
Tumorigenesis and Neoplastic Progression

Contrasting Actions of Selective Inhibitors of

Angiopoietin-1 and Angiopoietin-2 on the

Normalization of Tumor Blood Vessels

Beverly L. Falcón,*†‡ Hiroya Hashizume,‡

Petros Koumoutsakos,§ Jeyling Chou,‡

James V. Bready,¶ Angela Coxon,¶

Jonathan D. Oliner,¶ and Donald M. McDonald*†‡

From the Cardiovascular Research Institute,* the Comprehensive

Cancer Center,† and the Department of Anatomy,‡ University of

California, San Francisco, California; Computational Science,

ETH Zurich, CH-8092,§ Zurich, Switzerland Zürich,
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Angiopoietin-1 (Ang1) and angiopoietin-2 (Ang2)

have complex actions in angiogenesis and vascular

remodeling due to their effects on Tie2 receptor sig-

naling. Ang2 blocks Ang1-mediated activation of Tie2

in endothelial cells under certain conditions but is a

Tie2 receptor agonist in others. We examined the

effects of selective inhibitors of Ang1 (mL4-3) or Ang2

(L1-7[N]), alone or in combination, on the vasculature

of human Colo205 tumors in mice. The Ang2 inhibi-

tor decreased the overall abundance of tumor blood

vessels by reducing tumor growth and keeping vascu-

lar density constant. After inhibition of Ang2, tumor

vessels had many features of normal blood vessels

(normalization), as evidenced by junctional accumu-

lation of vascular endothelial-cadherin, junctional

adhesion molecule-A, and platelet/endothelial cell

adhesion molecule-1 in endothelial cells , increased

pericyte coverage, reduced endothelial sprouting,

and remodeling into smaller , more uniform ves-

sels. The Ang1 inhibitor by itself had little notice-

able effect on the tumor vasculature. However ,

when administered with the Ang2 inhibitor , the

Ang1 inhibitor prevented tumor vessel normaliza-

tion, but not the reduction in tumor vascularity

produced by the Ang2 inhibitor. These findings are

consistent with a model whereby inhibition of Ang2

leads to normalization of tumor blood vessels by

permitting the unopposed action of Ang1, but de-

creases tumor vascularity primarily by blocking

Ang2 actions. (Am J Pathol 2009, 175:2159–2170; DOI:

10.2353/ajpath.2009.090391)

Solid tumors require angiogenesis—the formation of

new blood vessels from existing vessels—for survival,

growth, and metastasis.1 Tumor vessels are structur-

ally and functionally abnormal.1,2 They exist in a con-

stantly dynamic state of sprout formation, proliferation,

remodeling, or regression. Structurally, tumor vessels

tend to be leaky and tortuous, lacking the hierarchical

arrangement of arterioles, capillaries, and venules.2

Pericytes that attach to and help stabilize normal ves-

sels are loosely associated with the endothelium of

tumor vessels.1,2 These vascular abnormalities result in

impaired and heterogeneous blood flow. In tumors,

angiogenesis inhibitors not only cause vessel regres-

sion or retardation of vessel growth, but they can also

induce vascular normalization.1–3

The complicated regulation of angiogenesis and

vascular maturation involves multiple signaling cas-

cades driven by endothelial-cell specific growth fac-

tors and their receptors. One of these, vascular endo-

thelial growth factor (VEGF) has been extensively

studied,4 but angiopoietins and other growth factors

are also involved.5,6 The angiopoietin ligands (Ang1

and Ang2) and their receptor (Tie2) have essential

roles in vascular development.7,8 Ang1 is produced by

vascular mural cells, pericytes, and certain other cells,

whereas Ang2 and Tie2 are expressed primarily by

endothelial cells.

Angiogenesis and vascular remodeling involve a com-

plex coordination of Ang1 and Ang2 signaling through

Tie2.5 The traditional view of Ang1 and Ang2 signaling is
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that the growth factors have opposing effects on Tie2

receptor activation: Ang1 binds to Tie2 to promote vas-

cular maturation and integrity, whereas Ang2 acts as a

naturally occurring antagonist of Ang1.7–11 Although a

number of studies indicate an antagonistic role of Ang2,

recent studies have shown that Ang2 can have an ago-

nistic role depending on the experimental environ-

ment.12–15 If expressed at high concentrations or for long

durations in cultured endothelial cells, Ang2—like Ang1—

can induce Tie2 receptor phosphorylation.13,16 Ang2 can

also promote chemotaxis, tube formation, migration, and

sprouting of endothelial cells in the absence of Ang1,14

which support the view that Ang2 actions are context-

dependent.

Normalization of tumor vascular morphology and

function has been demonstrated with numerous angio-

genesis inhibitors.1,17,18 Ang1 and Ang2 regulate vas-

cular maturation and integrity during development;

however, their effects on normalization of tumor ves-

sels are not known. Tumors grown in mice lacking

Ang2 have a more mature vascular phenotype, but it is

not known whether Ang1 plays a role.19 The effects of

individual angiopoietins on the tumor vasculature have

not been studied extensively in loss-of-function exper-

iments, due largely to the limited availability of selec-

tive angiopoietin inhibitors. Some clues to the effects of

Ang1 and Ang2 on tumor vessels have been garnered

through overexpression of the ligands in tumor cell

xenografts.20 –26 These studies, however, have yielded

conflicting data,20 –26 the ligands were administered at

nonphysiological levels, and the results were restricted

to prevention studies. Studies blocking the Tie2 recep-

tor have shown reduced tumor angiogenesis,27–30 but

the specific roles of each ligand cannot be differenti-

ated. Pharmacological angiopoietin inhibitors using

antisense, aptamer, and peptide-Fc fusion protein

(peptibody) technologies are currently being devel-

oped, but published studies have been restricted to

inhibition of Ang1 or Ang2 alone.31–33 Studies using

aptamers or peptibodies that potently neutralize Ang2

activity showed that Ang2 antagonism resulted in inhi-

bition of angiogenesis and tumor growth.31,32 Inhibition

of Ang1 in a cell line stably transfected with antisense

RNA resulted in reduced tumor growth and angio-

genesis.33

To gain a better understanding of the effects of Ang1

and Ang2 on blood vessels in tumors, we used selective

inhibitors (peptibodies) of Ang1 and Ang2, alone or in

combination, in Colo205 tumors. These studies focused

on Colo205 tumors, as this model is sensitive to angio-

poietin inhibitors.31 We found that inhibition of Ang1 alone

had little effect on the tumor vasculature, whereas inhibi-

tion of Ang2 resulted in fewer tumor vessels and normal-

ization of the surviving tumor vessels. When the Ang2

inhibitor was administered with the Ang1 inhibitor, tumor

vessel normalization did not occur, but the Ang2 inhibitor-

mediated reduction in vascularity was unaffected. These

findings suggest that inhibition of Ang2 leads to unop-

posed Ang1 activity and results in normalization of tumor

vessels. In contrast, the Ang2 inhibitor-mediated reduc-

tion in tumor vascularity was Ang1-independent.

Materials and Methods

Animals and Treatment

The Colo205 colorectal tumor model was used as previ-

ously described.31 Colo205 tumors were chosen be-

cause they express both Ang1 and Ang2 and are sensi-

tive to Ang2 inhibitors.31 Human Colo205 tumors grown in

nude mice express human Ang1 (95 copies mRNA),

mouse Ang1 (2683 copies mRNA), human Ang2 (11,758

copies mRNA), and mouse Ang2 (28,721 copies mRNA)

(all copy numbers per 100 ng total mRNA measured by

TaqMan real-time PCR using species-specific probe sets

and recombinant mRNA standard curves; D. Yu, A.

