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Abstract
Signaling through the Tie2 receptor on endothelial cells has been shown to play an important role in
normal and pathologic vascular development. We generated K1735 murine melanoma tumor cells
that inducibly express soluble Tie2 receptor (Tie2Ex) to study the effects of inhibiting Tie2 signaling
on tumor vasculature. Tie2Ex induction rapidly decreased AKT activation but not extracellular
signal-regulated kinase (ERK) activation in tumor endothelial cells as detected by immunostaining.
This was accompanied by an increase in endothelial cell TUNEL staining but no change in Ki-67
expression. Together with a decrease in the percentage of perfused vessels, this suggested that tumor
vessel regression and impaired vascular function rather than angiogenesis inhibition was responsible
for the delay in tumor growth following Tie2Ex treatment. However, Tie2Ex failed to inhibit the
growth of larger, more established K1735 tumors. These tumors were additionally treated with
sorafenib, a multikinase inhibitor that inhibits tumor endothelial cell ERK activation but not AKT
activation. Combining Tie2Ex and sorafenib decreased both endothelial cell AKT and ERK
activation, decreased endothelial cell survival and proliferation, and significantly inhibited growth
of the more established tumors. These studies indicate that activity of specific signaling pathways
and prosurvival effects are brought about by Tie2 activation in tumor endothelial cells, and
knowledge of the effects of Tie2 inhibition can lead to development of more effective therapeutic
regimens for inhibiting tumor neovascularization.

Introduction
Formation of blood vessels by the process of angiogenesis is necessary for sustained tumor
growth and requires various factors that trigger intracellular endothelial cell signaling pathways
that promote their survival, proliferation, and migration. Antiangiogenic agents commonly
target these pathways to inhibit angiogenesis and control tumor growth. Several endothelial
cell receptors have been described to play a critical role in vessel formation and survival,
including vascular endothelial growth factor receptors and Tie receptors. Studies have shown
vascular endothelial growth factor to be critical in endothelial cell survival, proliferation, and
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migration (reviewed in ref. 1), whereas the Tie receptors are involved in vascular remodeling
and vessel stability (reviewed in ref. 2).

Tie1 and Tie2 form the Tie receptor tyrosine kinase family. Tie1 is an orphan receptor tyrosine
kinase whose function is poorly understood but appears to play a role in late embryonic vascular
development and modulate Tie2 activity (3-9). Tie2, on the other hand, has been studied
extensively and has four known binding ligands, angiopoietin (Ang) 1-4 (reviewed in ref. 2).
Genetic knockout of the Tie2 receptor and its ligands are embryonic lethal and show a severe
vascular defect, suggesting the interplay between receptor and ligand(s) is necessary for
vascular development (4,10,11). These studies also revealed a defect in recruitment of pericytes
to vessels, which suggests the importance of Tie2 on vessel maturation and stability. In vitro,
Ang1 stimulation results in Tie2 phosphorylation and has been shown to activate the
phosphatidylinositol 3-kinase (PI3K)-AKT (12-15), Raf-MEK-extracellular signal-regulated
kinase (ERK; refs. 16-20), and Stat signaling pathways (21) to mediate endothelial cell survival.
Ang1 has also been shown to activate Tie1 through a Tie2-dependent mechanism (8,9). Ang2
was initially identified as an antagonistic ligand of Tie2, inducing changes that destabilize
vessels and allow vessel remodeling (22). In certain contexts or at high levels, Ang2 has also
been shown to activate Tie2 (23). Studies have indicated that Ang3 and Ang4 are orthologues
in mouse and human, respectively (24). However, their functions in vivo are less well
characterized. Although the nature and effect of Tie2 signaling have been well studied in
vitro, they have not been studied in vivo.

To understand the potential therapeutic utility and application of Tie2 inhibition, we thought
it important to understand the effects and consequences of Tie2 inhibition in vivo. Accordingly,
we used an inducible decoy receptor of Tie2 (Tie2Ex) in K1735 murine melanoma tumors to
study the effects of Tie2 inhibition on tumor endothelial cell signaling and cell fate in vivo.
Our studies indicated that inhibition of Tie2 signaling decreases tumor endothelial cell AKT
activation and increases vessel apoptosis. This appears to be the mechanism for the delay in
K1735 tumor growth following Tie2Ex induction. To determine whether we could improve
tumor growth control by inhibiting multiple endothelial cell signaling pathways, we treated
well-established K1735 tumors that are refractory to Tie2Ex monotherapy with Tie2Ex and
sorafenib, which has been shown to inhibit endothelial cell ERK activation (25). Whereas these
larger tumors were refractory to either treatment alone, combined treatment inhibited both
endothelial cell AKT and ERK activation and effectively controlled their growth.

