-treated rats were found to be far more advanced and
most of these animals showed tissue adherence as a result of the
progression of these cancers. One of the few observable mesenteries
that was free from tissue adherence is shown in Fig. 1Ab.
KRN951 treatment efficiently inhibited the progression of these
tumors, even when treatment was initiated from day 14. The
tumor nodules that did form were also smaller in size compared
with the vehicle-treated rats and were found to be quite avascular
in the KRN951-treated rats at this stage (Fig. 1Ad,f), suggesting
that treatment with KRN951 caused a regression in neovascularity.

The status of the angiogenic response and the number of tumor
nodules on the mesenteric windows were further evaluated at
day 14. These evaluations were not possible at day 25 because
of the extent of the tumor progression in the vehicle-treated rats
as described above. The majority of the mesenteries (including
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those with no tumor nodules) had clearly become vascularized
in the vehicle-treated rats but KRN951-treated animals showed
significantly reduced vascularized mesenteries (Fig. 1B).

The total numbers of tumor nodules on the mesenteries were
also found to be lower in the KRN951-treated groups compared
with the vehicle-treated group (Fig. 1C). These numbers were
reduced by 67.7% (P < 0.01) in the 3 mg/kg KRN951 group and
34.7% (not significant) in the 1 mg/kg KRN951 group, com-
pared with the control group. We subdivided these tumors into
vascularized and non-vascularized groups and representative
images are shown in the insets in Fig. 1Aa–e. A greater number
of vascularized tumors was evident in the vehicle-treated rats
compared with the KRN951-treated animals that had a signifi-
cantly decreased number of such lesions at both the 1 mg/kg and
3 mg/kg dose levels (Fig. 1C; P < 0.001).

Effects of KRN951 treatments on the tumor vascular architecture.
To investigate whether KRN951, in addition to inhibiting tumor
angiogenesis, had any impact also on the tumor-vessel architecture
in our rat model, the mesenteric windows were evaluated. Numerous
irregular and tortuous vessels that showed multiple branchings

and irregular loops were evident on the mesenteric windows in
vehicle-treated rats at day 14 (Fig. 2Aa). There was also evidence
of vascular leakage in this vehicle-treated group. In contrast, the
vessels in both the 1 and 3 mg/kg KRN951-treated rats at the
same timepoint showed architectures that were similar to
normal rats (Fig. 2Ac,e). The vessel architectures in the vehicle-
treated group at day 25 could not be evaluated except in one
case (Fig. 2Ab) due to tissue adherence and increased vascular
leakage.

We carried out further quantitative analyses to confirm the
effects of KRN951 on the tumor architecture (Fig. 2b). KRN951
treatments from day 4 were found to inhibit the formation of a
tumor-induced aberrant vascular architecture in the mesenteric-
windows, for example, there was increased tortuosity (length
and area) and a greater number of paths and joints were not
evident. Interestingly, KRN951 treatments from day 14 were
found to not only inhibit progression of the tumor vasculature
but also to revert the tumor-induced aberrant vessel structures
that could be observed at day 14 to a normal architecture by day
25 (Fig. 2b).