Coxon, and J. Oliner, unpublished data). CD1 nude mice

(Charles River, Wilmington, MA) were injected with 0.2 ml

of tumor cell suspension in RPMI medium plus Cultrex

(R&D Systems, Minneapolis, MN) (3:1) containing 2 �

106 Colo205 tumor cells (ATCC, Manassas, VA). Colo205

tumors were allowed to grow for 2 to 3 weeks before

treatment. Mice were treated with an Ang1-specific pep-

tibody (mL4-3) having an IC50 value of 33 pM against

murine Ang1 (T. Lee, A. Coxon, and J. Oliner, unpub-

lished data) or an Ang2-specific peptibody (L1-7[N]) dis-

playing an IC50 of 71 pM against murine Ang2.31 Mice

bearing Colo205 tumors were injected subcutaneously

daily for 7 or 26 days with normal human IgG1 Fc (hFc,

control, 550 �g), mL4-3 (500 �g), L1-7(N) (50 �g), or

these doses of both inhibitors. The control hFc protein

was added to the treatment groups to match the total

amount of protein delivered in the combination group

(550 �g). All experimental procedures were approved

and conducted in accordance with institutional guide-

lines established by the Institutional Animal Care and Use

Committees of the University of California, San Francisco

and Amgen, Inc.

Vascular Perfusion and Tissue Preparation

At the end of the treatment period, mice were anesthe-

tized with ketamine (100 mg/kg) and xylazine (12 mg/kg)

i.p. and tissues were preserved by vascular perfusion of

fixative (1% paraformaldehyde in PBS, pH 7.4) for 2

minutes at a pressure of 120 mmHg.3 Tumors were re-

moved, weighed, fixed in 1% paraformaldehyde for 1

hour at 4°C, immersed in 30% sucrose in PBS overnight,

frozen in optimal cutting temperature compound on dry

ice, and stored at �20°C.

Immunohistochemistry

Sections 60 to 80 �m in thickness were cut on a cryostat

and dried on Superfrost plus slides (Fisher Scientific,

Pittsburgh, PA) for 5 hours or overnight. Sections were

permeabilized with PBS containing 0.3% Triton X-100

(Lab Chem Inc., Pittsburg, PA) and blocked in 5% normal

serum (Jackson ImmunoResearch, West Grove, PA) in

PBS� (PBS containing 0.3% Triton X-100, 0.2% bovine

serum albumin [Sigma, St. Louis, MO, and 0.01% sodium

azide [Sigma]) for 30 minutes to 1 hour. Sections were
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incubated for 12 to 15 hours in primary antibodies diluted

in 5% normal serum in PBS�. After rinsing with PBS

containing 0.3% Triton X-100, sections were incubated at

room temperature in fluorophore-conjugate secondary

antibodies (fluorescein isothiocyanate, Cy3, or Cy5,

Jackson ImmunoResearch) diluted in PBS plus 0.3% Tri-

ton X-100 for 3 to 5 hours. Sections were rinsed with PBS

plus 0.3% Triton X-100, fixed in 4% paraformaldehyde

for 5 to 10 minutes, rinsed in PBS, and mounted in

Vectashield (Vector Laboratories, Burlingame, CA).

Endothelial cells were stained with hamster anti-plate-

let/endothelial cell adhesion molecule (PECAM-1,

CD31, Clone 2H8, 1:500, Thermo Scientific, Hudson,

NH), rat anti-vascular endothelial (VE)-cadherin (1:500,

BD Biosciences, Franklin Lakes, NJ), or rat anti-junc-

tional adhesion molecule (JAM-A) (JAM-1, Clone BV12,

1:20, E. Dejana). Pericytes were stained with rat anti-

platelet derived growth factor receptor-� (PDGFR-�, clone

APB5, 1:2000, eBioscience, San Diego, CA) or Cy3-conju-

gated anti-�-smooth muscle actin (clone1A4, 1:1000,

Sigma). Viable tumor cells were identified using the nuclear

dye, YO-PRO-1 (1 �mol/L solution, Invitrogen/Molecular

Probes, Carlsbad, CA).

Microscopy and Area Density Measurements

Stained sections were examined with a Zeiss Axiophot

fluorescence microscope equipped with single, dual,

and triple fluorescence filters and a low-light, externally

cooled, three-chip charge-coupled device camera (480 �

640 pixel RGB-color images, CoolCam; SciMeasure An-

alytical Systems, Atlanta, GA) and with a Zeiss LSM 510

confocal microscope with argon, helium-neon, and UV

lasers (512 � 512 or 1024 � 1024 pixel RGB-color im-

ages). Area density of PECAM and PDGFR-� immunore-

activities was measured with ImageJ software (http://

rsbweb.nih.gov/ij/) on digital fluorescence microscopic

images using empirically determined threshold values

(30 to 40 for PECAM; 20 to 25 for PDGFR-�).3 Area

density was calculated as the proportion of pixels having

a fluorescence intensity value equal to or greater than the

corresponding threshold.

For CD31 area density measurement, nonviable or

necrotic regions were excluded from the analysis by

selecting the region of interest based on YO-PRO-1 stain-

ing. To measure the area density of PDGFR-� positive

pericytes associated with tumor vessels, confocal im-

ages of tumor vessels and pericytes were taken with the

�40 objective and �2 zoom and the region of interest

was identified as the area 10 �m from the edge of the

tumor vessels stained with PECAM.

PECAM area was used as a reflection of the total amount

of PECAM found in the viable regions of the tumors. Images

of the entire tumor stained with YO-PRO-1 were taken with

the Zeiss Axiophot fluorescence microscope (�2.5 ob-

jective, �1 Optovar, tissue region 3696 � 4928 �m or

480 � 640 pixels) and assembled in Photoshop. Nonvi-

able or necrotic regions were identified by absence of

YO-PRO-1 staining and excluded from measurements.

Total area of the viable tumor (mm2) was calculated from

the number of YO-PRO-1 positive pixels above a thresh-

old of 20 to 30. The area of PECAM immunoreactivity

within viable regions was calculated by multiplying the

area density of PECAM staining in viable areas by the

total area of viable tumor.

Morphometric Measurements

Morphometric measurements of blood vessels were

made on images obtained from 60 to 80 �m thick

sections. Vessel diameter was determined in sections

stained for PECAM using the CoolCam CCD camera

attached to a digitizing tablet. Measurements were

made on live images of 100 tumor vessels per tumor, 5 to

6 tumors per treatment group. Statistical differences be-

tween treatment groups were analyzed by the Kolmog-

orov-Smirnov test where P � 0.05 was considered

significant.

The number of endothelial sprouts were determined in

samples stained for PECAM as previously described.34

Sprouts were identified as tapered PECAM-immunoreac-

tive processes that extend away from the main axis of a

vessel, which end abruptly. The number of sprouts was

counted on 10 vessel segments for each tumor, with 5 to

6 tumors per group. The length of each vessel segment

was determined using the digitizing tablet. Results are

presented as number of sprouts per vessel segment

length (mm).