Results
Tie2Ex Blocks Recombinant Ang-1-Induced Tie2 Activation and AKT Activation in
Endothelial Cells In vitro

To study the nature and effects of Tie2 signaling in endothelial cells in vivo, we created a system
for inducible expression of a Tie2 inhibitor. K1735 murine melanoma cells were engineered
using the Tet-on system (26) to express a Tie2 decoy receptor, Tie2Ex (the extracellular domain
of murine Tie2), under doxycycline regulation. In addition to these K1735.Tie2Ex cells,
K1735.hygro cells were generated to control for effects of doxycycline, which was shown
previously to have antiangiogenic effects (27). Regulation of Tie2Ex expression in
K1735.Tie2Ex cells was tightly regulated by doxycycline with minimal expression in its
absence and substantial expression in its presence (Fig. 1A; Supplementary Fig. S1). To test
the ability of Tie2Ex to inhibit Tie2 activation by ligand in vitro, EA.hy926 endothelial cells
were stimulated with recombinant Ang1 (rAng1) in the presence or absence of Tie2Ex, and
cell lysates were probed with anti-phosphotyrosine antibody following Tie2
immunoprecipitation. The presence of Tie2Ex effectively inhibited Tie2 phosphorylation by
rAng1 (Fig. 1B).
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Activation of Tie2 in endothelial cells has been reported to activate the PI3K-AKT and Raf-
MEK-ERK pathways. EA.hy926 cells stimulated with rAng1 showed increased AKT
activation (p-AKT) but did not display increased ERK activation (p-ERK; Fig. 1C). In the
presence of Tie2Ex, AKT activation by rAng1 was reduced to baseline (Fig. 1C), indicating
that Tie2Ex blocked endothelial cell AKT signaling downstream of Tie2. To eliminate the
possibility that Tie2 is expressed on K1735 tumor cells and that these cells might be directly
affected by Tie2Ex, we looked for Tie2 expression on cultured K1735 wild-type and
K1735.Tie2Ex tumor cells by Western blot. Tie2 was not expressed on the tumor cells (data
not shown), validating endothelial cells and not tumor cells as the target population for Tie2
inhibition.

Tie2Ex Inhibits Tumor Endothelial Cell AKT Activation but not ERK Activation
To test the effect of Tie2Ex on in vivo tumor endothelial cell signaling, s.c. K1735.Tie2Ex and
K1735.hygro tumors were created in syngeneic C3H mice. Mice bearing inducible Tie2Ex
tumors treated with 2 mg/mL doxycycline in the drinking water showed Tie2Ex expression at
24 h and maintained expression at 1 week. In comparison, there was little to no Tie2Ex
expression in tumors not exposed to doxycycline and no expression in K1735.hygro tumors
following doxycycline induction (Fig. 1D). Reverse transcription-PCR done on K1735 tumor
lysates revealed the presence of Ang1 and Ang2 transcripts, showing that ligands for Tie2 were
likely present in these tumors (Supplementary Fig. S2).

Tumor sections from untreated or doxycycline-treated K1735.Tie2Ex and K1735.hygro tumors
were stained for p-AKT or p-ERK along with CD34 to identify endothelial cell signaling
changes following Tie2Ex induction. K1735.Tie2Ex tumors treated with doxycycline for 24 h
and 1 week showed a significant decrease in the percentage of tumor vessels expressing p-
AKT compared with untreated tumors (Fig. 2A; Supplementary Fig. S3; 38.0 ± 5.3% for 24 h
and 31.5 ± 2.3% for 1 week versus 50.3 ± 4.8% for control; P ≤ 0.01, t test). In contrast,
doxycycline induced no significant change in the percentage of vessels expressing p-ERK (Fig.
2B; 15.7 ± 4.0% for 24 h and 16.3 ± 6.6% for 1 week versus 14.7 ± 5.6% for control; P > 0.1,
t test). K1735.hygro tumors showed no significant change in either endothelial cell p-AKT or
endothelial cell p-ERK expression following doxycycline treatment (Fig. 2A and B). These
studies indicated that both AKT and ERK are activated in tumor endothelial cell and that
inhibition of Tie2 signaling decreases tumor endothelial cell AKT activation but not ERK
activation.