Fig. 1. (A) Representative examples of angiogenesis and tumor growth in the mesenteries of rats treated with (a,d) vehicle alone, and either (b,e)
1 or (c,f) 3 mg/kg/day KRN951 over the indicated schedules (days 4–13 or days 14–24). RCN-9 colon cancer cells were inoculated into the peritoneal
cavities of the rats and KRN951 or vehicle preparations were administrated orally for 10 days (days 4–13) or 11 days (days 14–24). On the last
treatment days (days 14 and 25), four animals per group were killed to evaluate angiogenesis and tumor progression. Representative examples of
vascularized and non-vascularized tumors are shown in the insets in (a) and (d), respectively. Scale bar = 1 cm. (B) The number of vascularized
mesenteries at day 14. (C) The number of tumor nodules in the mesenteric windows at day 14. Tumor nodules were counted according to their
vascularization and the data shown represent the mean values and standard errors. P-values were calculated by comparison with the vehicle-
treated group using the Dunnett’s test. ***P < 0.001.
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Fig. 2. The inhibitory and normalizing effects of KRN951 on the tumor-induced neovasculature in a rat model. (A) Representative examples of vessel architectures on the mesenteric windows
in RCN-9-bearing rats treated with (a,d) vehicle alone, and either (b,e) 1 or (c,f) 3 mg/kg/day KRN951 over the indicated schedules (days 4–13 or days 14–24). The vessel lumen was then detected
following an intravenous injection of fluorescein isothiocyanate-labeled dextran. Scale bars = 500 μm. (B) Quantitative analysis of vessel architectures. The areas, lengths, paths, and joints of
the vasculatures as indicated were measured using an angiogenesis image analyzer. Four rats from each group were used in these experiments and 12–15 different fields were analyzed for
each animal. The results shown are the mean values and standard errors. P-values were calculated by comparisons with vehicle-treated animals at day 14 using the Dunnett’s test. ***P < 0.001.
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Effects of KRN951 treatment on the accumulation of ascites and VEGF 
levels. The vehicle-treated rats showed abdominal swelling and
accumulation of bloody ascites at day 14 (Fig. 3a). In contrast,
the mean ascites volumes in rats treated with 1 or 3 mg/kg KRN951
was markedly reduced by 90.2 and 97.9%, respectively, compared
with vehicle-treated rats (Fig. 3a). By day 25, a massive build
up of ascites was observed in vehicle-treated rats at day 25 (Fig. 3b),
with a mean volume that was almost 10-fold greater than that
measured at day 14. In addition, tumor metastases were observed
in several intraperitoneal organs (data not shown). KRN951
treatments from day 14 demonstrated significant inhibitory activities
against such a massive ascites accumulation, and almost no ascites
could in fact be detected in most of the 3 mg/kg KRN951-treated
rats (Fig. 3b). The total VEGF levels in the peritoneal cavity in
each animal were calculated from the VEGF concentration and
ascites volumes. On day 14, the total amount of VEGF did not
differ between the vehicle- and KRN951-treated groups (Fig. 3c).
In contrast, by day 25, the VEGF amounts in the peritoneal cavity
were significantly lower in both KRN951-treated groups (Fig. 3d;
P < 0.05 and 0.01, respectively).

In the vehicle-treated rats, the serum VEGF levels were below
the detection limit of ELISA throughout the experimental period.
Conversely, 10-day treatment with 1 or 3 mg/kg KRN951 from
day 4 resulted in a dose-dependent increase in the serum VEGF
levels (31 ± 6 and 249 ± 114 pg/mL, respectively). KRN951 treat-
ments from days 14 to 24 also increased the serum VEGF levels
in a dose-dependent manner (17 ± 9 and 224 ± 55 pg/mL, respectively).

Effects of KRN951 on the ascites-induced phosphorylation of VEGFR-
2 and cell hyperpermeability. Using cultured endothelial cells, we
next investigated the ability of malignant ascites to induce the
phosphorylation of VEGFR-2 and cause cell hyperpermeability,
and then determined the efficacy of KRN951 against these

ascites-induced effects. Ascites taken from the rat peritoneal
disseminated tumor model were found to markedly induce the
phosphorylation of VEGFR-2 and increase the permeability of
HUVEC in culture (Fig. 4). KRN951 efficiently inhibited this
phosphorylation of VEGFR-2 (Fig. 4a) and also the elevated
permeability of the cultured HUVEC (Fig. 4b).

Effects of KRN951 on survival outcome in the rat peritoneal dissemin-
ated tumor model. To determine whether the suppressive effects
of KRN951 on tumor growth and malignant ascites formation
also resulted in improved overall survival outcomes in the animal
model we used, KRN951 was administrated continuously to the
rats bearing RCN-9 cells either from day 0, or at 14 days after
tumor inoculation. We then measured the overall survival times
in each animal group. Treatment with 1 mg/kg/day KRN951 from
the day of tumor inoculation significantly prolonged the survival
of the tumor-bearing rats (Fig. 5a, P < 0.001), and the MST were in
fact almost doubled by treatment with KRN951 (MST = 53.5 days),
compared with the vehicle control (27.5 days). The efficacy of
the KRN951 treatments initiated at 14 days after tumor inoculation,
by which time the tumors are well established and ascites have
begun to accumulate in this model, was also investigated. KRN951
treatments were also found to be effective at this stage, resulting
again in a significantly prolonged survival time (Fig. 5b; P < 0.001).
The MST of the vehicle-treated rats and KRN951-treated rats
were 22.5 and 34.5 days, respectively, in this experiment. There
was also no apparent bodyweight loss associated with any of the
KRN951-treated animals in these analyses.