Scanning Electron Microscopy

Samples examined by scanning electron microscopy

were prepared and imaged as previously described.3,35

Briefly, tissues were fixed by vascular perfusion of 2%

glutaraldehyde in 100 mmol/L phosphate buffer. The

samples were treated with 30% potassium hydroxide at

60°C for 8 minutes to dissolve the extracellular matrix,

stained with 2% tannic acid and 1% OsO4, dehydrated

with ethanol, critical point dried, coated in an osmium

plasma coater (OPC60A; Filgen, Japan), and exam-

ined with a scanning electron microscope (S-5000;

Hitachi, Brisbane, CA).

Quantification of Endothelial Cell Junctions

The linear staining of endothelial cell junctions was quan-

tified by extending an algorithm based on the multiscale

curvelet transform36 adapted for edge detection in mi-

croscopy images.37 The curvelet transformat was first

applied to the images of tumor blood vessels stained for

PECAM. The information for different scales and their

directions and positions was stored into the curvelet co-

efficients. We performed a lossy image reconstruction by

keeping 75% of the coefficients at all levels, except the

finest, which were discarded. The elimination of the finest

scale during image reconstruction eliminated noise and

small impurities from the image. The image reconstruc-

tion process was robust with the results largely un-
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changed when using between 30% and 95% of the

coefficients.

The reconstructed image was then subjected to a

morphological opening (an erosion followed by a dila-

tion), using a disk of specified radius, which can be

adjusted, as the structural element of the opening op-

eration. This eliminated small, isolated round objects in

the image, enhanced the separation between objects,

and minimized the effects of local variations. Following

this morphological opening, a simple thresholding was

applied to identify the objects with the highest intensity

in the image. The threshold was chosen between two

peaks in the histogram of the curvelet magnitude im-

age. This resulted in a threshold of 90% of the maxi-

mum intensity of the image.

After this processing, the boundaries of the objects on

the image were identified. The borders of each object

were approximated by using straight segment connec-

tions between the points on the boundary. The object was

fitted with cubic splines, which were in turn used to

compute the curvature along the border of the PECAM

staining. A size threshold was then applied to eliminate

objects that span the full length of the image or were just

small isolated blobs.

Statistics

Differences between groups were analyzed by analysis

of variance followed by Fisher’s posthoc tests. Values are

expressed as mean � SE. Differences with P � 0.05 were

considered significant.

Results

Differences in Tumor Vascularity after Inhibition

of Ang1 and/or Ang2

The four treatments had significantly different effects on

tumor growth (Figure 1A). Tumor growth curves were

essentially the same in mice treated with the control

reagent (hFc) and in mice treated with the Ang1 inhibitor

(mL4-3) (Figure 1A). However, the Ang2 inhibitor (L1-

7[N]) significantly slowed tumor growth (Figure 1A), as

previously reported.31 Addition of the Ang1 inhibitor did

not reverse the effects of the Ang2 inhibitor on tumor

growth; instead, the combination of L1-7(N) and mL4-3

resulted in at least as much slowing of tumor growth as

the Ang2 inhibitor alone (Figure 1A). Although the aver-

Figure 1. Differences in tumor growth and vascularity after inhibition of Ang1 and/or Ang2. A: Growth of Colo205 tumors treated for 26 days with one of four
treatment regimens. Growth rates were similar with hFc and mL4-3 (Ang1 inhibitor) but were significantly slower with L1-7(N) (Ang2 inhibitor) or the combination
of inhibitors. *P � 0.01 vs. hFc, **P � 0.001 vs. hFc. B: Colo205 tumors stained with the nuclear dye, YO-PRO-1, to show the size of the tumors (green). The tumor
treated with the Ang2 inhibitor or the combination of inhibitors was smaller than after the other treatments. C–F. Confocal images showing PECAM
immunoreactivity (red) of blood vessels surrounded by YO-PRO-1 staining (green) of viable tumor cells in Colo205 tumors treated for 26 days. The vascular density
in YO-PRO-1-positive regions of tumors was similar in control tumors (C, hFc), after inhibition of Ang1 (D, mL4-3), or inhibition of Ang2 (E, L1-7[N]), but was
less after inhibition of Ang1 and Ang2 together (F). The area density of PECAM-positive blood vessels in YO-PRO-1–positive regions was not changed by either
inhibitor alone but was significantly less after the combination of inhibitors (G). Overall tumor vascular mass, calculated as the product of the fractional area of
PECAM staining and tumor size, was significantly less than control after inhibition of Ang2 or after inhibition of Ang1 and Ang2 together (H). *P � 0.05 compared
with hFc. Scale bar: 3.5 mm (B); 80 �m (C–F).
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age tumor volume was smaller in the combination treat-

ment group than in the L1-7(N) treatment group, this

difference did not reach statistical significance.

To obtain an overview of the effects on tumor vessels

by inhibiting Ang1 or Ang2, alone or together, we identi-

fied viable regions of tumor cells with the nuclear marker

YO-PRO-1 and examined tumor vascularity after staining

blood vessels for PECAM immunoreactivity. Histological

sections made at the end of the experiment confirmed the

smaller tumor size after treatment with the Ang2 inhibitor

alone or the combination of inhibitors (Figure 1B). The

fractional area (area density) of PECAM immunoreactivity

in viable regions of tumors treated with mL4-3 or L1-7(N)

for 26 days was similar to that of hFc-treated (control)

tumors (Figure 1, C–E, G). Only when mice were treated

with both inhibitors together was the fractional area of

tumor vessels significantly less (30%) than the control

(Figure 1, F and G).

To take changes in overall tumor size into account,

total vessel area was calculated. When proportional re-

ductions in tumor size and vessel density are similar, the

fractional area of tumor vessels does not reflect changes

in overall abundance of tumor vessels. Such changes are

reflected by calculations of total tumor vascularity (total

tumor vessel area) from the fractional area of tumor ves-

sels and tumor size. Measurements of fractional area of

tumor vessels in viable regions of the tumor scaled to

tumor size (area density of PECAM staining � mm2 of

viable tumor per section) were, in comparison with hFc

controls, 50% less after the Ang2 inhibitor, and 62% less

after the combination of inhibitors (Figure 1H). These

values indicate that tumors treated with the Ang2 inhibitor

or the drug combination had only half as many blood

vessels, or fewer, than control tumors.

Differences in Tumor Vessel Phenotype after

Inhibition of Ang1 and/or Ang2

Blood vessels of hFc-treated Colo205 tumors had multi-

ple abnormalities, including variability in size, tortuosity,

and presence of sprouts (Figure 2A). After treatment with

the Ang1 inhibitor for 26 days, tumor vessels were similar

to those after hFc (Figure 2B). However, after inhibition of

Ang2, tumor vessels were straighter, more uniform in

caliber, and had fewer sprouts (Figure 2C). When the

Ang1 inhibitor was combined with the Ang2 inhibitor,

tumor vessels were less abundant, had a simpler archi-

tecture, and fewer sprouts compared with control (Figure

2D). After 26 days of treatment, tumor vessels had 14%

fewer sprouts after the Ang1 inhibitor and 40% fewer

sprouts after the Ang2 inhibitor. The two inhibitors in

combination did not reduce the number of sprouts as

much as the Ang2 inhibitor alone, but sprouts were still

significantly (23%) less numerous than in the control (Fig-

ure 2E).