Tie2Ex Decreases Tumor Vessel Integrity and Vessel Perfusion and Delays Tumor Growth
To determine the effect of Tie2Ex on tumor endothelial cell fate following the signaling
changes, tumor sections were stained with TUNEL and anti-CD31 antibody to identify
apoptotic vessels and with anti-Ki-67 and anti-CD34 antibodies to identify proliferating
vessels. K1735.Tie2Ex tumors treated with doxycycline for 24 h or 1 week had increased
apoptotic vessels compared with untreated tumors (Fig. 2C; 4.7 ± 0.5% for 24 h and 4.5 ± 0.2%
for 1 week versus 2.3 ± 0.9% for control; P < 0.01, t test). These changes are a consequence
of Tie2Ex expression, as vessel apoptosis was not induced in K1735.hygro tumors treated with
doxycycline (Fig. 2C). Staining of K1735.Tie2Ex tumors for Ki-67 revealed no significant
change in vessel proliferation with doxycycline treatment (Fig. 2D; 6.4 ± 0.4% for 24 h and
5.8 ± 0.9% for 1 week versus 5.8 ± 1.6% for control; P > 0.1, t test). These results show that
Tie2Ex inhibition of Tie2 signaling alters tumor endothelial cell survival but not proliferation.
An examination of earlier time points showed a trend toward a decrease in endothelial cell p-
AKT and an increase in endothelial cell TUNEL as early as 6 to 12 h after doxycycline
administration (given by gavage to be certain of time of onset of doxycycline action;
Supplementary Fig. S4). Notably, this was before the beginning of the increase in TUNEL
staining in K1735 tumor cells (Supplementary Fig. S4).
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To examine the effect of endothelial cell signaling and fate changes on the tumor vascular
morphology, we stained thick tumor sections with an anti-CD31 (PECAM) antibody and
imaged the sections using confocal microscopy. The caliber and branching of tumor vessels
was similar in the presence or absence of doxycycline (Fig. 3A). To determine the effect of
Tie2Ex of vascular perfusion, we injected fluorescently labeled tomato lectin i.v. into tumor-
bearing mice to highlight perfused vessels and stained sections of their tumors with anti-CD31
antibody to identify anatomic vessels. Tie2Ex-treated tumors had fewer anatomic vessels
stained with lectin compared with control tumors (Fig. 3B and C; 66.8 ± 3.0% for doxycycline-
treated tumors versus 79.3 ± 3.2% for control tumors; P < 0.01, t test). These data suggest
endothelial cell signaling and fate changes following Tie2 inhibition significantly impair tumor
vessel function.

Angiopoietin-Tie2 interaction has also been shown to be important in vessel maturation and
pericyte recruitment to vessels (reviewed in ref. 28). To determine whether inhibition of Tie2
signaling by Tie2Ex affects pericyte coverage of vessels in K1735 tumors, tumor sections were
stained for pericytes using anti-smooth muscle actin antibody and CD31 for vessel stain.
Tie2Ex induction resulted in a decrease in pericyte coverage only after 1 week of induction
(Fig. 3D).

To study the effects of Tie2Ex on tumor growth, doxycycline treatment was initiated when
K1735.Tie2Ex and K1735.hygro tumors reached ~3 mm in diameter, and tumor growth was
monitored. Growth was delayed in doxycycline-treated K1735.Tie2Ex tumors compared with
untreated tumors, whereas growth of K1735.hygro tumors was not delayed following
doxycycline treatment (Fig. 4A; Supplementary Fig. S5). H&E staining of tumor sections from
K1735.Tie2Ex tumors revealed very small regions of necrosis after 24 h induction. Necrosis
was more prominent in tumors after 1 week of induction (Supplementary Fig. S6; 17.6 ± 4.7%
necrosis for 24 h doxycycline and 43.1 ± 17.3% necrosis for 1 week versus 1 ± 1% necrosis
for no doxycycline; P < 0.01, t test). Together with the rapid induction of endothelial cell death
and a decrease in vessel perfusion, these observations suggest that vessel regression and
impaired vascular function leading to tumor necrosis was responsible for Tie2Ex control of
tumor growth.

Tie2Ex and Sorafenib Treatment Controls Growth of Larger Tumors
To provide a more clinically relevant model of therapy, doxycycline was initiated when
K1735.Tie2Ex tumors were more established (~6 mm in diameter). In contrast to tumors treated
at the smaller size, these tumors were not delayed in their growth (Fig. 4B; Supplementary Fig.
S7), indicating that inhibition of Tie2 signaling was insufficient to produce a therapeutic effect
in the larger tumors. To determine whether inhibiting a different endothelial cell signaling
pathway not activated by Tie2, the Raf-MEK-ERK pathway, might improve control of growth
of tumors at the larger size, we treated K1735.Tie2Ex tumors with sorafenib, a multikinase
inhibitor that inhibits ERK activation in K1735 tumor endothelial cells (25). Large
K1735.Tie2Ex tumors treated with sorafenib alone were not inhibited in their growth (Fig. 4B;
Supplementary Fig. S7). However, combining sorafenib treatment with doxycycline induction
of Tie2Ex produced a clear delay in tumor growth (Fig. 4B; Supplementary Fig. S7).

Effect of Combined Tie2Ex and Sorafenib Treatment on Endothelial Cell Signaling,
Apoptosis, and Proliferation

The larger K1735.Tie2Ex tumors treated or untreated with doxycycline, sorafenib, or a
combination of the two for 1 week were analyzed for changes in endothelial cell AKT and
ERK activation. Doxycycline-treated K1735.Tie2Ex tumors showed a significant decrease in
activated AKT expression in endothelial cells compared with untreated tumors, and the
addition of sorafenib did not further inhibit endothelial cell p-AKT expression (Fig. 5A and
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B). Sorafenib treatment significantly decreased endothelial cell p-ERK expression, and the
addition of Tie2Ex did not enhance endothelial cell p-ERK inhibition (Fig. 5C and D).

