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Vessel Cooption, Regression, 
and Growth in Tumors 

Mediated by Angiopoietins and 
VEGF 
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C. 8. Aiexander,' D. Zagzag,' 63. D. ~ancopcsulos,'" 

S. J. Wiegand7* 

In contrast with the prevailing view that most tumors and metastases begin as 
avascular masses, evidence is presented here that a subset of tumors instead 
initially grows by coopting existing host vessels. This coopted host vasculature 
does not immediately undergo angiogenesis to support the tumor but instead 
regresses, leading to a secondarily avascular tumor and massive tumor cell loss. 
Ultimately, however, the remaining tumor is rescued by robust angiogenesis at 
the tumor margin. The expression patterns of the angiogenic antagonist an- 
giopoietin-2 and of pro-angiogenic vascular endothelial growth factor (VEGF) 
suggest that these proteins may be critical regulators of this balance between 
vascular regression and growth. 

It is vr-idely accepted that 111ost tulnors and 
metastases originate as small a\,ascular mass- 
es that belatedly induce the development of 
new blood vessels once they grow to a few 
milli~lleters in size (1-3). Initial avascular 
growth a-ould be predicted for tulnors that 
arise in epithelial structures that are separated 
from the underlying vasculature by a base- 
ment membrane and for experimelltal hlmlors 
that are i~llplanted into avascular settings 
(such as the cornea pocket) or into a liltual 
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space (such as the subcutaneum) (2, 3 ) .  How- 
e\er, there is also e\,idence to suggest that 
tulnors in more natural settings do not always 
originate avascularly, particularly \vhe11 they 
arise within or metastasize to vascularized 
tissue (4 ) .  I11 such settings, tumor cells may 
coopt existing blood vessels (4).  The inter- 
play between this coopting of existing vessels 
alld subsequent tulnor-induced allgiogellesis 
has not been extensively examined nor has 
the role of angiogenic factors in this process. 

The pro-angiogenic \.ascular elldothelial 
growth factors (WGFs)  and the angiopoieti~ls 
are the only lulo\vn pow~th factor families that 
are specific for the \.ascular endothelium be- 
cause expressioll of their receptors is reshicted 
to these cells ( 5 ,  6). The allgiopoietills include 
both receptor activators [angiopoietin-1 (Ang- 
l)] and receptor alltagollists [aagiopoietin-2 
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(Ang-2)] (7-10). The VEGFs and the angiopoi- 
etins seem to play complementary and coordi- 
nated roles in vascular development (9, 11). 
During development, VEGF acts via the Flkll 
KDR receptor to promote endothelial cell dif- 
ferentiation, proliferation, and primitive vessel 
formation (12). Ang-1 subsequently acts via the 
Tie2 receptor to remodel these primitive vessels 
and is then thought to help maintain and stabi- 
lize the mature vessels by promoting interac- 
tions between endothelial cells and surrounding 
support cells (69 ,  11, 13, 14). In adults, Ang-2 
is expressed primarily at sites of vascular re- 
modeling (9, l l ) ,  where it is thought to block 
the constitutive stabilizing action of Ang-1. It 
has been proposed that destabilization by Ang-2 
in the absence of VEGF leads to frank vessel 
regression, whereas such destabilization in the 
presence of high VEGF levels facilitates the 
angiogenic response (9,11). In tumors, hypoxia- 
induced VEGF (15) apparently recapitulates its 
developmental actions by contributing to the 
onset of tumor-associated angiogenesis, and an- 
tagonists of VEGF have been shown to inhibit 
the growth of many tumors (16). 