Figure 2. Tumor vessel phenotype after inhibition of Ang1 and/or Ang2. Confocal microscopic images of endothelial cells (PECAM; green) in Colo205 tumors after
treatment for 26 days. Blood vessels are tortuous and sprouting in a control tumor (A, hFc) and after inhibition of Ang1 (B, mL4-3), but are more uniform in size
and have less sprouting after inhibition of Ang2 (C, L1-7[N]). Tumor vessels are less numerous after treatment with both inhibitors (D). Endothelial sprouts were
significantly less numerous after inhibition of Ang2 (E). This reduction in sprouts by the Ang2 inhibitor was not blocked by co-administration of the Ang1 inhibitor
(E). Graph of the size distributions of tumor vessels in the four groups shows that the average size of tumor vessels was significantly less after inhibition of Ang2.
Inhibition of Ang1 reduced this effect (F). *P � 0.05 compared with hFc. Scale bar: 50 �m.
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Measurements of vessel diameter revealed that tumor

vessels were smaller after inhibition of Ang2 than in the

control or after inhibition of Ang1. This difference was

evident in a left-shift of the vessel size distribution (Figure

2F). When the Ang1 and Ang2 inhibitors were given

together, the distribution of vessel size was significantly

greater than with the Ang2 inhibitor alone (Figure 2F).

Differences in Endothelial Cell Junction Proteins

after Inhibition of Ang1 and/or Ang2

To determine whether the uniformity of vessel size and

reduced sprouting after inhibition of Ang2 were manifes-

tations of tumor vessel normalization, we asked whether

the junctions between endothelial cells acquired a more

normal pattern, consistent with improved barrier function.

We found that staining for the adherens junction protein,

VE-cadherin, was diffuse and weak in the vasculature of

control tumors treated with hFc for 26 days (Figure 3A)

with little or no immunoreactivity located at the intercel-

lular junctions. VE-cadherin had the same appearance in

tumors treated with the Ang1 inhibitor (Figure 3B). By

striking comparison, after inhibition of Ang2, VE-cadherin

staining was more conspicuous because of the linear

pattern that was largely associated with endothelial cell

junctions (Figure 3C), as in normal blood vessels.38 When

the Ang1 inhibitor was administered with the Ang2 inhib-

itor, staining for VE-cadherin was diffuse and had little

association with endothelial cell borders (Figure 3D).

Like VE-cadherin, the tight junction protein JAM-A was

diffuse in the endothelium of tumor vessels after hFc

(Figure 3E) and was similarly faint after treatment with the

Ang1 inhibitor for 26 days (Figure 3F). Also like VE-

cadherin, JAM-A immunoreactivity had strong, linearized

staining that localized to endothelial cell borders after

inhibition of Ang2 (Figure 3G). When the Ang1 inhibitor

was combined with the Ang2 inhibitor, JAM-A was

weaker, more diffuse and had less junction-associated

staining than after the Ang2 inhibitor alone (Figure 3H).

Therefore, the normalization of endothelial cell junctions

that is elicited by inhibition of Ang2 is prevented by

co-inhibition with Ang1.

Although not a component of intercellular junctions,

PECAM is concentrated at cell borders in most normal

blood vessels.39 PECAM immunoreactivity was present in

blood vessels of Colo205 tumors treated with hFc for 26

days, but consisted largely of dots that had no obvious

association with endothelial cell borders (Figure 4A).

PECAM had a similar pattern in the tumor vasculature

after treatment with the Ang1 inhibitor (Figure 4B).

However, after the Ang2 inhibitor, PECAM immunoreac-

tivity in tumor vessels had a linear pattern at endothelial

cell junctions (Figure 4C), which resembled the distribu-

tion of VE-cadherin (Figure 3C) and JAM-A (Figure 3G).

When the Ang2 inhibitor was combined with the Ang1

inhibitor, the pattern of PECAM was in the form of dots

with no apparent association with junctions (Figure 4D),

as was found in control tumors (Figure 4A).

The association of PECAM with intercellular junctions

was quantified using an algorithm, based on the multi-

scale curvelet transformat and adapted for edge detec-

tion (see Methods). The algorithm estimated the amount

of linear staining (mm of staining/mm vessel length) at

endothelial cell borders. In tumors treated with hFc (Fig-

Figure 3. Distribution of VE-cadherin and
JAM-A after inhibition of Ang1 and/or Ang2.
Fluorescence microscopic images of Colo205 tu-
mors stained for the endothelial adherens junc-
tion protein VE-cadherin or the tight junction
protein JAM-A after treatment for 26 days. VE-
cadherin immunoreactivity was weak in control
tumors (A, hFc) and after inhibition of Ang1 (B,
mL4-3) but was strong and linear at endothelial
cell borders after inhibition of Ang2 (C, L1-7(N)).
The linear pattern was not present after inhibition
of Ang1 and Ang2 (D). Immunoreactivity for the
endothelial tight junction protein JAM-A was faint
after hFc (E), Ang1 inhibition (F), or inhibition of
Ang1 and Ang2 (H), but was strong after inhibition
of Ang2 (G). Scale bar � 8 �m.
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ure 4E) or with the Ang1 inhibitor (Figure 4F), the identi-

fied regions of contiguous PECAM staining were small

and limited. In contrast, the algorithm identified larger

regions of PECAM staining after treatment with the Ang2

inhibitor (Figure 4G). As was evident visually, only small

regions of contiguous PECAM staining were present

when the Ang2 inhibitor was combined with the Ang1

inhibitor (Figure 4H). Linear regions of staining were sig-

nificantly larger after inhibition of Ang2 (Figure 4I). This

expansion of linear staining was not present when the two

inhibitors were combined (Figure 4I).

Differences in Pericyte Distribution after

Inhibition of Ang1 and/or Ang2

Pericytes identified by PDGFR-� immunoreactivity

were abundant in tumors treated with hFc for 26 days,

but were loosely associated with tumor vessels (Figure

5A). Pericytes in tumors treated with the Ang1 inhibitor

had a similar abundance and distribution (Figure 5B).

However, after inhibition of Ang2, pericytes were more

closely associated with tumor vessels (Figure 5C).

When the Ang1 inhibitor was combined with the Ang2

inhibitor, pericytes were less closely associated with

tumor vessels (Figure 5D).

Closer examination revealed that few PDGFR-�–posi-

tive pericytes were located immediately next to the ves-

sels of control tumors (Figure 5E). Pericytes were similarly

sparse near the endothelium after the Ang1 inhibitor (Fig-

ure 5F), but not after the Ang2 inhibitor, where close

associations between pericytes and endothelial cells

were numerous (Figure 5G). Blood vessels of tumors

treated with both inhibitors resembled those of tumors

treated with hFc or the Ang1 inhibitor alone (Figure 5H).

Similar staining patterns were also observed with an-

other pericyte marker, �-smooth muscle actin (data not

shown).

Measurements of PDGFR-�–positive pericytes tightly

associated with tumor vessels (within 10 �m of the endo-

thelium) were consistent with visual impressions (Figure

5I). The amount of pericytes associated with the tumor

vessels was 114% greater after Ang2 inhibition than

those for control tumors treated with hFc (Figure 5I).

Values for the combination of inhibitors were significantly

lower than those for the Ang2 inhibitor alone and resem-

bled Ang1 inhibitor alone (Figure 5I).

Surface views of tumor vessels examined by scanning

electron microscopy revealed few pericytes in contact

with the endothelium in control tumors (Figure 5J). By

comparison, pericytes were close to the endothelium of

tumor vessels after treatment with the Ang2 inhibitor for 7

days (Figure 5K).