Endothelial cell apoptosis and proliferation were examined in these tumors to examine the
effect of Tie2Ex and sorafenib treatment on endothelial cell fate. Whereas Tie2Ex induced
endothelial cell apoptosis in large K1735.Tie2Ex tumors, sorafenib treatment alone did not.
Treatment with sorafenib plus Tie2Ex further increased endothelial cell death compared with
Tie2Ex treatment alone (Fig. 6A). The fact that endothelial cell apoptosis was not induced in
K1735.hygro tumors treated with doxycycline (Fig. 6B) showed that apoptosis was due to
Tie2Ex induction and was not an effect of doxycycline itself. Sorafenib treatment significantly
decreased endothelial cell proliferation, whereas Tie2Ex produced no significant effect on
proliferation either alone or in combination with sorafenib (Fig. 6C and D).

Tie2Ex as an Antitumor Therapeutic Agent
To show that the effect of Tie2Ex on K1735.Tie2Ex tumors was not restricted to that tumor
cell clone, Tie2Ex fused to a Fc was expressed in 293T cells, purified from culture supernatant,
and injected intratumorally into wild-type K1735 and Lewis lung tumors. Purified Fc was
injected as a control agent. Tumors injected with Tie2Ex-Fc had regions of thrombosis and
hemorrhage compared with little to no hemorrhage in Fc-injected tumors (Fig. 7A). Tumors
injected with Tie2Ex-Fc also had increased cellular apoptosis (Fig. 7B). These results indicate
that Tie2Ex has the potential to be a tumor therapeutic agent that disrupts tumor vessel integrity.

Discussion
In vitro studies have identified that multiple signaling pathways are activated downstream of
Ang1-activated Tie2 signaling in endothelial cells, including the Raf-MEK-ERK pathways and
PI3K-AKT pathways (reviewed in ref. 2). Many of these studies agree in finding that the PI3K-
AKT pathway is the major pathway activated by Tie2 signaling (12-15). This may be explained
by the presence of binding sites for the p85 regulatory subunit of PI3K on Tie2 receptor tyrosine
residues following receptor activation (15). Our studies using an inducible tumor model
expressing Tie2Ex to inhibit Tie2 signaling support the thesis that Tie2 signaling in vivo, at
least in tumor endothelial cells, is through the AKT pathway and that ongoing Tie2 signaling
is needed for maintenance of full AKT activation in tumor endothelial cells. Published in
vitro studies have reported conflicting results on ERK activation following Ang1 stimulation
of Tie2 (15-20). The studies showing activation of ERK have not reported sustained ERK
activation. Our data do not address whether Raf-MEK-ERK signaling is induced transiently
by Tie2 activation in vivo. However, our results showing that inhibition of Tie2 signaling does
not affect tumor endothelial cell ERK activation indicate that ongoing Tie2 signaling is not
needed for maintenance of ERK activation in tumor endothelial cells and that activation of the
ERK pathway in tumor endothelial cells is most likely attributed to signaling from other
receptors or integrins (30-34).

Following Tie2Ex induction, a fraction of vessels expressing p-AKT continue to express p-
AKT. One explanation may be that Tie2Ex does not completely inhibit Tie2 activation. This
could be due to limited access of the decoy receptor to endothelial cell-pericyte junctions,
where paracrine signaling has been shown to occur (35). Another possibility may be that other
endothelial cell receptors, such as vascular endothelial growth factor receptors, contribute to
endothelial cell AKT activation. Preliminary studies in the laboratory have shown that
treatment with a vascular endothelial growth factor inhibitor decreases tumor endothelial cell
p-AKT expression by about a third. Combined with the current results, this suggests that
signaling originating from Tie2 and vascular endothelial growth factor receptors may be
responsible for most or all of AKT activation in tumor endothelial cells. These results also
indicate that activation of tumor endothelial cell AKT signaling occurs through a combination
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of factors and that inhibiting the activity of a single factor may not completely suppress
signaling through AKT.

The fact that Tie2 inhibition decreased endothelial cell AKT activation and increased
endothelial cell apoptosis but had no effect on endothelial cell proliferation suggests that AKT
activation downstream of Tie2 plays a critical role in tumor endothelial cell survival but is not
a determinant of endothelial cell proliferation. In vitro studies have shown that endothelial cell
survival downstream of Ang1-induced Tie2 activation is mediated through the forkhead
transcription factor FOXO1 and survivin (13,14,36). Ang2 can also function as an antiapoptotic
factor through an autocrine mechanism by regulating FOXO1 expression (37). Inhibition of
Tie2 signaling in vitro was also shown to decrease endothelial cell AKT activation and up-
regulate thrombospondin-1, an endogenous antiangiogenic molecule that induces endothelial
cell apoptosis (38). These are candidate factors for regulating tumor endothelial cell survival
downstream of Tie2 via AKT activation. Our data also showed a decrease in vascular perfusion
following Tie2Ex induction, suggesting that Tie2 signaling, by promoting endothelial cell
survival and possibly additional mechanisms, helps maintain tumor vascular function.