To explore the possibility that VEGFs and 
angiopoietins collaborate during tumor angio- 
genesis, we studied early angiogenic events 
using the rat C6 glioma model (17). Remark- 
ably, even the smallest C6 gliomas at just 1 
week after implantation (< 1 rnm in diameter) 
were found to be well vascularized (Fig. 1, A 
and A'). As previously noted (1 7), this is at- 
tributable to the coopting of existing brain 
blood vessels by the implanted tumor cells. The 
vessels within these early tumors were similar 
to normal brain vessels in caliber and heteroge- 
neity. There was no evidence of angiogenesis, 
as judged by the lack of vascular sprouts, non- 
canalized endothelial cell chains, and hyper- 
plastic vessels. By 2 weeks after implantation, 
the tumors had grown to 2 2  rnm in diameter 
but still showed no obvious angiogenic re- 
sponse. Rather, they exhibited a dramatic de- 
crease in vessel density, presumably due to 
tumor growth in the absence of compensatory 
angiogenesis (Fig. 1, B and B'). The vessels 
within the tumors were distinctly larger and 
more homogeneous in caliber than the micro- 
vasculature of the normal brain. Bv 4 weeks 
after implantation, the tumors measured several 
millimeters in diameter and showed marked 
changes in comparison with tumors at earlier 
stages of development (Fig. 1, C and C'). Blood 
vessels within the core of the tumor had under- 
gone dramatic regression, with no evidence of a 
local, compensatory angiogenic response. The 
centers of the tumors were largely bereft of 
vessels, leading to massive tumor cell death 
(Fig. 1, C and C'). The remaining cells in the 
tumor interior were organized in cuffs of pseu- 
dopalisading cells around the few surviving 
internal vessels (Fig. 1, C and C'). In contrast to 
the tumor interior, the tumor periphery dis- 
played robust angiogenesis (Fig. 1, C and c'). 

Regression of coopted blood vessels was a 
very early event that preceded tumor cell 
death. Apoptotic cells were predominantly 
found in blood vessels in early-stage tumors, 
whereas at later stages there was widespread 
apoptosis of tumor cells (Fig. 2, A through 
C). Staining with markers for both endothe- 
lial cells and supporting pericytes or smooth 
muscle cells revealed that vessel regression 

Mae 

was associated with progressive disengage- 
ment of endothelial cells from surrounding 
support cells (Fig. 1, D through G). 

The apparent association of tumor vessel 
regression, apoptosis, and disruption of endo- 
thelial cell interactions with support cells raised 
the possibility that blockade of the stabilizing 
action of Ang-1 might be contributing to tumor 
vessel regression. Consistent with this possibil- 

Fig. 1. Sections from rat C6 gliomas (28) showing progressive vessel regression, accompanied by 
dissociation of endothelial and smooth muscle cells. (A and A') Small 1-week tumors that measure 
a fraction of a millimeter in width are well vascularized as determined by RECA immunostaining 
(29), apparently because they coopt and grow around existing vessels. [T, tumor; scale bar in (A), 
1 mm for (A) through (C) and 200 p n  for (A') through (C')] The vessels in early tumors resemble 
vessels in surrounding brain tissue in both density and morphology. (B and B') Two-week tumors 
continue to  have extensive internal vasculature, although the vessel density is less than that in 
surrounding brain tissue, presumably because of the growth of the tumor in the absence of 
compensatory angiogenesis from existing internal vessels; the caliber of the internal vessels within 
these tumors does become dilated and relatively uniform compared to  normal brain vessels. (C and 
C') Within large Cweek tumors, internal vessels regress with accompanying loss of surrounding 
tumor (necrotic tumor areas are unstained). Surviving internal vessels are sparse and uniform, are 
centrally located with respect t o  surrounding cuffs of well-stained viable tumor cells, and exhibit 
no evidence of compensatory angiogenesis; although robust angiogenesis is apparent at the margin 
of the tumor, where increased density of ectatic vessels is noted. Arrowheads in (C) depict a patent 
(top) and a regressed (bottom) vessel, each surrounded by either a surviving or regressed cuff of 
tumor. (D through C)  lmmunostaining with antibodies to  SMA (black) and RECA (brown) (29) 
shows that pericytes and smooth muscle cells detach from the vessel wall in tumors. (D) shows a 
vessel wall in normal brain tissue in which RECA and SMA staining are essentially superimposed, 
whereas (E) through (C) depict vessels within tumors with progressive detachment of SMA-positive 
cells and vessel regression. Scale bar in (D) indicates 50 p m  for (D) through (C). 
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ets). Cell nbrnber is 
shown on they axis. PI, propidium iodide. However, in contrast to VECF. Ang-1 cannot promote DNA synthesis in these cells (D) (30). Similar data have just 
been reported (37). 