Discussion

These studies sought to elucidate the actions of Ang1

and Ang2 on Colo205 tumor blood vessels, with a focus

on vascular abnormalities and tumor vascularity. The ex-

periments revealed that treatment of Colo205 tumors with

the Ang2 inhibitor, L1-7(N), resulted in tumor blood ves-

sels that had more normal features, as reflected by more

uniform caliber, redistribution of VE-cadherin, JAM-A,

and PECAM to endothelial cell junctions, less sprouting,

Figure 4. Distribution of PECAM after inhibition
of Ang1 and/or Ang2. Confocal microscopic im-
ages showing the distribution of PECAM immu-
noreactivity in blood vessels of Colo205 tumors
treated for 26 days. PECAM staining was strong
in all groups (A�D), but was patchy in control
tumors (A, hFc), after inhibition of Ang1 (B,
mL4-3), or after inhibition of Ang1 and Ang2
(D). By comparison, PECAM staining was
largely localized to endothelial cell junctions
after inhibition of Ang2 (C, L1-7(N)). Contiguous
linear regions of PECAM staining, identified by
the algorithm used to measure junctional nor-
malization, are marked by colored lines (E–H).
Linear PECAM staining were less in control tu-
mors (E) and after inhibition of Ang1 (F) or
inhibition of Ang1 and Ang2 (H) than after in-
hibition of Ang2 alone (G). Measurements of
contiguous linear PECAM staining revealed sig-
nificantly larger values after inhibition of Ang2
alone than after inhibition of Ang1 and Ang2 (I).
*P � 0.05 compared with hFc. **P � 0.05 com-
pared with Ang2 inhibitor. Scale bar � 10 �m.
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and tighter association of pericytes with the endothelium.

These changes were partially or completely blocked by

concurrent inhibition of Ang1 by mL4-3. The blockade by

mL4-3 is consistent with the normalizing process being

largely mediated by unopposed actions of Ang1, and the

antagonizing action of Ang2-dominating effects of Ang1

in this system. The reduction in total tumor vascularity

after inhibition of Ang2, which were not prevented by

inhibition of Ang1, suggest that these changes result from

loss of endogenous effects of Ang2 on the tumor

vasculature.

Effect of Angiopoietin Inhibitors on Endothelial

Junctions

Vessel diameter, pericyte association, endothelial sprout-

ing, and vessel leakiness are all indicators of vascular

normalization.1,2 Here, we also use endothelial junction

markers as an indication of normalization. In endothelial

cells, junctional complexes are mainly comprised of

PECAM, adherens junctions, and tight junctions. PECAM is

an endothelial cell adhesive protein concentrated at cell

borders, which may suppress both cell activation and cell

death.40 Adherens junctions—specifically VE-cadherin in

endothelial cells—are important in contact inhibition of

cell growth, while tight junctions such as JAM-A establish

a membrane barrier to regulate permeability and cell

polarity.39,41 Ang2 inhibition led to a linear redistribution

of PECAM, VE-cadherin, and JAM-A. Collectively, these

proteins represent all classes of junctions found in endo-

thelial cells, implying a potential role for Ang2 inhibition in

suppressing endothelial cell apoptosis, preventing endo-

thelial cell growth, and reducing tumor vessel permeabil-

ity or leakiness.

Junctions go through a step-wise maturation process

to establish normal cell contacts between adjacent

cells.42 Early cell contacts begin as spot-like junctions.

Multiple cellular protrusions interlock and gradually form

Figure 5. Pericyte distribution after inhibition of
Ang1 and/or Ang2. Fluorescence microscopic
images of endothelial cells (PECAM; green) and
pericytes (PDGFR-�; red) of blood vessels in
Colo205 tumors treated for 26 days. Pericytes
were loosely associated with blood vessels in
control tumors (A, hFc), after inhibition of Ang1
(B, mL4-3), or after inhibition of Ang1 and Ang2
(D) but were more closely associated with en-
dothelial cells after inhibition of Ang2 (C, L1-
7(N)). Pericytes in contact with tumor vessels
were sparse and had faint PDGFR-� immunore-
activity after hFc (E), after inhibition of Ang1 (F),
or after inhibition of Ang1 and Ang2 (H) but
were abundant and had strong PDGFR-� immu-
noreactivity after inhibition of Ang2 (G). Mea-
surements confirmed the greater abundance of
PDGFR-�-positive pericytes within 10 �m of tu-
mor vessels after inhibition of Ang2 than in the
other groups (I). *P � 0.05 compared with the
other groups. Scanning electron microscopic
images of the external surface of tumor vessels
showing no pericytes in contact with the endo-
thelium of a control tumor (J), in comparison with
a pericyte closely associated with the endothelium
after inhibition of Ang2 (K). Scale bar: 65 �m in
A–D, 10 �m in E–H, and 5 �m in J–K.
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cell junctions with a zipper-like appearance. Junctions

along the entire cell border form a continuous connection

of adjacent cells, which creates the endothelial barrier.42

Blood vessels in control Colo205 tumors stained for VE-

cadherin or PECAM immunoreactivity had spot-like or

diffuse junctional staining. Ang2 inhibition changed this

irregular staining into continuous, linear staining along

the border of endothelial cells. This finding is consistent

with Ang2 activity in Colo205 tumors altering the forma-

tion, maturation, or maintenance of endothelial cell junc-

tions. Inhibition of Ang1 and Ang2 together prevented

this effect of Ang2 inhibition. Thus, unopposed activity of

Ang1—when the action of Ang2 is blocked—promotes

junctional maturation or normalization.

Importance of Tumor Vessel Normalization

Tumor blood vessels have multiple abnormalities. They

are dynamic—naturally undergoing sprouting, prolifera-

tion, remodeling, or regression. The vessels are also

leaky, irregularly shaped, tortuous, and have fewer,

loosely associated pericytes. In this study, vessel diam-

eter, pericyte association, endothelial sprouting, and en-

dothelial cell junctions were all examined as measures of

vessel normalization in Colo205 tumors. After Ang2 inhi-

bition, the tumor vessels had a more uniform caliber,

there were more pericytes associated with the tumor

vessels, there were fewer endothelial sprouts, and the

endothelial junctions were more linear. Together these

phenotypes indicate that Ang2 inhibition leads to tumor

vessel normalization. Combining Ang2 inhibition with

Ang1 inhibition prevented the effects of Ang2 inhibition

alone, indicating that unopposed Ang1 signaling is re-

sponsible for the tumor vessel normalization. These find-

ings are consistent with a previous study by Winkler et

al43 showing increased Ang1 expression associated with

tumor vessel normalization after VEGF blockade. Further

investigation is needed to determine whether unopposed

Ang1 influences vessel diameter, pericyte association,

endothelial sprouting, and endothelial junction maturation

directly or if some of these changes are consequences of

vessel normalization. However, there appears to be a role

for PDGF signaling in pericyte recruitment but not junc-

tional normalization after Ang2 inhibition. Blocking Ang2

together with PDGFR-� prevents pericyte recruitment,

but the distribution of endothelial junctions is unchanged

(H. Hashizume, B. Falcon, and D. McDonald, unpub-

lished observations).