Our studies show that the therapeutic effect of Tie2Ex is a result of decreased tumor endothelial
cell signaling and survival following Tie2 inhibition. Previous studies designed to inhibit Tie2
signaling by using soluble Tie2 or specifically blocking Ang2 interaction with Tie2 have shown
inhibition of tumor growth and tumor metastasis (39-41), but these reports provided little or
no information on mechanism. The influence of Tie2 inhibition on vessel perfusion and
endothelial cell survival but not endothelial cell proliferation suggests that tumor growth delay
is not due to angiogenesis inhibition but rather a result of decreased tumor vascular perfusion
and vessel regression. This is consistent with the regions of necrosis that develops following
Tie2Ex induction in K1735 tumors, which contrasts with the absence of necrotic regions in
K1735 tumors treated with agents that tend to have a strong angiogenesis inhibitory component,
such as recombinant interleukin-12 (42,43). More recently, studies have focused on
understanding the role of Tie1 in endothelial cells. These studies showed the potential of Tie1/
Tie2 interaction to affect their downstream signaling (5,7-9). Although the contribution of Tie1
signaling to tumor endothelial cell survival is currently unknown, our use of Tie2Ex to
modulate Tie2 signaling may affect signaling through Tie1, and some of the effects we observe
may be attributable to inhibition of Tie1 actions.

Angiopoietin-Tie2 interaction has also been shown to be important in vessel maturation and
pericyte recruitment to vessels (reviewed in ref. 28). Tie2Ex induction resulted in a decrease
in pericyte coverage only after 1 week of induction. The delayed kinetics in decreased pericyte
coverage compared with a more rapid change in endothelial cell signaling suggests that cellular
changes resulting from Tie2 inhibition may be secondary to changes in endothelial cell
signaling. Our results do not indicate whether Tie2 inhibition directly or indirectly affects
pericyte engagement. Recent studies investigating the molecular mechanisms of angiopoietin-
mediated smooth muscle cell recruitment to endothelial cells identified a paracrine interplay
between endothelial cells and smooth muscle cells. Ang1 was shown to stimulate endothelial
cell production of hepatocyte growth factor and heparin-binding epidermal growth factor-like
growth factor, which resulted in the recruitment of smooth muscle cells to endothelial cells
(44,45). Combined with our results, this would suggest that blocking Tie2 signaling in tumor
vessels may inhibit endothelial cell production of paracrine factors that recruit pericytes,
resulting in destabilized vessels.

Tie2 inhibition by Tie2Ex induced K1735 tumor growth delay in recently established, smaller
tumors but was not noticeably effective in controlling growth of larger, more established
tumors. Interestingly, the combination of Tie2Ex and sorafenib, a multikinase inhibitor that
inhibits ERK activation in K1735 tumor endothelial cells (25), resulted in a dramatic
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improvement in growth control of the more established tumors. This appears to be the result
of increased endothelial cell apoptosis and decreased endothelial cell proliferation with
combination therapy compared with treatment with Tie2Ex alone, which only increased
endothelial cell apoptosis, or treatment with sorafenib alone, which only decreased endothelial
cell proliferation. From a signaling standpoint, a decrease in activated endothelial cell AKT
expression was seen only with Tie2Ex treatment and a decrease in activated endothelial cell
ERK expression was seen only with sorafenib therapy. The correlation of changes in
endothelial cell fate with changes in endothelial cell signaling following different treatments
reinforces the idea that endothelial cell Tie2 activates PI3K-AKT signaling and specifies
survival while having little or no effect on Raf-MEK-ERK pathway activation and endothelial
cell proliferation. These insights into the association of tumor endothelial cell signaling with
endothelial cell fate in vivo suggest a more rational way to apply targeted agents for effective
antiangiogenic therapies. Previous studies in the laboratory showed that sorafenib treatment
of small K1735 tumors increased endothelial cell apoptosis and decreased endothelial cell
proliferation (25). In the current studies, sorafenib treatment of the more established tumors
contributed to endothelial cell apoptosis only when combined with Tie2Ex. This suggests that
Tie2 inhibition may sensitize tumor vessels to damage by other agents through its ability to
impair tumor endothelial cell survival. Tumors in patients tend to be well established by the
time of diagnosis and therapy. Whatever therapeutic effect Tie2 inhibitors may produce on
their own, they may be able to improve the efficacy of other antiangiogenic or antivascular
agents in treating these established tumors. Recent studies showed that tumors develop
resistance to monotherapy with antiangiogenic agents targeting individual angiogenic factors
and that treatment with multiple agents targeting multiple factors can overcome resistance (refs.
46,47; reviewed in refs. 48,49). Our studies also support therapy using multiple agents but
invoke a different rationale, inhibition of complementary endothelial cell signaling pathways,
to select targets and drug combinations to control tumor growth.

