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Abstract
Invasion and metastasis increase after inhibition of vascular endothelial growth factor (VEGF)
signaling in some preclinical tumor models. The present study asked whether selective VEGF
inhibition is sufficient to increase invasion and metastasis and whether selective c-Met inhibition
is sufficient to block this effect. Treatment of pancreatic neuroendocrine tumors in RIP-Tag2 mice
with a neutralizing anti-VEGF antibody reduced tumor burden but increased tumor hypoxia,
HIF-1α, and c-Met activation, and also increased invasion and metastasis. However, invasion and
metastasis were reduced by concurrent inhibition of c-Met by PF-04217903 or PF-02341066
(crizotinib). Similar benefit was found in orthotopic Panc-1 pancreatic carcinomas treated with
sunitinib plus PF-04217903 and in RIP-Tag2 tumors treated with XL184 (cabozantinib), which
simultaneously blocks VEGF and c-Met signaling. These findings document that invasion and
metastasis are promoted by selective inhibition of VEGF signaling and can be reduced by
concurrent inhibition of c-Met.

Keywords
Evasive resistance; pancreatic cancer; angiogenesis inhibitors

Introduction
Most angiogenesis inhibitors used in the treatment of cancer block the actions of VEGF, a
cytokine that promotes blood vessel growth and survival. Treatment with the anti-VEGF
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monoclonal antibody bevacizumab, usually administered with chemotherapy, delays
progression and prolongs survival of some patients (1, 2).

Inhibition of VEGF signaling is accompanied by increased invasiveness and metastasis in
some preclinical models (3-6). The mechanism of the exaggerated aggressiveness is
unknown, but contributing factors could be vessel pruning, hypoxia, and increased
expression of c-Met, the tyrosine kinase receptor for hepatocyte growth factor (HGF) (7, 8).
The HGF/c-Met pathway promotes tumor cell motility, proliferation, survival, invasion, and
metastasis (9, 10). c-Met is overexpressed, activated, amplified, or mutated in a wide variety
of solid tumors (10-12), correlates with poor prognosis (13-16), and is thought to contribute
to tumor aggressiveness and resistance to therapy (17, 18).

Treatment with the multi-targeted tyrosine kinase inhibitor foretinib (GSK1363089, XL880),
which blocks VEGF receptors (VEGFRs), c-Met, and multiple other receptor tyrosine
kinases (RTKs) including AXL, Tie2, KIT, FLT3, PDGFR, and RON, has a potent anti-
angiogenic action that slows tumor growth in RIP-Tag2 mice (19). XL880 also decreases
invasion and the appearance of tumor cells in the liver (19). Although the mechanism of the
anti-invasive and anti-metastatic actions was not addressed, they are presumed to reflect
direct effects on tumor cells. It is unclear whether simultaneous inhibition of VEGFR and c-
Met was necessary and sufficient for these actions.

In the present study, we examined the involvement of VEGF and c-Met signaling in
invasion and metastasis through the use of selective agonists and inhibitors. We first verified
that selective inhibition of VEGF by a function-blocking antibody increases tumor invasion
and metastasis, as expected from previous reports (6), and then asked whether concurrent
inhibition of c-Met is sufficient to block this effect. We also determined the relationship of
vascular pruning, tumor hypoxia, HIF-1α, and c-Met activation to invasion and metastasis.
Our approach was to determine whether tumor invasion and metastasis were promoted by
inhibition of VEGF with a function-blocking anti-VEGF antibody (20) and whether they
were blocked by a selective inhibitor of c-Met (PF-04217903) (21) used alone or together
with the anti-VEGF antibody.

We addressed these issues in two complementary tumor models, transgenic RIP-Tag2 mice,
which are known to develop more invasive and metastatic tumors after inhibition of VEGF
signaling (4, 6), and orthotopically implanted Panc-1 human pancreatic adenocarcinomas,
which are known to express both VEGF and c-Met (22, 23). Tumors in RIP-Tag2 mice
naturally become more invasive and metastatic with age, but generally do so near the time
the mice succumb (24, 25). The distinctive stages of tumor progression in these mice
provided the opportunity to determine whether aggressiveness could be advanced, delayed,
or reversed by treatment. Luciferase expression in Panc-1 tumor cells made it possible to use
in vivo imaging to follow treatment effects on tumor growth (26).

Tumor-bearing mice were treated with anti-mouse VEGF antibody or, for comparison, with
sunitinib, a multi-targeted inhibitor of VEGFRs, PDGFRs, KIT, and related RTKs (27).
Effect on tumor aggressiveness was assessed for the agents administered alone or together
with PF-04217903 or a second c-Met inhibitor, PF-02341066 (crizotinib) (28, 29). To
determine whether a single agent that inhibits both targets could mimic the effects of
separate inhibitors given together, RIP-Tag2 mice were treated with the multi-targeted RTK
inhibitor XL184 (cabozantinib), which blocks VEGFRs and c-Met, among other kinases (19,
30-33).

Overall, the experiments revealed that, as expected from previous work (6), inhibition of
VEGF by function-blocking antibody slowed tumor growth but increased invasion and
metastasis. The findings fit with a mechanism involving vascular pruning, intratumoral
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hypoxia, HIF-1α accumulation, and activation of c-Met in tumor cells. Importantly, invasion
and metastasis were blocked by selective inhibition of c-Met. Inhibition of both signaling
pathways by XL184 also reduced tumor growth, invasion, and metastasis and prolonged
survival.

Results
Contrasting effects of VEGF inhibition on growth and invasion of RIP-Tag2 tumors

RIP-Tag2 mice treated with neutralizing anti-mouse VEGF antibody or sunitinib from age
14 to 17 weeks had significantly smaller tumors (Figure 1, A-C). The sectional area of
tumors was 75% less after the antibody and 78% less after sunitinib, compared to age-
matched controls treated with vehicle (Figure 1D).

Despite their smaller size, tumors treated with anti-VEGF antibody or sunitinib appeared to
be more invasive, as judged by the irregularity of the tumor border and the abundance of
clusters of amylase-positive acinar cells of the exocrine pancreas trapped inside tumors
(Figure 1, E-G). Quantitative measures of the tortuosity of the tumor border (Invasion index,
see Methods) and the number of trapped acinar cells were significantly greater (Figure 1, H
and I). The relevance of amylase-positive cells within tumors, as an indicator of invasion,
was assessed by comparing amylase staining to the basement membrane protein type IV
collagen and to type I collagen, a known constituent of the capsule of RIP-Tag2 tumors (4).
The three approaches gave complementary results (Supplemental Figure 1). Tumors with
abundant amylase cells inside had strong staining for type IV collagen around the trapped
exocrine cells, as in normal pancreatic acini, but the border had little or no type IV collagen
or type I collagen (Supplemental Figure 1, A-C, G-I). Tumors that had few or no amylase-
stained cells inside had type IV collagen around blood vessels, and the border had a layer of
type IV collagen and a capsule of type I collagen (Supplemental Figure 1, D-F, J-L).

Tumors of 14-week old RIP-Tag2 mice treated with normal goat IgG for 1 or 3 weeks
resembled those of mice treated with vehicle (data not shown).

Tumor cell changes in RIP-Tag2 tumors after VEGF inhibition
Proliferating cells marked by phosphohistone H3 immunoreactivity were abundant
throughout vehicle-treated tumors (Supplemental Figure 2A). After treatment with anti-
VEGF antibody for 3 days, proliferating cells were still abundant at the tumor border (area
density: 14.7% vs. 14.3% for vehicle) but were half the control value at the tumor center
(6.8% vs. 13.3% for vehicle, P < 0.05) (Supplemental Figure 2B). Abundant phosphohistone
H3-positive cells in finger-like projections of tumor contrasted with rare dividing cells in the
surrounding exocrine pancreas (Supplemental Figure 2C).