While numerous studies indicate that Ang2 acts as an

antagonist of Ang1 signaling, most of these studies have

been limited to in vitro analysis or transgenic ani-

mals.7,8,15,16 Here, we show in an in vivo tumor model that

Ang1 and Ang2 have opposing effects on tumor vessel

normalization by using Ang1 and Ang2 specific inhibi-

tors. Although these studies focused on the normalization

of vascular morphology following inhibition of angiopoi-

etins, previous studies have shown a close association

between morphological and functional changes of tumor

vessel normalization.1,17

Effects of Ang1 and Ang2 Inhibition on Tumor

Vascularity

Tumor vessels are dynamic. Growth, remodeling, and

regression are common features of tumor blood vessels.2

Inhibition of Ang2 by L1-7(N) changed this property by

normalizing the vessel wall, which decreased endothelial

sprouting and tumor vascularity. Tumor vessel normaliza-

tion did not occur when Ang2 was inhibited in the pres-

ence of the Ang1 inhibitor. However, the inhibitor combi-

nation resulted in a greater reduction in tumor vascularity

than after either inhibitor alone. This augmented loss of

tumor vessels was likely to be Ang1-independent, be-

cause it occurred in the presence of Ang1 blockade. The

reduction in tumor vascularity also may be independent

of changes in VEGF expression, as the amount of VEGF

immunoreactivity did not change with any of the treat-

ment groups (B. Falcon and D. McDonald, unpublished

data).

Tumor vessel area density and total tumor vascularity

(total area) are indicators of the dynamic state of angio-

genesis and vascular regression. Ang2 inhibition alone

did not reduce the area density of PECAM immunoreac-

tivity in tumors, but did decrease the total amount of

PECAM immunoreactivity in tumors through the decrease

in tumor size. By comparison, inhibition of Ang1 and

Ang2 together significantly reduced both tumor vessel

area density and total area. Thus, there was a greater

reduction in tumor vessels after the combination treat-

ment than after the Ang2 inhibitor alone. This greater

antivascular effect of the combination of inhibitors is likely

due to the regression of a population of tumor vessels, in

addition to the reduction in endothelial sprouting and

vessel growth found after Ang2 inhibition alone. Although

a number of factors can cause vascular regression, pre-

vention of vessel normalization by inhibition of Ang1

along with Ang2 would be expected to make tumor ves-

sels more susceptible to regression. Treatment with the

Ang2 inhibitor significantly decreased the growth rate of

Colo205 tumors. Addition of the Ang1 inhibitor to Ang2

blockade did not prevent the reduction in rate of tumor

growth, nor did it amplify it to a statistically significant

extent. However, the combination of Ang1 and Ang2

inhibitors clearly had effects on tumors different from

either inhibitor alone, as revealed by lack of tumor vessel

normalization accompanied by a greater reduction in

tumor vascularity when the inhibitors were given together.

Inhibition of Ang2 alone reduced tumor vessel growth by

stabilizing the vessel wall. The addition of the Ang1 in-

hibitor blocked the normalization and promoted vascular

regression without increasing sprouting angiogenesis.

Ang2 as a Partial Agonist

Our data imply that Ang2 prevents Ang1-dependent tu-

mor vessel normalization while influencing total tumor

vascularity independent of Ang1 signaling in Colo205

tumors. While Ang2 is described as a naturally occurring

antagonist of Ang1 signaling,7 in vitro studies have shown

that Ang2 can activate the Tie2 receptor in a concentra-

Opposing Effects of Ang1 and Ang2 2167
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tion or time-dependent manner.15,16 While the mecha-

nism of Ang2 acting as both an antagonist and an agonist

of the Tie2 receptor has not been elucidated, one expla-

nation is that Ang2 acts as a partial agonist.15 Ang1 and

Ang2 have similar binding sites44 and affinities for Tie2

receptors.7 Activation of Tie2 receptors by Ang2 is

weaker than by Ang1, consistent with Ang2 acting as a

partial agonist15 and Ang1 acting as a full agonist.

Differences in Ang1 and Ang2 expression in Colo205

tumors may play a role in our observed effects. Expres-

sion of Ang2, both human and mouse, was greater than

Ang1 in untreated Colo205 tumors. These results are

consistent with in situ hybridization data that show abun-

dant Ang2 expression31 but weak and diffuse Ang1 ex-

pression (S. Scully, A. Coxon, and J. Oliner; unpublished

data). Attempts were made to measure the phosphoryla-

tion state of Tie2 receptors and the downstream signaling

pathways. However, with the methods used, the baseline

phosphorylation state of Tie2 receptors, Akt, and Erk

were too low and variable to draw meaningful conclu-

sions. The amount and distribution of VEGF, as deter-

mined by immunohistochemistry, were not changed by

any of the treatments. Although this suggests that VEGF

is not a major factor in tumor vessel normalization or

decreased tumor vascularity after Ang2 inhibition, VEGF

involvement cannot be excluded because VEGF-depen-

dent actions of angiopoietins are likely to be governed by

free VEGF, which is not readily assessed by immunohis-

tochemistry or mRNA measurements.

Based on our results, we propose the following mech-

anism of Ang1 and Ang2 effects on Colo205 tumors. In

control tumors, Ang2 is expressed at much higher levels

than Ang1.31 This difference may prevent Tie2 receptor

activation by Ang1, but allow weak activation by Ang2 to

reduce vascular stability and promote angiogenesis. In-

hibition of Ang1 by mL4-3 does not affect Ang2 binding

or the subsequent weak activation of the Tie2 receptor.

Ang2 inhibition by L1-7(N) prevents Ang2 binding to Tie2

receptors. This allows binding of Ang1 to Tie2 receptors

and induction of tumor vessel normalization (stabiliza-

tion). Blocking Ang2 also prevents the partial agonist

effects of Ang2 and reduces angiogenesis and overall

tumor vascularity. Inhibition of both Ang1 and Ang2 pre-

vents Ang1-mediated vessel normalization, but the re-

duction on tumor vascularity is still observed (Figure 6).

Although this model offers a molecular basis for vessel

normalization, it is unclear how the differences in Tie2

agonism explain the alterations in tumor vascularity. Spe-

cifically, absence of vessel normalization is seen under

the three experimental conditions in which Tie2 agonism

is predicted to be the lowest (Figure 6, A, B, and D),

suggesting that Tie2 activation is linked to vessel normal-

ization. However, it is more difficult to attribute the

changes in vascularity to Tie2 activation, as the two con-

ditions in which the fewest vessels are seen (Figure 6, C

and D) are also the two conditions that are predicted to

have the greatest differences in Tie2 agonism (strong

agonism in Figure 6C and weak/absent agonism in Figure

6D). Additional experimental studies are needed to rec-

oncile this apparent disparity.

Therapeutic Implications for Ang1 and Ang2

Inhibition

Tumor growth is dependent on both vessel number and

tumor vessel function (normalization).1,2,18 Vascular nor-

malization may be a consequence of many anti-angio-

genic therapies.1,17,18 In some cases, the number of

remaining, normalized tumor vessels is enough to main-

Figure 6. Proposed mechanism of effects of in-
hibition of Ang1 and/or Ang2 on tumor blood
vessels. A: In untreated tumors, the actions of
Ang2 dominate. Ang1 acts as an agonist, but
Ang2 acts as a partial agonist that limits Ang1-
induced activation of Tie2 receptors and leads to
tumor vessel destabilization, endothelial sprout-
ing, and angiogenesis. B: Inhibition of Ang1-
induced activation of Tie2 does not change the
phenotype of tumor vessels, because Ang2 ac-
tions dominate. C: Inhibition of Ang2 leads to
the unopposed action of Ang1, which promotes
tumor vessel normalization, less sprouting, and
reduced angiogenesis. D: Inhibition of both
Ang1 and Ang2 favors tumor vessel abnormali-
ties, because of the absence of the stabilizing
action of Ang1, but also reduces sprouting, be-
cause of the absence of the angiogenesis pro-
moting action of Ang2.
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tain tumor growth.18 Current cancer therapeutics use

these normalized tumor vessels to deliver chemothera-

peutics or other cancer-cell targeting drugs more effi-

ciently.1,45,46 An alternative therapeutic objective would

be to prevent tumor vessel normalization to keep tumor

vessels unstable and subject to regression.