Materials and Methods
Mice and Tumors

Inducible Tie2Ex K1735 murine melanoma tumor cells were generated using the Tet-on system
(BD Biosciences). Briefly, cells were stably transfected with the rtTA component and single-
cell clones were isolated by G418 selection and screened for highest expression of transiently
transfected reporter construct in the presence of doxycycline. The extracellular domain of Tie2
(gift from D. Dumont) was inserted into the TRE-hygro plasmid, which was then transfected
into the K1735 tumor cells stably expressing rtTA. Single-cell clones were again isolated and
screened for Tie2Ex expression regulated by doxycycline.

Female C3H/HeN mice (6-8 weeks old) were purchased from the National Cancer Institute
and maintained in micro-isolate cages. Tumors were generated s.c. by injecting 2 × 106 cells
into the hind limb of mice. Tumor growth was measured at regular intervals using calipers and
tumor volume was calculated using the formula for approximating the volume of a spheroid
[0.5 × width × width × length]. Mice were treated with doxycycline at 2 mg/mL in 5% sucrose
water and changed every other day. Treatment with sorafenib at 30 mg/kg by daily gavage was
done as described previously (25).

Biochemistry
EA.hy926 cells (50) were grown to confluence in 100 mm plate. Cells were serum starved
overnight and then pretreated with 1 mmol/L sodium vanadate for 10 min before incubation
with rAng1 (R&D Systems) at 50 ng/mL. Tie2Ex conditioned medium was produced by
transiently transfecting HEK 293T cells with a pEF2-TekFc plasmid (Dr. Newman Yeilding)
followed by collection and filtration of the supernatant with a 0.22 μm syringe filter (Millipore).
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Cells were stimulated with rAng1 or rAng1 + Tie2Ex for 10 min and then lysed in lysis buffer
[50 mmol/L Tris (pH 7.4), 0.25% Triton X-100, 5 mmol/L EDTA, 0.1% NP-40, 250 mmol/L
NaVO4, 20 mmol/L β-glycerophosphate, 10 mmol/L NaF, and complete protease inhibitor
cocktail (Sigma)].

Protein concentration was determined using the MicroBCA kit (Pierce). For Tie2
phosphorylation studies, an anti-Tie2 antibody (sc-324; Santa Cruz Biotechnology) was added
to cell lysate and mixed gently overnight at 4°C with protein A agarose beads (Invitrogen).
Beads were washed five times with 1 × PBS/1% NP-40. Proteins were eluted with loading
buffer, resolved on a 10% SDS-polyacrylamide gel by electrophoresis, and transferred to
nitrocellulose membrane (Protran; Schleicher and Schuell). Membrane was blotted with an
anti-phosphotyrosine antibody (clone 4G10; Upstate), stripped, and reprobed with an anti-Tie2
antibody (Ab33; Upstate). ERK and AKT activation was detected by loading 50 μg cell lysate
onto a 10% SDS-polyacrylamide gel, transferred to nitrocellulose membrane, and probed with
anti-p-ERK (Cell Signaling) or anti-p-AKT (Cell Signaling), respectively. Blots were stripped
and reprobed with an anti-ERK (Cell Signaling) or anti-AKT antibody (Cell Signaling),
respectively. Relative p-Tie2, p-ERK, and p-AKT expression was quantitated by calculating
absorbance of phosphorylated proteins/absorbance of unphosphorylated proteins and
normalized to control levels (Image J; NIH). Tie2Ex in tumor lysate was detected by using an
anti-Tie2 antibody (Ab33; Upstate). The blot was stripped and reprobed with an anti-GAPDH
antibody as a loading control (Cell Signaling).

Tumor Cell RNA Isolation and Reverse Transcription-PCR Analysis
Total RNA was isolated from frozen tumor fragments homogenized in Trizol solution
according to the manufacturer’s protocol (Invitrogen). cDNAs were generated from total RNA
using the SuperScript First-Strand kit (Invitrogen). Samples receiving no reverse transcriptase
enzyme were used as negative controls. Ang1 transcripts (1,496 bp) were detected using PCR
with primer pairs: 5′-ATGACAGTTTTCCTTTCCTTT-3′ and 5′-
TCAAAAGTCCAAGGGCCGGAT-3′. Ang2 transcripts (1,488 bp) were detected using PCR
with primer pairs: 5′-ATGTGGCAGATCATTTTCCTA-3′ and 5′-
TTAGAAATCTGCTGGCCGGAT-3′. Reaction conditions were 35 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 1 min 30 s.