Discussion

We show in our current study using a rat peritoneal disseminated
tumor model that KRN951 markedly inhibits tumor-induced

Fig. 3. The effects of KRN951 on ascites formation
and total amount of peritoneal vascular endothelial
growth factor (VEGF). Rats injected with RCN-9
colon cancer cells were treated daily with KRN951
(1 or 3 mg/kg p.o) or vehicle for 10 days (days 4–13)
or 11 days (days 14–24). (a) Ascites volume at day
14 (day 4–13 treatments). (b) Ascites volume at day
25 (day14–24 treatments). (c) Peritoneal VEGF at
day 14. (d) Peritoneal VEGF at day 25. Six or seven
assessable examples from each group were analyzed
and the data shown are the mean values for
these rats with standard errors. P-values were
calculated by comparisons with the vehicle-treated
group using the Dunnett’s test. *P < 0.05, **P < 0.01.
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angiogenesis, the growth of peritoneal carcinomatoses, and ascites
formation. Moreover, continuous treatment with KRN951 lead
to significantly prolonged survival times, even when initiated
after the tumor nodules and ascites had been established. Blockade
of VEGF using monoclonal antibodies or low molecular weight
inhibitors has been shown previously to dramatically reduce ascites
formation and tumor burden in peritoneal tumor models.(28–34)

However, differences have been reported in the outcomes following
the use of these agents. Some were found to produce survival
benefits coupled with ascites inhibition.(29–31) In contrast, other
treatments were reported to have limited antitumor activity(32,33)

or no survival benefits as a result of monotherapy, despite the
almost complete inhibition of ascites.(34) Our present study in a
rat tumor model has revealed, however, that KRN951 is significantly
beneficial against tumor growth and ascites formation, and had
a positive impact on the overall survival outcome.

The antiangiogenic activity of KRN951 in vivo was clearly
demonstrated by the reduced number of vascularized mesenteries
and vascularized tumors. In addition, the small avascular tumors
observed mainly in KRN951-treated rats accord with Folkman’s
theory that tumors cannot grow beyond a few cubic millimeters
without promoting the growth of blood vessels.(35) This finding
also indicates that KRN951 restricts their growth ability through
the inhibition of new blood vessel formation.

We further demonstrated the efficacy of KRN951 as a VEGF
signaling inhibitor of tumor-induced ascites accumulation ex vivo.
In these analyses, we have shown that tumor-induced ascites
promote VEGFR phosphorylation and increase the permeability
of endothelial cells, both of which are blocked by KRN951.
These data also help to explain the fact that although the levels
of peritoneal VEGF did not differ between the vehicle and
KRN951-treated rats at day 14, angiogenesis and ascites formation

Fig. 4. The effects of KRN951 on the ascites-
induced phosphorylation of vascular endothelial
growth factor receptor (VEGFR)-2 and hyperper-
meability of cultured endothelial cells. Cultured
human umbilical vein endothelial cells were treated
with ascites harvested from RCN-9-bearing rats
with or without KRN951. After incubation,
the phosphorylation of (a) VEGFR-2 and (b) the
cell permeability levels were investigated. The
permeability data shown represent the mean
values and standard deviation from three different
cultures.

Fig. 5. The effects of KRN951 therapy on overall survival. After the intraperitoneal injection of 1 × 107 RCN-9 cells into the rats (day 0), 1 mg/kg/
day KRN951 or vehicle treatments were continuously administered orally to the animals, and survival outcomes were compared between the
KRN951-treated and control groups (n = 10). The treatment schedules were as follows: (a) KRN951 was administrated from 1 day after the
intraperitoneal inoculation of RCN-9 cells. P < 0.001 versus vehicle. (b) KRN951 treatment was initiated 14 days after tumor inoculation. P < 0.001
versus vehicle. Differences in survival were analyzed using the log-rank test.
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were clearly blocked in the KRN951-treated animals. It is likely
therefore that unlike VEGF neutralizing antibody, KRN951 does
not act directly on VEGF itself in the ascites but blocks their
function by inhibiting the phosphorylation of VEGFR. VEGF
levels have been found to be elevated in malignant ascites from
ovarian, gastric, and colon cancer patients.(20) There is also now
substantial evidence to show that VEGF plays a role in the for-
mation of ascites.(33,36) Hence, the efficacy of KRN951 against ascites
accumulation that we observed in the present study is potentially
applicable to those VEGF-dependent ascites accumulations.