Fig. 3. In situ hybridization analysis of Ang-2. VECF, and Tie mRNA in two different 2-week rat 
gliomas (small and large) and a large 4-week rat glioma (29.32). At 2 weeks, the vessels within both 
a small tumor (A through D) and a larger tumor (E through H) consistently express high levels of 
Ang-2 mRNA (A and E). In contrast, up-regulation of Tie mRNA (C and K) is restricted to the larger 
tumor. Induction of VECF is minimal in small tumors (B) and is still modest and patchy in larger 
tumors (F). In very large 4-week tumors, the tumor is secondarily avascular because of massive 
vessel regression and thus has few internal vessels, but has a hypervascular plexus at the tumor 
border. The few internal and the many rim vessels are now marked by both Ang-2 and Tie (I and 
K), although expression of Ang-2 is more punctate than that of Tie. The remaining live tumor cuffs 
around vessels show dramatically up-regulated VECF expression 0). This VECF expression is highest 
in palisading, presumably hypoxic, tumor cells that are furthest from vessels; large areas within the 
tumor, between palisading cells, are necrotic. (D), (H), and (1) outline the boundaries of the tumor within 
the brain and indicate the relative levels of expression of Ang-2, VECF, and Tie. Scale bar in (C) indicates 
500 p,m for (A) through (H); scale bar in (K) indicates 1 mm for (I) through (L). 

ity, Ang-1 was found to be anti-apoptotic for 
cultured endothelial cells (Fig. 2, E through H), 
and expression of its antagonist, Ang-2, was 
found to be induced in the endothelium of 
coopted tumor vessels before their regression 
(Fig. 3A). In contrast, marked induction of 
VEGF expression occurred much later in tumor 
progression, in the hypoxic periphery of tumor 
cells surrounding the few remaining internal 
vessels, as well as adjacent to the robust plexus 
of vessels at the tumor margin (Fig. 3, B, F, and 
J). Expression of Ang-2 continued to mark not 
only the few surviving internal vessels but also 
the angiogenic vessels at the tumor margin (Fig. 
31), which suggests that the destabilizing action 
of Ang-2 facilitates the angiogenic action of 
VEGF at the tumor rim. Ang-1 expression did 
not change significantly throughout tumor de- 
velopment. Consistent with its expression in C6 
gliorna cells in culture (18), in relatively small 
tumors Ang-1 rnRNA was expressed in a dif- 
fuse pattern by the tumor cells themselves (19) 
at levels just above that in the normal brain. 
Unlike VEGF, Ang-1 was not expressed at ele- 
vated levels in hypoxic regions of large tumors 
(20-22). 