Here, we show that tumor vessel normalization in

Colo205 tumors is dependent on unopposed Ang1 sig-

naling. Ang2 expression or inhibition of Ang1 with mL4-3

prevents tumor vessel normalization. Thus, dual inhibition

of Ang1 and Ang2 may provide improved therapeutic

benefit over selective Ang2 inhibition by reducing tumor

vessels while preventing the undesired consequences of

tumor vessel normalization.

Growth and maintenance of blood vessels in tumors

are dependent on multiple growth factors. Thus angio-

genesis inhibitors that block multiple targets are being

developed for treatment of solid tumors. A better under-

standing of the interplay among growth factors is needed

to advance growth factor-targeted cancer therapeutics.

Here, we show that in the absence of Ang2, Ang1 drives

tumor vessels into a more normal phenotype. In evidence

of this change, inhibition of Ang2 resulted in normaliza-

tion of endothelial cell junctions, pericyte coverage, and

overall architecture of blood vessels in Colo205 tumors.

This normalization was prevented by blocking Ang1. In-

hibition of Ang2 also reduced tumor vascularity, and this

action was augmented by simultaneous inhibition of

Ang1.

Acknowledgments

We thank Elisabetta Dejana for the JAM-A antibody,

and Alaric Falcón, Barbara Sennino, Peter Baluk, Talia

Romano, Oluwasheyi Ayeni, Sebastien Tabruyn, Michael

Bergdorf, Florian Milde, Ji-Rong Sun, Tani Lee, Sheila

Scully, and Dongyin Yu for their valuable help, advice,

and discussion.

References

1. Jain RK: Normalization of tumor vasculature: an emerging concept in

antiangiogenic therapy. Science 2005, 307:58–62

2. Baluk P, Hashizume H, McDonald DM: Cellular abnormalities of blood

vessels as targets in cancer. Curr Opin Genet Dev 2005, 15:102–111

3. Inai T, Mancuso M, Hashizume H, Baffert F, Haskell A, Baluk P,

Hu-Lowe DD, Shalinsky DR, Thurston G, Yancopoulos GD, McDonald

DM: Inhibition of vascular endothelial growth factor (VEGF) signaling

in cancer causes loss of endothelial fenestrations, regression of tumor

vessels, and appearance of basement membrane ghosts. Am J

Pathol 2004, 165:35–52

4. Ellis LM, Hicklin DJ: VEGF-targeted therapy: mechanisms of anti-

tumour activity. Nat Rev Cancer 2008, 8:579–591

5. Morisada T, Kubota Y, Urano T, Suda T, Oike Y: Angiopoietins and

angiopoietin-like proteins in angiogenesis. Endothelium 2006, 13:71–79

6. Lobov IB, Brooks PC, Lang RA: Angiopoietin-2 displays VEGF-de-

pendent modulation of capillary structure and endothelial cell survival

in vivo. Proc Natl Acad Sci USA 2002, 99:11205–11210

7. Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ,

Radziejewski C, Compton D, McClain J, Aldrich TH, Papadopoulos N,

Daly TJ, Davis S, Sato TN, Yancopoulos GD: Angiopoietin-2, a natural

antagonist for Tie2 that disrupts in vivo angiogenesis. Science 1997,

277:55–60

8. Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S,

Sato TN, Yancopoulos GD: Requisite role of angiopoietin-1, a ligand

for the TIE2 receptor, during embryonic angiogenesis. Cell 1996,

87:1171–1180

9. Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan

TE, Bruno J, Radziejewski C, Maisonpierre PC, Yancopoulos GD:

Isolation of angiopoietin-1, a ligand for the TIE2 receptor, by secre-

tion-trap expression cloning. Cell 1996, 87:1161–1169

10. Holash J, Wiegand SJ, Yancopoulos GD: New model of tumor

angiogenesis: dynamic balance between vessel regression and

growth mediated by angiopoietins and VEGF. Oncogene 1999,

18:5356–5362

11. Kim KE, Cho CH, Kim HZ, Baluk P, McDonald DM, Koh GY: In vivo

actions of angiopoietins on quiescent and remodeling blood and

lymphatic vessels in mouse airways and skin. Arterioscler Thromb

Vasc Biol 2007, 27:564–570

12. Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J,

Martin C, Witte C, Witte MH, Jackson D, Suri C, Campochiaro PA,

Wiegand SJ, Yancopoulos GD: Angiopoietin-2 is required for postna-

tal angiogenesis and lymphatic patterning, and only the latter role is

rescued by Angiopoietin-1. Dev Cell 2002, 3:411–423

13. Kim I, Kim JH, Moon SO, Kwak HJ, Kim NG, Koh GY: Angiopoietin-2

at high concentration can enhance endothelial cell survival through

the phosphatidylinositol 3�-kinase/Akt signal transduction pathway.