Apoptotic cells identified by activated caspase-3 immunoreactivity were more abundant
after anti-VEGF antibody for 3 days, but were less numerous than proliferating cells under
all conditions (Supplemental Figure 2, D-F). Apoptotic cells were no more frequent in
finger-like projections than elsewhere in tumors.

Snail1, N-cadherin, and vimentin as markers of mesenchymal phenotype had stronger bands
in western blots of tumors after treatment with anti-VEGF antibody or sunitinib than in
corresponding mice treated with vehicle from age 14 to 15 weeks (Figure 1J). Densitometry
values for Snail1, N-cadherin, and vimentin were 3, 5, and 10 times greater, respectively,
after anti-VEGF antibody (P < 0.05) and 3, 10, and 5 times greater after sunitinib (P < 0.05).

E-cadherin, as a marker of epithelial phenotype, was weaker in tumors of RIP-Tag2 mice at
age 17 weeks (Figure 1K) than at age 10 weeks (data not shown), but was even less in
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tumors treated with anti-VEGF antibody (age 14 to 17 weeks), where tumor cell identity was
verified by insulin staining (Figure 1, L and M). E-cadherin staining was inversely related to
staining for vimentin (Figure 1, K-O) and c-Met (Supplemental Figure 2, G-H). E-cadherin
was stronger in vehicle treated mice, and vimentin and c-Met were stronger after anti-VEGF
antibody (Supplemental Figure 2, G-J).

Hypoxia and c-Met in RIP-Tag2 tumors after VEGF inhibition
Tumors in RIP-Tag2 mice treated with anti-VEGF antibody or sunitinib from age 14 to 17
weeks had fewer blood vessels than in corresponding vehicle-treated tumors (Figure 2, A-
C), as found previously after inhibition of VEGF signaling (19, 34). The reduced vascularity
was accompanied by greater hypoxia, reflected by staining for pimonidazole, carbonic
anhydrase IX (CA-IX), or glucose transporter 1 (Glut1) (Figure 2, A-C, Supplemental
Figure 3, A-B, D-E). The staining patterns for the three markers was similar: staining was
patchy in control tumors and was widespread and strongest in regions of vascular pruning in
VEGF inhibitor-treated tumors. Measurements confirmed an inverse relationship between
tumor vascularity and amount of pimonidazole staining (Figure 2D). The amount of HIF-1α
protein, assessed by western blot, was also greater after anti-VEGF antibody or sunitinib
(Figure 2E).

Comparison of c-Met immunoreactivity in RIP-Tag2 tumors treated with vehicle, anti-
VEGF antibody, or sunitinib confirmed the known relationship between hypoxia and c-
Metexpression (8). Staining for c-Met was weak or absent in tumor cells but was strong in
tumor vessels of control 15-week old mice (Figure 2F, upper). After anti-VEGF antibody or
sunitinib for one week, c-Met staining was strong and widespread in tumor cells (Figure 2F,
middle and lower). Tumor vessel staining was present but less conspicuous because of the
vascular pruning.

Expression of c-Met mRNA was 3-fold the control value after anti-VEGF antibody and 6-
fold the control value after sunitinib (Figure 2G). The amount of c-Met mRNA in RIP-Tag2
tumors treated with normal goat IgG was similar to that of vehicle-treated controls. The
amount and distribution of phospho-c-Met was strongly influenced by treatment. Total c-
Met and phospho-c-Met assessed by immunoprecipitation were 3- and 5-fold greater,
respectively, in RIP-Tag2 tumors after anti-VEGF antibody for one week (Figure 2H).
Phospho-c-Met immunoreactivity was mainly in blood vessels in vehicle-treated tumors, but
was strong and widespread in tumor cells after anti-VEGF antibody or sunitinib for one
week (Figure 2I). The two inhibitors of VEGF signaling had similar effects on phospho-c-
Met staining (Figure 2I).

Neither HGF mRNA expression nor HGF immunoreactivity changed detectably in tumors of
RIP-Tag2 mice treated with anti-VEGF antibody for 1 week (Supplemental Figure 3, I-K).

To determine whether hypoxia had a direct effect on c-Met activation in tumor cells, we
isolated tumor cells from 14-week old RIP-Tag2 mice and exposed them to 21% oxygen
(normoxia) or 1% oxygen (hypoxia) for 4 hours in vitro. Phospho-c-Met assessed by
immunoprecipitation was greater in tumor cells exposed to hypoxia (Figure 2J).

We addressed the question of whether tumor cells, like blood vessels, are direct targets of
inhibitors of VEGF signaling in RIP-Tag2 tumors. Blood vessels in all tumors had strong
staining for VEGFR-2 and VEGFR-3 (Supplemental Figure 4), as reported previously (34).
In addition, 5-10% of tumor cells in RIP-Tag2 mice at age 17 weeks had moderate
VEGFR-2 immunoreactivity (Supplemental Figure 4, A-C). This was not changed by
inhibition of VEGF signaling. VEGFR-3 immunoreactivity was not detected in tumor cells
under any of the treatment conditions (Supplemental Figure 4, D-F).
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Treatment of 14-week old RIP-Tag2 mice with anti-VEGF antibody for 1 week did not
result in significant changes in expression of angiopoietin-1 (ANG1), angiopoietin-2
(ANG2), basic fibroblast growth factor (FGF2), insulin-like growth factor 1 receptor
(IGF-1R), macrophage stimulating 1 receptor (RON/MST1R), RET, SKY, or MER in
tumors, but increases were found in AXL (2.8 times) and TGF-β (15 times) (Supplemental
Figure 5A).

Reduction in invasion of RIP-Tag2 tumors after inhibition of c-Met
To determine whether tumor invasiveness promoted by inhibition of VEGF signaling was
dependent on c-Met activity, we treated RIP-Tag2 mice with PF-04217903, a selective
inhibitor of c-Met signaling (21), together with anti-VEGF antibody or sunitinib from age 14
to 17 weeks. Tumors in mice treated with the drug combination had a smoother contour,
fewer projections into the exocrine pancreas, and fewer intratumoral acinar cells than after
anti-VEGF antibody or sunitinib alone (Figure 3, A-D). Measurements of intratumoral
acinar cells (Figure 3E) and Invasion index (Supplemental Figure 5B) showed significant
reductions after treatment with PF-04317903 alone or in combination with anti-VEGF
antibody or sunitinib. Tumors treated with PF-04317903 in combination with sunitinib had
38% fewer amylase-positive cells than the 14-week old onset controls (3.0 ± 0.4% vs. 4.8 ±
0.5%, P < 0.05), indicative of reversal of this measure of invasion.

The addition of PF-04217903 to anti-VEGF antibody or sunitinib was not accompanied by
greater vascular pruning (CD31 immunoreactivity, Figure 3, F-H), reduction in tumor size
(data not shown), or intratumoral hypoxia (pimonidazole staining, Figure 3, F, G, I) than
was found with the single agents. In the assessment of intratumoral hypoxia under these
conditions, CA-IX and Glut1 had patterns similar to pimonidazole staining (Supplemental
Figure 3, A-F, G). Glut1 had a stronger signal than CA-IX and was more intense in tumors
treated with PF-04217903 in combination with anti-VEGF antibody or sunitinib
(Supplemental Figure 3, G and H). HIF-1α was not increased in western blots from baseline
after treatment with PF-04217903 alone. HIF-1α was increased by anti-VEGF antibody or
sunitinib alone (Figure 2E) or by either one combined with PF-04217903 (data not shown).