We also examined human glioblwtomas (20, 
21). Ang-2 was not detectable in the normal 
human brain, but its expression was dramatical- 
ly induced in coopted tumor vessels, preceding 
vessel regression. As in the rat C6 model, this 
occurred in association with a disruption of in- 
teractions between endothelial and smooth 
muscle cells and with endothelial cell apo- 
ptosis. Diffuse Ang-1 expression in the hu- 
man tumors also resembled that seen in the 
rat model (20-22). 
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To examine whether these findings are 
generalizable to other tumor types, we im- 
planted rat RBA mammary adenocarcinoma 
cells into rat brains. Rather than growing 
avascularly, the implanted RBA cells rapidly 
associated with and migrated along cerebral 
blood vessels in a manner even more striking 
than that observed with the glioma cells (Fig. 
4, A and D). Consistent with the well-vascu- 
larized state of these early tumors, there was 
minimal up-regulation of VEGF (22). How- 
ever, the coopted vessels displayed striking 
and specific up-regulation of Ang-2, which 
was not detectable in the vessels of adjacent 
brain tissue (Fig. 4B). Preliminary analysis of 
RBA tumors at a later stage indicated that 
Ang-2 expression was associated with a pat- 
tern of vascular regression (in the absence of 
VEGF) and angiogenesis (in the presence of 
VEGF), as was the case with gliomas (22). 
Ang-1 was not expressed in cultured RBA 
cells or the tumors themselves (22). 

Examination of a model of tumor metasta- 
sis, in which the mouse lung is colonized by 
intravenously injected Lewis lung carcinoma 
cells, yielded similar results. Tiny tumor metas- 
tases (arrowheads, Fig. 4, E and F) as well as 
moderately sized tumor nodules (arrows, Fig. 4, 
E and F) were closely associated with pulmo- 
nary vessels, and these vessels showed dramatic 
induction of Ang-2 expression (Fig. 4F). Pro- 
gressively larger tumor nodules appeared to be 
characterized by vessel regression as well as 
neo-angiogenesis, again correlating with Ang-2 
and VEGF expression (22). 

In summary, our analvses of several dif- 
ferent tumor models suggest a modification 
of the prevailing view that most malignancies 
and metastases originate as avascular masses 
that only belatedly induce angiogenic sup- 
port. Our findings indicate that a subset of 
tumors rapidly coopts existing host vessels to 
form an initially well-vascularized tumor 
mass. Perhaps as part of a host defense mech- 
anism, there is widespread regression of these 
initially coopted vessels, leading to a second- 
arily avascular tumor and massive tumor cell 
loss; however, the remaining tumor is ulti- 
mately rescued by robust angiogenesis at the 
tumor margin. 

The expression patterns of VEGF and the 
natural Tie2 receptor antagonist Ang-2 strongly 
implicate them in these processes. There is a 
striking induction of Ang-2 expression in 
coopted vessels before induction of VEGF ex- 
pression in the adjacent tumor cells, providing 
perhaps the earliest marker of tumor vascula- 
ture. The intense autocrine expression of Ang-2 
by endothelial cells in tumor-associated vessels 
may counter a paracrine stabilization or surviv- 
al signal provided by low-level constitutive ex- 
pression of Ang-1 in normal tissues. We hy- 
pothesize that Ang-2 "marks" the coopted ves- 
sels for regression by an apoptotic mechanism 
that may involve disrupted interactions between 

endothelial cells and the surrounding extracel- 
lular matrix and supporting cells. Subsequently, 
VEGF up-regulation coincident with Ang-2 ex- 
pression at the tumor periphery is associated 
with robust angiogenesis. This late expression 
of tumor-derived VEGF may nullify the regres- 
sion signal provided by Ang-2, which is con- 
sistent with the observation that VEGF is re- 
quired for tumor vessel survival (23). 

The angiogenic properties of tumor-derived 
VEGF may actually be facilitated when vessels 
are destabilized by Ang-2. Newly formed tu- 
mor vessels are ofien tenuous, poorly differen- 
tiated, and undergo regressive changes even as 
blood vessel proliferation continues. The failure 
of many solid tumors to form a well-differen- 
tiated and stable vasculature may be attributable 
to the fact that newly formed tumor vessels 
continue to overexpress Ang-2. In fact, hyper- 
vascular hepatomas with aberrant vasculatures 

show high levels of Ang-2 expression in their 
endothelium (24). Thus, a persistent blockade 
of Tie2 signaling, which is otherwise constitu- 
tively activated in many normal adult tissues 
(14), may prevent tumor vessel differentiation 
and maturation and contribute to their generally 
tenuous and leaky nature. 