Oncogene 2000, 19:4549–4552

14. Korff T, Kimmina S, Martiny-Baron G, Augustin HG: Blood vessel matu-

ration in a 3-dimensional spheroidal coculture model: direct contact with

smooth muscle cells regulates endothelial cell quiescence and abro-

gates VEGF responsiveness. FASEB J 2001, 15:447–457

15. Bogdanovic E, Nguyen VP, Dumont DJ: Activation of Tie2 by angio-

poietin-1 and angiopoietin-2 results in their release and receptor

internalization. J Cell Sci 2006, 119:3551–3560

16. Teichert-Kuliszewska K, Maisonpierre PC, Jones N, Campbell AI,

Master Z, Bendeck MP, Alitalo K, Dumont DJ, Yancopoulos GD,

Stewart DJ: Biological action of angiopoietin-2 in a fibrin matrix model

of angiogenesis is associated with activation of Tie2. Cardiovasc Res

2001, 49:659–670

17. Kashiwagi S, Tsukada K, Xu L, Miyazaki J, Kozin SV, Tyrrell JA, Sessa

WC, Gerweck LE, Jain RK, Fukumura D: Perivascular nitric oxide

gradients normalize tumor vasculature. Nat Med 2008, 14:255–257

18. Sennino B, Falcon BL, McCauley D, Le T, McCauley T, Kurz JC,

Haskell A, Epstein DM, McDonald DM: Sequential loss of tumor

vessel pericytes and endothelial cells after inhibition of platelet-de-

rived growth factor B by selective aptamer AX102. Cancer Res 2007,

67:7358–7367

19. Nasarre P, Thomas M, Kruse K, Helfrich I, Wolter V, Deppermann C,

Schadendorf D, Thurston G, Fiedler U, Augustin HG: Host-derived

angiopoietin-2 affects early stages of tumor development and vessel

maturation but is dispensable for later stages of tumor growth. Can-

cer Res 2009, 69:1324–1333

20. Ahmad SA, Liu W, Jung YD, Fan F, Wilson M, Reinmuth N, Shaheen

RM, Bucana CD, Ellis LM: The effects of angiopoietin-1 and -2 on

tumor growth and angiogenesis in human colon cancer. Cancer Res

2001, 61:1255–1259

21. Etoh T, Inoue H, Tanaka S, Barnard GF, Kitano S, Mori M: Angiopoi-

etin-2 is related to tumor angiogenesis in gastric carcinoma: possible

in vivo regulation via induction of proteases. Cancer Res 2001,

61:2145–2153

22. Hayes AJ, Huang WQ, Yu J, Maisonpierre PC, Liu A, Kern FG,

Lippman ME, McLeskey SW, Li LY: Expression and function of an-

giopoietin-1 in breast cancer. Br J Cancer 2000, 83:1154–1160

23. Shim WS, Ho IA, Wong PE: Angiopoietin: a TIE (d) balance in tumor

angiogenesis. Mol Cancer Res 2007, 5:655–665

24. Shim WS, Teh M, Bapna A, Kim I, Koh GY, Mack PO, Ge R: Angio-

poietin 1 promotes tumor angiogenesis and tumor vessel plasticity of

human cervical cancer in mice. Exp Cell Res 2002, 279:299–309

25. Stoeltzing O, Ahmad SA, Liu W, McCarty MF, Wey JS, Parikh AA, Fan

F, Reinmuth N, Kawaguchi M, Bucana CD, Ellis LM: Angiopoietin-1

inhibits vascular permeability, angiogenesis, and growth of hepatic

colon cancer tumors. Cancer Res 2003, 63:3370–3377

26. Yu Q, Stamenkovic I: Angiopoietin-2 is implicated in the regulation of

tumor angiogenesis. Am J Pathol 2001, 158:563–570

27. Jeong CH, Lee YM, Choi KS, Seong YR, Kim YJ, Im DS, Kim KW:

Hypoxia-responsive element-mediated soluble Tie2 vector exhibits

Opposing Effects of Ang1 and Ang2 2169
AJP November 2009, Vol. 175, No. 5



an anti-angiogenic activity in vitro under hypoxic condition. Int J

Oncol 2005, 26:211–216

28. Lin P, Buxton JA, Acheson A, Radziejewski C, Maisonpierre PC,

Yancopoulos GD, Channon KM, Hale LP, Dewhirst MW, George SE,

Peters KG: Antiangiogenic gene therapy targeting the endothelium-

specific receptor tyrosine kinase Tie2. Proc Natl Acad Sci USA 1998,

95:8829–8834

29. Lin P, Polverini P, Dewhirst M, Shan S, Rao PS, Peters K: Inhibition of

tumor angiogenesis using a soluble receptor establishes a role for Tie2

in pathologic vascular growth. J Clin Invest 1997, 100:2072–2078

30. Melani C, Stoppacciaro A, Foroni C, Felicetti F, Care A, Colombo MP:

Angiopoietin decoy secreted at tumor site impairs tumor growth and

metastases by inducing local inflammation and altering neoangio-

genesis. Cancer Immunol Immunother 2004, 53:600–608

31. Oliner J, Min H, Leal J, Yu D, Rao S, You E, Tang X, Kim H, Meyer S,

Han SJ, Hawkins N, Rosenfeld R, Davy E, Graham K, Jacobsen F,

Stevenson S, Ho J, Chen Q, Hartmann T, Michaels M, Kelley M, Li L,

Sitney K, Martin F, Sun JR, Zhang N, Lu J, Estrada J, Kumar R, Coxon

A, Kaufman S, Pretorius J, Scully S, Cattley R, Payton M, Coats S,

Nguyen L, Desilva B, Ndifor A, Hayward I, Radinsky R, Boone T,

Kendall R: Suppression of angiogenesis and tumor growth by selec-

tive inhibition of angiopoietin-2. Cancer Cell 2004, 6:507–516

32. Sarraf-Yazdi S, Mi J, Moeller BJ, Niu X, White RR, Kontos CD, Sullenger

BA, Dewhirst MW, Clary BM: Inhibition of in vivo tumor angiogenesis and

growth via systemic delivery of an angiopoietin 2-specific RNA aptamer.

J Surg Res 2008, 146:16–23

33. Shim WS, Teh M, Mack PO, Ge R: Inhibition of angiopoietin-1 expres-

sion in tumor cells by an antisense RNA approach inhibited xenograft

tumor growth in immunodeficient mice. Int J Cancer 2001, 94:6–15

34. Morikawa S, Baluk P, Kaidoh T, Haskell A, Jain RK, McDonald DM:

Abnormalities in pericytes on blood vessels and endothelial sprouts

in tumors. Am J Pathol 2002, 160:985–1000

35. Baluk P, Fuxe J, Hashizume H, Romano T, Lashnits E, Butz S, Vestweber

D, Corada M, Molendini C, Dejana E, McDonald DM: Functionally spe-

cialized junctions between endothelial cells of lymphatic vessels. J Exp

Med 2007, 204:2349–2362

36. Candes EJ, Demanet L, Donoho DL, Ying L: Fast discrete curvelet

transforms. SIAM Multiscale Model Simul 2006, 5:861–899

37. Gebäck T, Koumoutsakos P: Edge detection in microscopy images

using curvelets. BMC Bioinformatics 2009, 10:75–89

38. Corada M, Mariotti M, Thurston G, Smith K, Kunkel R, Brockhaus M,

Lampugnani MG, Martin-Padura I, Stoppacciaro A, Ruco L,

McDonald DM, Ward PA, Dejana E: Vascular endothelial-cadherin is

an important determinant of microvascular integrity in vivo. Proc Natl

Acad Sci USA 1999, 96:9815–9820

39. Dejana E: Endothelial cell-cell junctions: happy together. Nat Rev Mol

Cell Biol 2004, 5:261–270

40. Newman PJ, Newman DK: Signal transduction pathways mediated by

PECAM-1: new roles for an old molecule in platelet and vascular cell

biology. Arterioscler Thromb Vasc Biol 2003, 23:953–964

41. Bazzoni G, Dejana E: Endothelial cell-to-cell junctions: molecular

organization and role in vascular homeostasis. Physiol Rev 2004,

84:869–901

42. Ebnet K: Organization of multiprotein complexes at cell–cell junc-

tions. Histochem Cell Biol 2008, 130:1–20

43. Winkler F, Kozin SV, Tong RT, Chae SS, Booth MF, Garkavtsev I, Xu

L, Hicklin DJ, Fukumura D, di Tomaso E, Munn LL, Jain RK: Kinetics

of vascular normalization by VEGFR2 blockade governs brain tumor

response to radiation: role of oxygenation, angiopoietin-1, and matrix

metalloproteinases. Cancer Cell 2004, 6:553–563

44. Fiedler U, Krissl T, Koidl S, Weiss C, Koblizek T, Deutsch U, Martiny-

Baron G, Marme D, Augustin HG: Angiopoietin-1 and angiopoietin-2

share the same binding domains in the Tie-2 receptor involving the

first Ig-like loop and the epidermal growth factor-like repeats. J Biol

Chem 2003, 278:1721–1727

45. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J,

Heim W, Berlin J, Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G,

Rogers B, Ross R, Kabbinavar F: Bevacizumab plus irinotecan, flu-

orouracil, and leucovorin for metastatic colorectal cancer. N Engl

J Med 2004, 350:2335–2342

46. Pietras K, Hanahan D: A multitargeted, metronomic, and maximum-

tolerated dose “chemo-switch” regimen is antiangiogenic, producing

objective responses and survival benefit in a mouse model of cancer.

J Clin Oncol 2005, 23:939–952

2170 Falcón et al
AJP November 2009, Vol. 175, No. 5