PF-04217903 given in combination with anti-VEGF antibody or with sunitinib prevented the
increase in c-Met and phospho-c-Met immunoreactivities produced by anti-VEGF antibody
or sunitinib given alone (Supplemental Figure 5, D and E).

Tumors of RIP-Tag2 mice treated with PF-04217903 alone had a smoother border and fewer
trapped acinar cells than after vehicle (Figure 3, J and K). However, tumors treated with
PF-04217903 alone for 3 weeks were similar in size to age-matched, vehicle-treated controls
(data not shown). PF-04217903-treated tumors had no reduction in overall vascularity
(Figure 3H), vascular patency assessed by injection of Lycopersicon esculentum lectin (34),
or intratumoral hypoxia (Figure 3I), and had no apparent change in vessel branching or in
pericyte coverage assessed by NG2 and α-SMA immunoreactivities (data not shown).

To test whether the anti-invasive effects of PF-04217903 could be reproduced by another c-
Met inhibitor, we performed similar experiments using the c-Met inhibitor, PF-02341066
(21, 35), in RIP-Tag2 mice treated from age 14 to 17 weeks. As with PF-04217903,
treatment with PF-02341066 reduced invasiveness, as reflected by trapped acinar cells and
Invasion index, but did not change tumor vascularity or hypoxia (Supplemental Figure 6, A-
B, E-F, G-H, K-L). Importantly, treatment with PF-02341066 in combination with sunitinib
resulted in changes similar to those found after PF-04217903 plus sunitinib: tumors were
less invasive than after vehicle or sunitinib alone (Supplemental Figure 6, C-F), and tumor
vascularity and hypoxia were about the same as after sunitinib alone (Supplemental Figure
6, I-L).
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To determine whether inhibition of c-Met suppressed the increase in mesenchymal markers
after inhibition of VEGF, we compared Snail1, N-cadherin, and vimentin in western blots
prepared from tumors of RIP-Tag2 mice treated with anti-VEGF antibody, PF-04217903, or
the combination from age 14 to 15 weeks. The bands for these markers were strong after
anti-VEGF antibody but were weaker after the antibody plus PF-04217903 or after
PF-04217903 alone (Figure 3L). Similarly, Snail1 was less in tumors treated with sunitinib
plus PF-04217903 than with sunitinib alone, but N-cadherin and vimentin showed less
difference (Supplemental Figure 5C). The reduction in mesenchymal markers after
PF-04217903 fits with the reversal of the mesenchymal phenotype by c-Met blockade.

Reduction in liver metastasis after inhibition of c-Met in RIP-Tag2 mice
The liver is a common site of metastasis in RIP-Tag2 mice. Metastases were rarely visible
grossly in the liver at autopsy of untreated 14-week old RIP-Tag2 mice (onset controls), but
micrometastases, consisting of single or small groups of cells, were found by microscopy
after staining for SV40 T-antigen (0.05 ± 0.01 per mm2 sectional area). Liver metastases
were 14 times more numerous in control mice at age 17 weeks (0.7 ± 0.2 per mm2), and
were much more abundant and larger after anti-VEGF antibody or sunitinib from age 14 to
17 weeks (Figure 4, A-D). Measurements showed 5 times as many liver metastases after
anti-VEGF antibody and twice as many after sunitinib, compared to the 17-week old vehicle
group (Figure 4E). Compared to the 90 ± 9 μm mean diameter of metastases in the vehicle
group, metastases were nearly twice as large after anti-VEGF antibody (mean diameter, 172
± 29 μm) and 4 times as large after sunitinib (mean diameter, 369 ± 267 μm). The incidence
of liver metastases in RIP-Tag2 mice treated with normal goat IgG from age 14 to 17 weeks
was similar to mice treated with vehicle (data not shown).

Liver metastases assessed by SV40 T-antigen staining were significantly less numerous in
mice treated with PF-04217903 or PF-02341066 (Figure 4, right panels of B, C, and D). The
baseline number of liver metastases in 17-week old RIP-Tag2 mice (vehicle treatment) was
reduced 98% by administration of PF-04217903 and reduced 73% by PF-02341066 (Figure
4E). Metastases in mice treated with sunitinib were reduced 99% by PF-04217903 and
reduced 53% by PF-02341066 (Figure 4E). Metastases in mice treated with anti-VEGF
antibody were reduced 92% by co-administration of PF-04217903 (Figure 4E). Metastases
were visible microscopically in the liver of all 17-week old mice treated with vehicle, anti-
VEGF antibody, or sunitinib alone, but were found in only 1 of 7 mice given vehicle plus
PF-04217903, 3 of 6 mice given anti-VEGF antibody plus PF-04217903, and 1 of 5 mice
given sunitinib plus PF-04217903.

Liver metastases were smaller in all groups that received PF-04217903 (Figure 4, F-H). The
mean diameter of metastases was reduced 40% when PF-04217903 was combined with
vehicle, 50% when combined with anti-VEGF antibody, and 81% when combined with
sunitinib (Figure 4H). These reductions reflect average decreases in volume (metastatic
tumor burden) of 78%, 88%, and 99%. Metastases with diameters larger than 100 μm were
3 times more numerous after anti-VEGF antibody or sunitinib than after vehicle, but were
rare in the groups receiving PF-04217903 (Figure 4H).

Survival of RIP-Tag2 mice during the 3-week treatment from age 14 to 17 weeks was
strongly influenced by the treatment: 42% survival with vehicle, 50% with anti-VEGF
antibody, 70% with anti-VEGF antibody plus PF-04217903, and 80% with sunitinib alone
or in combination with PF-04217903.
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Reduction in invasion of Panc-1 tumors after inhibition of c-Met
To compare the effects of inhibition of VEGF signaling alone and with concurrent blockade
of c-Met signaling in a second tumor model, we performed similar experiments on
implanted Panc-1 pancreatic adenocarcinomas (26), which invade locally and can
metastasize (36, 37). Growth of luciferase expressing Panc-1 tumors in the pancreas was
monitored by bioluminescence imaging (Figure 5A). Tumors in mice treated with vehicle
grew steadily and invaded the exocrine pancreas during 3-week treatment (Figure 5, B and
C). Tumors treated with sunitinib grew slower, and those treated with sunitinib plus
PF-04217903 grew even less (Figure 5, A-C).

Treatment with sunitinib was accompanied by 75% reduction in tumor vascularity and
doubling of intratumoral hypoxia, assessed by pimonidazole staining (Figure 5, D, E, G, H).
Vascular pruning and hypoxia were similar after treatment with sunitinib plus PF-04217903
(Figure 5, F-H). Treatment with PF-04217903 alone had little effect on vascular pruning or
intratumoral hypoxia (Figure 5, G and H).

c-Met immunoreactivity was moderate in some blood vessels and faint in others and was
faint in most tumor cells of vehicle-treated Panc-1 tumors. However, c-Met was stronger in
both locations after treatment with sunitinib (Figure 5I-J). Invasiveness of Panc-1 tumors,
reflected by intratumoral acinar cells stained for amylase, was exaggerated by sunitinib
(Figure 5, K-L) and was suppressed by co-administration of PF-04217903 (Figure 5, M-N).

Panc-1 tumors metastasize to the liver when the tumors become aggressive (36, 37). At the
early stage we studied, micrometastases were found in the liver of 4 of 6 mice treated with
sunitinib but in none of 6 mice treated with sunitinib plus PF-04217903 (data not shown).