Tie2Ex-Fc Protein Purification
HEK 293T cells were adapted to serum-free SFM4HEK293 medium conditions according to
the manufacturer’s protocol (Hyclone). Adapted cells were transferred into DMEM containing
10% serum 1 day before transfection with pEF2-Tie2Ex-Fc plasmid (from Dr. Newman
Yeilding). Transfection was done using SuperFect Transfection Reagent according to the
manufacturer’s protocol (Qiagen) and transferred into SFM4HEK293 medium overnight.
Culture supernatant was tested for Tie2Ex expression using Western blot analysis by probing
with an anti-Tie2 antibody. Viable cells were transferred into CELLine device (BD
Biosciences) at 2 × 106/mL and allowed to grow for 7 days. After 7 days, cells were spun down
and the supernatant was collected. Supernatant medium was changed into binding buffer [20
mmol/L sodium phosphate (pH 7.0)] using Amicon Ultra centrifugal filter device (Millipore).
Tie2Ex-Fc was purified using HiTrap protein A affinity columns (GE Healthcare) according
to the manufacturer’s protocol. Protein was eluted with 0.1 mol/L citric acid (pH 3.0) and buffer
was exchanged into PBS (pH 7.0) using Amicon Ultra centrifugal filter device (Millipore).

Immunohistologic Staining and Analysis
Staining for endothelial cell p-AKT, p-ERK, TUNEL, and Ki-67 expression were done as
described previously (25,51). Paraffin-embedded tumor sections were stained with an anti-p-
AKT (Ser473) antibody (736E11; Cell Signaling), anti-p-p44/42 mitogen-activated protein
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kinase (Thr202/Tyr204) antibody (20G11; Cell Signaling), or anti-Ki-67 antibody (Vector
Laboratories) and an anti-CD34 antibody (Abcam) to identify endothelial cell p-AKT, p-ERK,
or Ki-67, respectively. Vessels were considered positive for the antigen if at least one
endothelial cell (identified by CD34) in the vessel was positive for the antigen. Frozen tumor
sections (10 μm) were stained with an anti-CD31 antibody (Pharmingen) and an anti-smooth
muscle actin antibody (Sigma) or a TUNEL labeling kit (Millipore) to identify pericyte-covered
vessels or apoptotic vessels. For vessel perfusion analysis, tumor-bearing mice were injected
i.v. with FITC tomato lectin (Vector Laboratories) and frozen tumor sections (10 μm) were
stained with an anti-CD31 antibody followed by a Texas red-conjugated fluorescent secondary.
All vessels were counted in the viable regions of the tumor. Confocal microscopy of vessel
morphology and branching was done as described previously (42,51). Percentage of tumor
necrosis was determined by quantitating necrotic areas, as identified by H&E staining of tumor
sections, using Image J software (NIH).

Statistical Analysis
Assessment of statistical significance for survival analysis was done by log-rank test (GraphPad
Prism software). All other statistical analysis was done by Student’s t test (Microsoft Excel).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Induction of Tie2Ex in K1735.Tie2Ex tumor cells and effect of Tie2Ex on Tie2 activation in
EA.hy926 endothelial cells. K1735.Tie2Ex cells were cultured in the presence or absence of
doxycycline. A. Western blot of culture supernatant was probed for Tie2Ex using an anti-Tie2
antibody. EA.hy926 endothelial cells were stimulated with rAng1 in the presence or absence
of Tie2Ex obtained from conditioned medium. B. Tie2 phosphorylation was detected using an
anti-phosphotyrosine antibody following immunoprecipitation of Tie2 from cell lysate. Blot
was stripped and reprobed for Tie2 expression (left). Densitometry analysis of p-Tie2
normalized to Tie2 was done and plotted on a histogram (right). C. Western blot of cell lysates
was probed for p-AKT or p-ERK and reprobed for AKT or ERK, respectively, after stripping
blot. Densitometry analysis of phosphorylated protein expression normalized to
unphosphorylated protein was done and plotted on a histogram. D. K1735.Tie2Ex and
K1735.hygro tumors were created in C3H mice. Tumor-bearing mice were treated with 2 mg/
mL doxycycline for 24 h or 1 wk or without doxycycline in the drinking water. Western blot
of tumor lysates was probed for Tie2Ex using an anti-Tie2 antibody and reprobed with an anti-
GAPDH antibody.
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FIGURE 2.
Effect of Tie2Ex on tumor endothelial signaling and fate in vivo. K1735.Tie2Ex and
K1735.hygro tumors were created in C3H mice. Tumor-bearing mice were treated with no
doxycycline or with doxycycline (2 mg/mL) for 24 h or 1 wk. Paraffin-embedded tumor
sections were stained for p-AKT or p-ERK and CD34 to identify endothelial cell p-AKT or p-
ERK expression. Percentage of vessels expressing p-AKT (A) or p-ERK (B) was calculated
and plotted as a histogram. Tumor sections were stained for TUNEL and CD31 or Ki-67 and
CD34 to identify apoptotic or proliferating vessels, respectively. Percentage of apoptotic
vessels (C) or proliferating vessels (D) was calculated and plotted as a histogram.
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FIGURE 3.
Effect of Tie2Ex on tumor vessel morphology, perfusion, and maturity. A. Thick (60 μm)
sections of tumors from mice untreated or treated with doxycycline (18 h) were stained with
an anti-CD31 (PECAM) antibody followed by Texas red-conjugated secondary antibody.
Tumor sections were viewed using a confocal microscope and the projected images are shown
(total magnification, ×100). B. Tumor-bearing mice receiving no doxycycline or doxycycline
(18 h) were injected with FITC-conjugated tomato lectin via tail vein to label vessels before
euthanasia. Thin (10 μm) sections were stained with an anti-CD31 (PECAM) antibody
followed by Texas red-conjugated secondary antibody. Representative images of tumor
sections from doxycycline-treated or untreated mice (total magnification, ×200). C. All vessels
from the thin tumor sections were counted and the percent of PECAM0positive vessels (total
vessels) that are FITC positive (perfused vessels) was calculated. Values were plotted on a
histogram plot as the percentage of perfused vessels. *, P < 0.01, t test. D. Frozen tumor sections
from K1735.hygro and K1735.Tie2Ex tumors untreated or treated with doxycycline for 24 h
and 1 wk were stained with anti-smooth muscle actin antibody and anti-CD31 antibody to
identity pericyte-covered vessels. All vessels were counted and plotted as a histogram as
percentage of vessels pericyte-covered. Histogram plot represents values obtained from
counting vessels in two sections of at least three different tumors for each group. Student’s t
test statistical analysis was done. P < 0.01 was considered highly significant.
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FIGURE 4.
Growth of K1735.hygro and K1735.Tie2Ex tumors. K1735.hygro and K1735.Tie2Ex tumors
were created in C3H mice. A. Tumor-bearing mice were treated with or without doxycycline
starting at 3 to 4 mm in tumor diameter for up to 3 wk. Growth of individual K1735.hygro and
K1735.Tie2Ex tumors untreated (black line) or treated with doxycycline (gray line). B. Tumor-
bearing mice were treated starting at 5 to 6 mm in tumor diameter for up to 3 wk. Growth of
individual K1735.Tie2Ex tumors untreated (black lines) or treated with doxycycline (gray
lines), treated with vehicle (black lines) or sorafenib (dotted lines), and treated with vehicle
and doxycycline (solid gray lines) or sorafenib and doxycycline (dotted gray lines).