The vehicle-treated rats in this model did not show detectable
serum VEGF regardless of tumor progression. In contrast, KRN951
treatments clearly increased the blood VEGF levels in a dose-
dependent manner, suggesting that they may serve as a biomarker
for KRN951 treatment in accordance with other clinical reports
of VEGF signaling inhibitors.(37,38) However, the mechanism
underlying VEGF induction by KRN951 in rats and whether it can
be applied in a clinical setting is not yet well understood and needs
further investigation.

One of the most remarkable effects of KRN951 demonstrated
in this study was the regression and normalization of the estab-
lished tumor-induced neovasculatures in the rat model we used.
Tumor vessels are structurally and functionally abnormal, are
characterized by irregular tortuosity and bifurcation, and show
high permeability due to their structural deficiencies. By quanti-
tative vessel architecture analysis, we revealed in our current
experiments that KRN951 not only inhibits tumor angiogenesis
and growth, but also normalizes the tumor-induced aberrant
vessel architecture. These normalization effects of KRN951 are
probably due to immature vessel regression as a result of the
inhibition of VEGF signaling, which is a critical survival pathway
for the endothelial cells of immature vessels.(39) Part of the antitumor
effects of KRN951 may thus be explained by these vessel
normalizing effects. This suggests that by the inhibition or
regression of immature tumor vessels, KRN951 decreases vascular
permeability and blocks a number of serum-derived growth factors
that promote tumor cell growth. This normalization effect of
KRN951 may also contribute in part to the inhibition of ascites
accumulation, which is likely to be the result of an elimination
of highly permeable tumor-induced immature blood vessels.(40)

Continuous treatments with KRN951 resulted in a statistically
significant survival benefit in the peritoneal disseminated tumor
model used in this study. Survival benefits were even seen when
KRN951 treatments were initiated after the establishment of tumors

and ascites had begun to build up, suggesting the therapeutic
potential of this agent. Importantly, the long-term continuous
administration of KRN951 did not cause any visible side effects,
including significant bodyweight reductions. These results thus
confirm that there is a significant survival benefit associated with
this drug and that there is a tolerability for continuous treat-
ment with this agent against both early stage and advanced-stage
tumors.

The results of our survival analysis in the present study may
suggest a further benefit of using KRN951 in a combination treat-
ment strategy. At the end of our survival analyses, the KRN951-
treated rats eventually did succumb to disease, even though the
therapeutic efficacy of KRN951 had been demonstrated. This is likely
to reflect the complexities of tumor biology. Because VEGF is unlikely
to be the only growth factor involved in the maintenance and expan-
sion of intraperitoneal carcinomatoses, and as KRN951 is a relatively
selective inhibitor of VEGFR, combination therapies with other
specific targeting or chemotherapeutic agents might improve its
antitumor effects. It should also be possible to achieve this without
causing any additional toxicity as a result of the unfavorable non-
specific inhibition of other kinases. The absence of any visible cytotoxic
effects of KRN951(22) also suggest the potential of using this drug
in a combination therapy from a safety viewpoint. Moreover, the
tumor vessel normalizing effects of KRN951 demonstrated herein
also emphasize the usefulness of combination therapies to improve
the delivery and effectiveness of treatments.(17,34,41,42)

In summary, our current data demonstrate that KRN951 has
potent antitumor properties and thus significant therapeutic
benefits in vivo, including tumor vessel normalizing effects and
the suppression of ascites accumulation, against intraperitoneal
tumor progression. Our findings also show that KRN951 improves
the survival outcomes for both early stage and advanced-stage
tumors in a rat model. There are currently no established clinical
protocols for the treatment or prevention of peritoneal carcino-
matosis. However, the results of our current study suggest that
antiangiogenesis therapy with KRN951 in a clinical setting may
well be a novel and effective treatment for both early stage and
advanced-stage peritoneal carcinomatosis, particularly those
accompanied by the formation of malignant ascites.
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