Reduction in invasion of RIP-Tag2 tumors after treatment with XL184
The effects of agents that block c-Met or VEGF signaling, administered alone or in
combination, were compared to those of XL184, which blocks both receptors
simultaneously (19, 32). XL184 has potent inhibitory activity against c-Met, VEGFR-2, and
multiple other RTKs tested in biochemical and cell-based assays (Supplemental Figure 7A).
The IC50 for c-Met (1.3 nM) and VEGFR-2 (0.035 nM) were both in the low nanomolar or
sub-nanomolar range and were the lowest of the kinases assayed.

Comparison of tumor size in RIP-Tag2 mice treated from age 14 to 17 weeks revealed that
XL184-treated tumors were much smaller (mean sectional area 0.7 ± 0.1 mm2) than those
treated with vehicle (17.3 ± 6.5 mm2), anti-VEGF antibody (4.3 ± 0.8 mm2), or sunitinib
(3.7 ± 0.8 mm2). XL184-treated tumors of 17-week old mice were also smaller than tumors
in 14-week old onset controls (2.8 ± 0.5 mm2). Treatment with XL184 for 3 weeks resulted
in widespread vascular pruning and intratumoral hypoxia (Supplemental Figure 8): the 79%
reduction in tumor vascularity was greater than found after any of the other agents studied.

Tumors in RIP-Tag2 mice treated with XL184 had well-defined borders, smooth contours,
few projections into the acinar pancreas, and few or no islands of trapped acinar cells, and
were distinctly unlike tumors treated with anti-VEGF antibody (Figure 6, A and B). SV40
T-antigen-positive cells were scattered outside the tumor border in mice treated with anti-
VEGF antibody (Figure 6C) but not after XL184 (Figure 6D). Many tumor cells in mice
treated with vehicle or anti-VEGF antibody were irregular in shape and loosely associated
with one another (Figure 6E), but tumor cells treated with XL184 were rounder and tightly
clustered (Figure 6F). Consistent with these differences, values for Invasion index and
trapped acinar cells were significantly less after XL184 than after vehicle or anti-VEGF
antibody (Figure 6, G and H). Area density values for trapped acinar cells in tumors treated
from age 14 to 17 weeks with XL184 (2.6 ± 0.4%) were 46% lower than for untreated mice
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at 14 weeks of age (4.8 ± 0.5%). This significant difference indicates that XL184 partially
reversed the invasion present at the beginning of treatment.

RIP-Tag2 tumors treated with XL184 had fainter c-Met immunoreactivity in tumor cells and
blood vessels and less phospho-c-Met assessed by immunoprecipitation than corresponding
vehicle-treated controls (Supplemental Figure 7B-F). By comparison, c-Met
immunoreactivity of the tumors treated with PF-04217903 together with anti-VEGF
antibody or sunitinib was still strong in tumor cells and blood vessels (data not shown).
Western blots of XL184-treated tumors also showed more E-cadherin protein and less
Snail1, N-cadherin, and vimentin than tumors treated with anti-VEGF antibody (Figure 6I).
Similarly, tumors treated with XL184 had stronger E-cadherin immunoreactivity than
tumors treated with vehicle or anti-VEGF antibody (Figure 6, J-L). Taken together, these
results indicate that tumor cells treated with XL184 had a more epithelial phenotype.

Reduction in metastasis and prolonged survival after treatment with XL184
Microscopic liver metastases were consistently found in 17-week old RIP-Tag2 mice after
treatment for 3 weeks with vehicle, were more numerous and larger after anti-VEGF
antibody, but were not found after treatment with XL184 (Figure 7, A-D).

Overall survival of RIP-Tag2 mice treated from 14 weeks of age for up to 6 weeks was
strongly influenced by the treatment. Median survival of vehicle-treated mice was 14.7
weeks (Figure 7E). Survival was prolonged to 16.1 weeks in the PF-04217903 group, 16.4
weeks in the anti-VEGF antibody group, 17.3 weeks in the group receiving anti-VEGF
antibody plus PF-04217903, and more than 20 weeks in the XL184 group (Figure 7E).
Strikingly, all mice treated with XL184 survived until the experiment ended at age 20
weeks. One of 6 mice treated with the combination of anti-VEGF antibody and
PF-04217903 survived this long, but none of the mice in the other groups reached 20 weeks
of age (Figure 7E).

The 20-week old RIP-Tag2 mice treated with XL184 for 6 weeks had small, round, compact
tumors. The mean Invasion index of these tumors (5.8), compared to tumors in mice treated
from age 14 to 17 weeks, was lower than for vehicle (12.7, P < 0.05) or anti-VEGF antibody
(18.9, P < 0.05) and about the same as for XL184 (4.5) (Figure 6G).

None of 5 mice treated with XL184 from age 14 to 17 weeks had detectable liver
metastases. Small liver metastases were present in 5 of 6 mice treated with XL184 from age
14 to 20 weeks (0.3 ± 0.2 metastases/mm2), but these were much less numerous than in 17-
week old mice treated with anti-VEGF antibody (3.4 ± 1.5 metastases/mm2) or sunitinib (1.3
± 1.2 metastases/mm2) for 3 weeks (Figures 4E).

To determine whether XL184 had similar effects on tumors in younger RIP-Tag2 mice, we
treated mice from age 10 to 14 weeks. As in the older mice, tumors in younger mice treated
with XL184 were rounder and less invasive (Supplemental Figure 9, A-E). Grossly visible
liver metastases were not found in any of the mice at age 14 weeks, but micrometastases
were visible microscopically after staining for SV40 T-antigen (Supplemental Figure 9, F-
H). Four times as many micrometastases were found in mice treated with anti-VEGF
antibody as with vehicle, but none was found in 5 mice treated with XL184 (Supplemental
Figure 9I). Mice treated with XL184 had better overall survival than age-matched mice
treated with vehicle or anti-VEGF antibody (Supplemental Figure 9J).
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Discussion
The goal of this project was to learn why inhibition of VEGF signaling increases tumor
invasiveness and metastasis in some preclinical models (3-6) and whether this form of
evasive resistance can be prevented or reversed by inhibition of c-Met. Our experiments in
RIP-Tag2 mice confirmed that inhibition of VEGF signaling by a ligand-specific blocking
antibody or by the multi-targeted RTK inhibitor sunitinib slowed tumor growth but
promoted invasion of tumor cells into the surrounding exocrine pancreas and increased the
number and size of liver metastases. These effects accompanied intratumoral vascular
pruning, hypoxia, HIF-1α accumulation, c-Met activation, and change to a more
mesenchymal tumor cell phenotype. The heightened tumor aggressiveness did not occur
when either of two c-Met inhibitors, PF-04217903 or PF-02341066, was co-administered
with the anti-VEGF antibody or with sunitinib. XL184, a multi-targeted RTK inhibitor that
blocks both c-Met and VEGF signaling, also reduced tumor invasion and metastasis.

We used the RIP-Tag2 multi-stage tumor model, where invasion and metastasis usually
occur late in the disease (24, 25), to build on published evidence that inhibition of VEGF
signaling by sunitinib, anti-VEGFR-2 antibody (DC101), or genetic deletion of VEGF
advances the onset of invasion and metastasis in this model (6). Our findings confirmed this
effect of sunitinib and added the selective anti-VEGF antibody #AF-493-NA to the list of
agents that promote invasion and metastasis in RIP-Tag2 mice. These findings were
corroborated by parallel experiments on orthotopic Panc-1 pancreatic adenocarcinomas (26):
c-Met expression and invasiveness of Panc-1 tumors were increased by treatment with
sunitinib, and the increase was blocked by concurrent inhibition of c-Met.