In tumors, Ang-2 and VEGF apparently 
reprise the roles they play during vascular 
remodeling in normal tissues, acting to regu- 
late the previously underappreciated balance 
between vascular regression and growth. Our 
findings bolster the case for anti-VEGF ther- 
apies in cancer, not only to prevent further 
angiogenesis but also perhaps to promote the 
regression of fragile new tumor vessels. 
Ang-2 appears to be the earliest marker of 
blood vessels that have been perturbed by 
invading tumor cells. As such, Ang-2 may 
prove to be useful in the imaging of very 

Fig. 4. In situ hybridization analysis (32) of rat RBA mammary carcinomas (28) and mouse Lewis 
lung carcinomas (28), showing up-regulation of Ang-2 mRNA in coopted tumor vessels. (A) A 
section through a mammary carcinoma stained with cresyl violet demonstrates the invasiveness of 
the tumor cells in the brain. The boxes within (A) delineate regions of the tumor core and periphery. 
Similar regions in specimens stained with an antibody to RECA (29) are shown in (C) and (D). The 
dramatic homing of tumor cells to blood vessels is especially apparent in (D). (B) Whereas VEGF 
is typically weak or undetectable at this tumor stage (22), Ang-2 is highly expressed in a punctate 
manner by blood vessels. (E) A section through a Lewis lung carcinoma stained with Pyronin Y 
demonstrates a metastasis only a few cells thick (left, arrowheads) and a slightly larger metastasis 
(right, arrows). Vessels, stained black with antibodies to PECAM (29), lie within these small tumors. 
(F) The vessels coopted by the small Lewis lung metastases exhibit dramatic induction of Ang-2. 
Scale bar in (A) indicates 500 p,m for (A) and (B); scale bar in (C) indicates 25 p,m for (C) and 50 
p,m for (D); scale bar in (E) indicates 500 p,m for (E) and (F). 
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small tumors and metastases and possibly in 
schemes designed to specifically target che- 
motoxic therapy to tumor vasculature. 
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Initiation of Mammalian Liver 
Development from Endoderm 
by Fibroblast Growth Factors 

Joonil Jung,' Minghua Zheng,' Mitchell Coldfarb,' 
Kenneth 5. Zaretl* 

The signaling molecules that elicit embryonic induction of the liver from the 
mammalian gut endoderm or induction of other gut-derived organs are un- 
known. Close proximity of cardiac mesoderm, which expresses fibroblast 
growth factors (FGFs) 1, 2, and 8, causes the foregut endoderm to develop into 
the liver. Treatment of isolated foregut endoderm from mouse embryos with 
FCFl or FGFZ, but not FCF8, was sufficient to replace cardiac mesoderm as an 
inducer of the liver gene expression program, the latter being the first step of 
hepatogenesis. The hepatogenic response was restricted to endoderm tissue, 
which selectively coexpresses FGF receptors 1 and 4. Further studies with FCFs 
and their specific inhibitors showed that FGF8 contributes to the morphoge- 
netic outgrowth of the hepatic endoderm. Thus, different FCF signals appear to 
initiate distinct phases of liver development during mammalian organogenesis. 

Identifying the molecular signals that initiate of developmental regulation, hereditary di- 
organogenesis from the gut is importailt for gestive disorders. and tissue regeneration. 
understanding the filndarnental mechanisms Different segments of the inarninalian gut 

eildoderm give rise to the liver, lung, pancre- 
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as, thyroid, and gastrointestinal tract. Typi- 
cally. a portion of the endoderm will begin to 
express genes specific to one of these tissues. 
and then the newly specified cells will pro- 
liferate out of the endoderm layer to form a 
tissue bud, initiating n~oi-phogenesis (1, 2). In 
Di.osopizila, the initial specification of tissues 
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