Tsai and Lee Page 16

Mol Cancer Res. Author manuscript; available in PMC 2010 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Endothelial cell signaling of K1735.Tie2Ex tumors treated with Tie2Ex and sorafenib.
Paraffin-embedded tumor sections from K1735.Tie2Ex and K1735.hygro tumors treated
starting at a larger size (~6 mm diameter) were stained for p-AKT or p-ERK and CD34 to
identify endothelial cell p-AKT (A and B) or p-ERK (C and D) expression. Percentage of
vessels expressing p-AKT in K1735.Tie2Ex tumors (A) and K1735.hygro tumors (B) was
calculated and plotted as a histogram. Percentage of vessels expressing p-ERK in
K1735.Tie2Ex tumors (C) and K1735.hygro tumors (D) was calculated and plotted as a
histogram. Histogram plot represents values obtained from counting vessels in two sections of
at least three different tumors for each group. Student’s t test statistical analysis was done. P
< 0.01 was considered highly significant.
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FIGURE 6.
Endothelial cell fate of K1735.Tie2Ex tumors treated with Tie2Ex and sorafenib. Tumor
sections were stained for TUNEL and CD31 or Ki-67 and CD34 to identify apoptotic vessels
(A and B) or proliferating vessels (C and D). Percentage of apoptotic vessels in K1735.Tie2Ex
tumors (A) and K1735.hygro tumors (B) was calculated and plotted as a histogram. Percentage
of proliferating vessels in K1735.Tie2Ex tumors (C) and K1735.hygro tumors (D) was
calculated and plotted as a histogram. Histogram plot represents values obtained from counting
vessels in two sections of at least three different tumors for each group. Student’s t test statistical
analysis was done. P < 0.05 and P < 0.01 were considered highly significant.
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FIGURE 7.
Intratumoral injection of Tie2Ex in K1735 wild-type and Lewis lung tumors. Purified Tie2Ex-
Fc or Fc in PBS was injected intratumorally into K1735 wild-type tumors or Lewis lung tumors.
Tumors were excised 16 to 18 h after injection. A. H&E staining of tumor sections from K1735
wild-type tumors (top) or Lewis lung tumors (bottom) with Fc (left) or Tie2Ex-Fc (right). Total
magnification, ×100. B. Frozen tumor sections from K1735 wild-type or Lewis lung tumors
injected with Fc or Tie2Ex-Fc were stained with TUNEL (red) and CD31 (green) to identify
apoptotic cells and vessels. Total magnification, ×100. Asterisks, regions of hemorrhage or
cell death; arrows, apoptotic endothelial cells/vessels.
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