The present findings extend an earlier report of reduction in tumor invasion and liver
micrometastases in 10-week old RIP-Tag2 mice treated with XL880 for 1 or 2 weeks (19).
That report left unresolved whether XL880 has similar efficacy on more aggressive, later
stage tumors. Also, because XL880 inhibits multiple RTKs, it was not possible to ascertain
whether concurrent inhibition of VEGFR and c-Met was necessary and sufficient to
reproduce all of the robust effects on RIP-Tag2 tumors. Nor was it possible to distinguish
actions on blood vessels from direct actions on tumor cells.

These open issues led us to use more selective inhibitors of VEGF and c-Met signaling, to
study RIP-Tag2 mice at age 14 to 17 weeks when the tumors are more aggressive, and to
examine Panc-1 tumors as a second model. The two models cannot reflect all types of
cancer, but their similar responses indicate that the anti-invasive action of c-Met blockade
was not unique to one model, and highlight the role of c-Met in evasive resistance associated
with anti-VEGF therapy. In both models, inhibition of c-Met and VEGF signaling resulted
in smaller, ball-like tumors and less invasiveness.

Mechanism of tumor invasion after VEGF inhibition: Hypoxia, HIF-1α, and c-Met
The present experiments provide multiple lines of evidence for a mechanism of tumor
aggressiveness after VEGF inhibition that involves hypoxia, HIF-1α, c-Met, and conversion
to a more mesenchymal tumor-cell phenotype. Data from other studies of tumor
aggressiveness after inhibition of VEGF signaling are also consistent with this mechanism
(4-6).

Agents that block the actions of VEGF not only inhibit angiogenesis but also cause in
vascular pruning (34, 38). Vascular pruning and resulting hypoxia are well-documented
changes in RIP-Tag2 tumors after treatment with inhibitors of VEGF signaling (6, 19, 34).
Increases in HIF-1α and staining for pimonidazole, CA-IX, and Glut1 are consistent with
these changes.
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Intratumoral hypoxia can activate c-Met (7, 8). Treatment with anti-VEGF antibody or
sunitinib for only a week was accompanied by 3-fold or greater increase in c-Met mRNA
expression and corresponding increases in c-Met protein and c-Met phosphorylation.

The distribution of c-Met changed with treatment. In vehicle-treated tumors, c-Met
immunoreactivity was greatest in blood vessels, where it varied from strong to absent. c-Met
staining was visible in only a small proportion of tumor cells. Staining for c-Met and for
phospho-c-Met was much greater after sunitinib or anti-VEGF antibody. Most of the
increase was in tumor cells. Tumor vessel staining for c-Met was more uniform after VEGF
inhibitors, apparently because vessels having little or no c-Met were pruned.

An immune response to the goat anti-mouse VEGF antibody could have developed over
time. This response could have reduced the potency of VEGF blockade in the
immunocompetent RIP-Tag2 mice, but it is unlikely to have been responsible for increased
tumor invasiveness and metastasis, because neither was found in mice treated normal goat
IgG. Tumors in these mice had the same appearance, same level of c-Met mRNA, and same
incidence of liver metastasis as in mice treated with vehicle.

The increase in c-Met mRNA after anti-VEGF antibody or sunitinib was accompanied by
greater tumor aggressiveness, but the invasiveness and liver metastasis were more severe
after the anti-VEGF antibody. The significance of this is unclear, but the amount of
phospho-c-Met, which was increased by both treatments, should be a better indicator of c-
Met activation than mRNA. Differences in pharmacokinetics and pharmacodynamics of the
full-length anti-VEGF antibody and 398.48 molecular weight sunitinib, and differential
effects on other factors that promote tumor aggressiveness should be considered.

Intratumoral hypoxia is associated with greater risk of metastasis and less favorable
prognosis (39). Hypoxia increases c-Met expression in tumor cells through HIF-1α binding
sites on the c-Met promoter (8). Activation of c-Met drives cell proliferation, motility, and
invasion (8, 9). This process fits with evidence that overexpression of c-Met can promote
tumor invasion and metastasis (10, 16, 40, 41). It also fits with our observations of mouse
tumor models and of hypoxia-induced c-Met phosphorylation in freshly isolated RIP-Tag2
tumor cells in vitro.

Hypoxia-induced activation of c-Met in RIP-Tag2 tumor cells in vitro occurred in the
absence of HGF in the culture medium. Similarly, HGF was not detected in tumor cells or
blood vessels of RIP-Tag2 tumors and HGF mRNA was unchanged by treatment. Ligand-
independent phosphorylation of c-Met can be triggered by interaction with other tyrosine
kinase receptors or with other cell-surface proteins (17, 18, 42, 43). Activation of c-Met in
RIP-Tag2 tumor cells can also be promoted by reactive oxygen species induced by hypoxia
(Wei et al., unpublished observations).

Persistent intratumoral hypoxia associated with inhibition of c-Met and VEGF together
could favor escape routes for evasive resistance driven by other pathways activated under
these conditions (44, 45). Evasive resistance involves the actions of many factors,
particularly when c-Met signaling is inactive or blocked (46-48). Metalloproteases and
changes in properties of tumor cells and blood vessels could contribute. Although no
significant treatment-related changes were found in expression of ANG1, ANG2, FGF2,
IGFR, RON, RET, SKY, or MER, increases were found in AXL and TGF-β. TGF-β
signaling promotes EMT, invasion, and metastasis (49) and can influence c-Met activity (50,
51). Elucidation of effects of elevated TGF-β expression on invasion and metastasis after
treatment with anti-VEGF antibody is a worthwhile goal for future studies.
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Mechanism of invasiveness after VEGF inhibition: Changes in tumor cell phenotype
The increase in c-Met expression in tumors after treatment with anti-VEGF antibody or
sunitinib was accompanied by reduction in the epithelial marker E-cadherin and increase in
the mesenchymal markers Snail1, N-cadherin, and vimentin. c-Met staining was high in
tumor cells near tumor borders where vimentin was strong and E-cadherin staining was
weak. The reduction in E-cadherin assessed by western blot was not as great as the decrease
evident by immunohistochemistry. This lack of congruence probably resulted from trapping
of pancreatic acinar cells within tumors during invasion of the exocrine pancreas. The
presence inside tumors of E-cadherin-positive acinar cells would mask the loss of tumor-cell
E-cadherin assessed by western blot but not by immunohistochemistry.

E-cadherin is reportedly lost in end-stage RIP-Tag2 tumors (52). Staining for E-cadherin
was clearly less in tumors of RIP-Tag2 mice at age 17 weeks than at 10 weeks but was still
evident in some tumor cells. This discrepancy probably reflects differences in tissue
preparative and imaging methods.

Expression of mesenchymal cell markers in RIP-Tag2 tumors was reduced by administration
of PF-04217903 together with anti-VEGF antibody. This change and accompanying rounder
tumor cell shape are consistent with reversal of epithelial-mesenchymal transition (EMT)
(53). EMT is thought to contribute to the acquisition of a motile phenotype that favors
invasion and metastasis (54). In tumor cells undergoing EMT, E-cadherin is lost, the
transcription factor Snail1 is activated, and the mesenchymal cell markers N-cadherin and
vimentin increase (52, 55). EMT can be promoted by HGF/c-Met signaling and is reportedly
involved in tumor progression and resistance (12, 53).

A more mesenchymal phenotype has been reported in some glioblastomas treated with anti-
VEGF antibody (56), raising the possibility that anti-VEGF therapy can lead to EMT and a
more aggressive phenotype in some human tumors. Additional studies are needed to
determine whether invasion and metastasis in RIP-Tag2 mice treated with VEGF inhibitors
are manifestations or consequences of EMT.

Effects of c-Met inhibitors on tumor invasiveness and metastasis
Inhibition of c-Met signaling by anti-ligand or anti-receptor antibodies, decoy receptors, or
small molecule receptor tyrosine kinase inhibitors has given promising results in preclinical
models (19, 57-59) and in clinical trials (30, 31, 35).

We used three complementary approaches to block c-Met signaling. In the first approach,
we used PF-04217903 because of its selectivity for c-Met. PF-04217903 is one of the most
selective inhibitors currently available, with an IC50 for c-Met > 1000-fold more than any
other target tested in overlapping panels of 208 kinases, which included VEGFR-2, PDGFR-
β, TIE2, AXL, SKY, RET, and IGF1R (21). This selectivity made PF-04217903 a
reasonable choice to combine with the anti-VEGF antibody or with sunitinib. As a second
approach, we used PF-02341066, a tyrosine kinase inhibitor that has high potency against c-
Met but also blocks anaplastic lymphoma kinase (ALK) (35). PF-02341066 is less selective
than PF-04217903 but has a higher tolerance for molecular variation and is less susceptible
to mutations in c-Met that attenuate potency (21). In the third approach, we used XL184 as a
single agent that simultaneously blocks c-Met and VEGFR among other RTKs (32).

Treatment with either PF-04217903 or PF-02341066 for 3 weeks significantly reduced
invasion and metastasis in RIP-Tag2 mice. Tumors had a distinctive ball-like shape, with a
smoother contour and fewer trapped acinar cells, and liver metastases were smaller and
much less numerous. Only one of 7 mice treated with PF-04217903 had liver metastasis
detected by SV40 T-antigen immunoreactivity, compared to 100% of corresponding vehicle-
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treated mice, which had an average of 20 liver metastases per mouse. Although 3 of 4 mice
treated with PF-02341066 had liver metastases, only 4 liver metastases were found per
mouse. This difference could reflect the higher c-Met selectivity of PF-04217903 (21). The
anti-invasive and anti-metastatic effect of these agents in otherwise untreated older RIP-
Tag2 mice fits with a contribution of c-Met activation to aggressiveness of the late stage
tumors.

Synergistic effects of inhibiting c-Met and VEGF signaling together
Synergistic effects of the drug combinations were found in both RIP-Tag2 and Panc-1
tumors. Inhibition of c-Met and VEGF together, by administration of PF-04217903 or
PF-02341066 together with anti-VEGF antibody or sunitinib, prevented the invasiveness and
metastasis found in RIP-Tag2 mice after inhibition of VEGF signaling. These effects were
greater than was found with either c-Met inhibitor used alone. Similarly, PF-04217903
administered in combination with sunitinib caused greater slowing of Panc-1 tumor growth
and invasion and had greater survival benefit in RIP-Tag2 mice than when given alone. Co-
administration of PF-04217903 also blocked the increase in Snail1, N-cadherin, and
vimentin found after inhibition of VEGF signaling. The anti-invasive and anti-metastatic
actions of PF-04217903 or PF-02341066 appeared to be independent of effects on tumor
vessels or hypoxia, as neither agent caused appreciable vascular pruning, staining for
pimonidazole, CA-IX, or Glut1, or increase in HIF-1α.

Because of these favorable effects of the drug combinations, we asked whether XL184,
which blocks both c-Met and VEGFR (32), had similarly beneficial actions. We found that
XL184 reduced invasion and metastasis in RIP-Tag2 mice as much as the drug
combinations, and prolonged survival even more. The similarity of effects of XL184 on
tumor invasion and metastasis to those of the combinations of more selective single agents
argues for c-Met and VEGFR being relevant targets of XL184, even though it also inhibits
multiple other RTKs, including KIT, RET, and AXL, albeit with less potency. AXL has
been implicated in tumor invasion and metastasis (60).

Treatment with XL184 had a more robust anti-angiogenic action than the combinations of
the selective inhibitors. Similarly robust vascular pruning was found with XL880 (19). This
could be due to inhibition of other targeted kinases or to differences in pharmacokinetics or
pharmacodynamics and differences in the extent or duration of target inhibition in vivo.
These findings are consistent with reported effects of XL184, XL880 and E7050 (32, 61,
62).

To test whether concurrent inhibition of c-Met and VEGF signaling could reverse tumor
invasion, we compared tumors in RIP-Tag2 mice treated from age 14 to 17 weeks to those in
untreated mice at 14 weeks of age (onset controls). In support of reversal of tumor invasion,
we found significantly fewer acinar cells trapped inside tumors after treatment with
PF-042107903 plus sunitinib or with XL184 as a single agent. XL184 reduced the metastatic
burden in the liver to undetectable, which was even lower than in onset controls.

Concurrent inhibition of c-Met and VEGF signaling, either by the combination of anti-
VEGF antibody and PF-04217903 or by XL184, substantially prolonged the survival of RIP-
Tag2 mice over vehicle or anti-VEGF antibody alone. The greatest survival benefit was with
XL184, where all mice survived until the 6-week experiment ended at 20 weeks of age. The
mice had small tumors with little invasion and few or no liver metastases.

The present findings and published reports indicate that treatment with inhibitors of VEGF
signaling prolongs the survival of RIP-Tag2 mice (4, 6). Although the survival benefit
would seem contradictory to greater invasiveness and metastasis in these mice, overall
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survival reflects the balance of competing effects of treatment on tumor growth, invasion,
and metastasis. In the several-week timeframe of the experiments, the beneficial effects of
VEGF blockade on tumor growth outweighed the negative effects of greater invasion and
metastasis.

Treatment with sunitinib provided greater survival benefit in RIP-Tag2 mice than was found
with the anti-VEGF antibody. In our experiments, 80% of mice treated with sunitinib
survived from age 14 to 17 weeks, compared to 50% treated with anti-VEGF antibody. The
multi-targeted activity of sunitinib is among the contributing factors. Also, sunitinib
treatment began at age 12 weeks in an earlier report (6), but anti-VEGF antibody treatment
began in our studies at age 14 weeks, when tumors were more advanced. Another factor is
that an immune response to the goat anti-VEGF antibody in mice could have reduced
VEGF-blocking activity over time.

The synergistic effects of inhibiting c-Met and VEGF signaling together reflect the
complementary features of the two pathways as drug targets. Still to be determined in
elucidating the underlying mechanism of synergy is whether activation of c-Met signaling in
invasive RIP-Tag2 tumors is ligand-independent, as suggested by our in vitro studies of
hypoxic tumor cells. Interactions between c-Met and VEGFR could also involve
heterodimer formation, kinase transphosphorylation, cross-talk between signaling pathways,
or other mechanisms (17, 18, 42, 63).

The hypothesis that c-Met is necessary and sufficient for promotion of tumor aggressiveness
by inhibition of VEGF signaling, which we tested by pharmacological approaches, could
also be addressed by genetic overexpression or deletion of c-Met (40, 41, 64). From
published evidence, c-Met activation would be expected to promote tumor aggressiveness
and deletion to have the opposite effect (13-18).

Overall, our findings are consistent with previous evidence of exaggerated tumor
invasiveness and metastasis after inhibition of VEGF signaling. Data from studies using the
anti-VEGF antibody indicate that the tumor aggressiveness observed previously (4-6) is not
dependent on an off-target action of sunitinib or a peculiarity of the anti-VEGFR-2 antibody
DC101. If present in humans, this consequence of selective VEGF blockade could
contribute to resistance to angiogenesis inhibitors.

Multiple lines of evidence implicate hypoxia, HIF-1α, and c-Met activation in the tumor
aggressiveness. Blockade of c-Met and VEGF signaling together – either by a combination
of two selective agents or by a single multi-targeted agent - reduced tumor invasion and
metastasis, and prolonged overall survival. Concurrent inhibition of the two signaling
pathways had the favorable growth-slowing effects of angiogenesis inhibition and vascular
pruning without the undesirable consequences of intratumoral hypoxia. Experience with c-
Met inhibitors in preclinical models is now being translated into clinical trials. Promising
results in metastatic prostate cancer and other tumor types (28, 30, 31) provide optimism
that the approach will be useful in the treatment of human cancer.

Methods
Tumor models and treatments

Tumor-bearing RIP-Tag2 transgenic mice (C57BL/6 background) received one of ten
treatments for 3 days or 1, 3, or 6 weeks beginning at 14 weeks of age: (i) sterile saline
(vehicle, 5 μL/g) daily by gavage; (ii) normal goat IgG (Jackson ImmunoResearch, 150 μg
in 50 μL sterile PBS) injected ip three times per week (MWF); (iii) affinity purified,
function-blocking goat anti-mouse VEGF antibody (#AF-493-NA, R&D Systems, 150 μg in
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50 μL sterile PBS) injected ip three times per week (MWF); (iv) sunitinib (Pfizer, 40 mg/kg
in 5 μL/g sterile saline with 0.5% methylcellulose suspension) daily by gavage; (v)
PF-04217903 (Pfizer, 30 mg/kg in 5 μL/g sterile saline with 0.5% methylcellulose
suspension) daily by gavage; (vi) PF-02341066 (Pfizer, 50 mg/kg in 5 μL/g sterile saline
with 0.5% methylcellulose suspension) daily by gavage; (vii) XL184 (cabozantinib,
Exelixis, 40 mg/kg in 5 μL/g sterile saline) daily by gavage; (viii) anti-VEGF antibody plus
PF-04217903; (ix) sunitinib plus PF-04217903; or (x) sunitinib plus PF-02341066. Agents
used in combination were administered as when used alone. Treatment effects on earlier
stage tumors were examined in mice treated from age 10 to 14 weeks with vehicle, anti-
VEGF antibody, or XL184. Body weight and survival were recorded during the treatment.

Alternatively, luciferase-expressing human Panc-1 tumor cells were implanted in the
pancreas of nude mice (Nu/Nu mice, Charles River) (26). When tumors were detectable 2 or
3 weeks after implantation, mice were treated for 3 weeks with vehicle, sunitinib (40 mg/
kg), PF-04217903 (30 mg/kg), or sunitinib plus PF-04217903 daily by gavage (5-6 mice/
group). Tumor growth was monitored twice a week by bioluminescence imaging (see
Supplemental Methods).

All animal procedures were approved by the Institutional Animal Care and Use Committee
of UCSF.

Assessment of tumors
At the end of treatment, mice were anesthetized with ketamine (100 mg/kg ip) plus xylazine
(10 mg/kg ip), pimonidazole hydrochloride (60 mg/kg, Hypoxyprobe Plus Kit HP2,
Chemicon) was injected iv to detect intratumoral hypoxia, and 1 hour later tissues were
fixed by vascular perfusion of 1% paraformaldehyde (34). Cryostat sections 80-μm in
thickness were stained by immunohistochemistry (34) using combinations of two or three
primary antibodies and corresponding secondary antibodies to label endothelial cells
(CD31), pericytes (NG2 proteoglycan, ⟨-smooth muscle actin/⟨-SMA), tumor cells (SV40 T-
antigen, insulin, luciferase), acinar pancreas (amylase), proliferating cells (phosphohistone
H3), apoptotic cells (activated caspase-3), hypoxia (pimonidazole, carbonic anhydrase IX/
CA-IX, glucose transporter 1/Glut1), c-Met, phospho-c-Met, HGF, VEGFR-2, VEGFR-3,
E-cadherin, vimentin, basement membrane (type IV collagen), and/or type I collagen.

Invasion index was calculated as 1/(4π x area / perimeter2 ) from ImageJ measurements
made on digital images of tumors stained for SV40 T-antigen, insulin, or luciferase. The
mean value for each treatment group was calculated from the median values for 4-5 mice in
the group.

Additional information on methods for staining tumors, for measuring tumor size,
vascularity, Invasion index, trapped acinar cells, cell proliferation, hypoxia, metastasis, for
isolating tumor cells, and for PCR, immunoblot, and immunoprecipitation are presented in
the Supplemental Methods.

Statistical analysis
Experiments done to assess tumor vascularity, hypoxia, and invasion had 5 to 10 mice per
group, based on mice that survived until the end of the experiment. Other experiments had
4-8 surviving mice per group. Survival studies began with 5-12 mice per group. Differences
among groups were assessed by Student’s t test or ANOVA followed by Fisher’s test for
multiple comparisons. Tumor growth was compared by repeated measures ANOVA and
survival by the Log-rank (Mantel-Cox) test. P < 0.05 was considered significant. Error bars
show means ± SEM.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Significance

This report examines the mechanism of increased tumor aggressiveness after anti-VEGF
therapy and presents evidence for roles of vascular pruning, hypoxia, and c-Met
activation. The results show that simultaneous inhibition c-Met and VEGF signaling not
only slows tumor growth but also reduces invasion and metastasis.
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Figure 1. Inhibition of VEGF signaling: Effect on aggressiveness of RIP-Tag2 tumors
Tumors of RIP-Tag2 mice treated with vehicle, anti-VEGF antibody, or sunitinib from age
14 to 17 weeks (A-C). Composite images of tumor sections immunostained for SV40 T-
antigen (red) (A-C). Differences in sectional area after anti-VEGF antibody or sunitinib (4-5
mice/group) (D). Confocal images showing tumor cells (insulin, red) and acinar cells
(amylase, green) after vehicle (E), anti-VEGF antibody (F), or sunitinib (G); arrows mark
islands of acinar cells surrounded by tumor cells. Area density of trapped amylase-positive
cells (H) and Invasion index (I) after vehicle, anti-VEGF antibody, or sunitinib. Western
blots showing differences in Snail1, N-cadherin, and vimentin protein in tumors of mice
treated from age 14 to 15 weeks (J). Strong E-cadherin immunoreactivity (red) near the
border (arrows) of a control tumor (K). Little E-cadherin staining in tumor cells after anti-
VEGF antibody for 3 weeks (L), with confirmation of tumor-cell identity by insulin staining
(M, cyan). Compared to E-cadherin, vimentin staining shows the opposite treatment-related
changes (red, arrows) (N, O). *P < 0.05 vs. vehicle. #P < 0.05 vs. sunitinib. Scale bar in O
applies to all images: 800 μm for A-C; 150 μm for E-G; and 30 μm for K-O.
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Figure 2. Inhibition of VEGF signaling: Effect on tumor vascularity, hypoxia, and c-Met
Comparison of blood vessels (CD31, red) and hypoxia (pimonidazole, green, arrows) in
tumors of RIP-Tag2 mice treated with vehicle, anti-VEGF antibody, or sunitinib from age
14 to 17 weeks (A-C). Fractional areas of CD31 and pimonidazole after treatment (D).
Western blots show little or no HIF-1α in tumors of control mice and strong bands after
anti-VEGF antibody or sunitinib from age 14 to 15 weeks (E). c-Met immunoreactivity (red)
in scattered tumor cells and many vessels (CD31, green, arrows) after vehicle, but in many
tumor cells (arrowheads) after anti-VEGF antibody or sunitinib from age 14 to 15 weeks
(F). Greater c-Met mRNA in tumors treated with anti-VEGF antibody or sunitinib from age
14 to 15 weeks (5-7 mice/group) (G). Greater total c-Met and phospho-c-Met in RIP-Tag2
tumors after anti-VEGF antibody from age 14 to 15 weeks, assessed by immunoprecipitation
(H). Phospho-c-Met immunoreactivity (red) in scattered tumor cells (arrowheads) in control
RIP-Tag2 tumors but in many tumor cells after anti-VEGF antibody or sunitinib from age 14
to 15 weeks (CD31, green) (I). Greater signal for phospho-c-Met in tumor cells isolated
from 14-week old RIP-Tag2 mice, exposed in vitro for 4 hours to normal or low oxygen
(Norm = 21% oxygen; Hypox = 1% oxygen), and assessed by immunoprecipitation (J). * P
< 0.05 vs. vehicle. Scale bar in I applies to all images: 50 μm for A-C; 80 μm for F; 60 μm
for I.
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Figure 3. Inhibition of VEGF and/or c-Met: Effect on tumor invasion, vascularity, hypoxia, and
cell markers
Confocal images of RIP-Tag2 tumors treated from age 14 to 17 weeks and stained for
insulin (tumor cells, red) and amylase (acinar cells, green) (A-F). Trapped acinar cells
marked by amylase (arrows) within tumors are numerous after anti-VEGF antibody (A) or
sunitinib (C) alone but not after co-administration of PF-04217903 (B, D). Measurements of
amylase staining within tumors show significant treatment-related differences (E).
Similarity of vascularity (CD31, red) and hypoxic regions (pimonidazole, green, arrows) in
tumors of 17-week old RIP-Tag2 mice after treatment with anti-VEGF antibody (F) or anti-
VEGF antibody plus PF-04217903 (G) for 3 weeks. Bar graph showing that addition of
PF-04217903 to anti-VEGF therapy did not significantly change vascularity (H) or hypoxic
regions (I) in tumors. Differences in number of trapped amylase cells (arrows) after vehicle
(J) or PF-04217903 alone (K). Western blot showing differences in mesenchymal markers
after anti-VEGF antibody, PF-04217903, or the combination from age 14 to 15 weeks (L). *
P < 0.05 vs. vehicle. # P < 0.05 vs. anti-VEGF antibody alone. = P < 0.05 vs. sunitinib
alone. Scale bar in K applies to all images: 150 μm for A-D, J-K; 50 μm for F-G.
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Figure 4. Inhibition of VEGF and/or c-Met: Effect on number and size of liver metastases
Contrasting number and size of metastases (arrows) in sections of liver (SV40 T-antigen,
red) from RIP-Tag2 mice treated with vehicle (A), anti-VEGF antibody alone or combined
with PF-04217903 (B), sunitinib alone or combined with PF-04217903 (C), or sunitinib
alone or combined with PF-02341066 (D) from age 14 to 17 weeks. Treatment-related
differences in number of liver metastases per square millimeter of section, with and without
co-administration of PF-04217903 or PF-02341066 (E) (4-7 mice/group). * P < 0.05 vs.
vehicle alone. # P < 0.05 vs. anti-VEGF antibody alone. = P < 0.05 vs. sunitinib alone.
Confocal micrographs comparing the size of liver metastases in mice treated with anti-
VEGF antibody alone (F) or combined with PF-04217903 (G). Fewer and smaller
metastases in mice treated with PF-04217903 alone or in combination with anti-VEGF
antibody or sunitinib shown by sorting all metastases in each treatment group into the three
size bins shown in legend (H). Scale bar in G applies to all images: 350 μm for A-C, 450
μm for D, 100 μm for F, G.
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Figure 5. Inhibition of VEGF and/or c-Met: Effect on Panc-1 tumor growth, c-Met, and invasion
Changes in luciferin bioluminescence during the course of 3-week treatment (A).
Measurements of bioluminescence showed slower growth of tumors in mice treated with
sunitinib alone or in combination with PF-04217903 (B). Irregular edges (arrows) of an
untreated Panc-1 tumor section stained with hematoxylin and eosin (H&E) (C). Blood
vessels (CD31, red) and hypoxic regions (pimonidazole, green, arrows) in Panc-1 tumors
treated with vehicle (D), sunitinib (E) or sunitinib plus PF-04217903 (F) for 3 weeks. Bar
graphs showing treatment-related differences in tumor vascularity (CD31) (G) and
intratumoral hypoxia (pimonidazole) (H). c-Met immunoreactivity (red) was faint in tumor
cells (arrowhead) and blood vessels (arrow) (CD31, green) in vehicle-treated Panc-1 tumors
(I) but was stronger in tumor cells (arrowheads) and vessels (arrows) after sunitinib for 3
weeks (J). Trapped acinar cells marked by amylase immunoreactivity (green, arrows) in
Panc-1 tumors (luciferase, red) after vehicle (K), sunitinib alone (L), or sunitinib plus
PF-04217903 (M). Measurements of intratumoral acinar cells (N). * P < 0.05 vs. vehicle. =
P < 0.05 vs. sunitinib plus vehicle. Scale bar in M applies to all images: 30 μm for C; 50 μm
for D-F; 70 μm for I-J; 150 μm for K-M.
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Figure 6. XL184 effects on RIP-Tag2 tumor invasion and epithelial/mesenchymal markers
Tumors from RIP-Tag2 mice treated for 3 weeks, from age 14 to 17 weeks, with anti-VEGF
antibody (A) or XL184 (B). Confocal microscopic images showing tumor cells (insulin, red)
and acinar cells (amylase, green) after anti-VEGF antibody (A) or XL184 (B); arrows mark
islands of acinar cells surrounded by tumor cells (A). Scattered tumor cells infiltrate the
exocrine pancreas after anti-VEGF antibody (C) but not XL184 (D). Irregular tumor-cell
shape after anti-VEGF antibody compared to rounded shape after XL184 (E, F, arrows).
Contrasting effects of vehicle, anti-VEGF antibody, and XL184 on Invasion index (G) and
trapped-amylase cells after treatment from age 14 to 17 weeks (H). Western blot showing
mesenchymal markers in tumors after the three treatments from age 14 to 15 weeks (I).
Contrasting levels of E-cadherin immunoreactivity (red, arrows) in tumors after the three
treatments from age 14 to 17 weeks (J-L). * P < 0.05 vs. vehicle; # P < 0.05 vs. anti-VEGF
antibody; 4-5 mice/group. Scale bar in L applies to all images: 150 μm for A-B; 25 μm for
C-D; 60 μm for E-F; 45 μm for J-L.
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Figure 7. XL184 effects on liver metastasis and overall survival of older RIP-Tag2 mice
Metastases (arrows) in liver sections (SV40 T-antigen, red) from RIP-Tag2 mice treated
with vehicle (A), anti-VEGF antibody (B), or XL184 (C) from age 14 to 17 weeks. The
number of metastases after anti-VEGF antibody was 5-fold the number after vehicle, but
none were detected after XL184 (D). Survival of mice after treatment beginning at age 14
weeks with vehicle (blue line, median survival = 14.7 weeks, n = 12), PF-04217903 (pink
line, median survival = 16.1 weeks, n = 8), anti-VEGF antibody (green line, median survival
= 16.4 weeks, n = 7), anti-VEGF antibody plus PF-04217903 (orange line, median survival
= 17.3 weeks, n = 6), or XL184 (red line, 100% survival at 20 weeks, n = 6, P < 0.05 vs.
vehicle and anti-VEGF antibody) (E). (One of 7 mice in the XL184 group that died from a
gavage injury at 3.5 weeks was excluded.) * P < 0.05 vs. vehicle; # P < 0.05 vs. anti-VEGF
antibody. Scale bar in C applies to all images: 700 μm for A-C.
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