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ngiogenesis, the formation of new blood vessels, is crucial
during transient physiological and pathological processes in
the adult. An increasing body of evidence supports the hypothesis that angiogenesis is switched on and orchestrated by balance
in the local abundance of endogenous proangiogenic and antiangiogenic factors (1, 2). Proangiogenic signaling is well understood, in terms of intracellular networks and mechanistic
effects (3, 4). By contrast, understanding of the roles, regulation,
and effects of the counterbalancing endogenous antiangiogenic
signals in regulating the angiogenic switch has lagged, due to
complexities in their molecular structures and receptors (5–7).
Several endogenous antiangiogenic factors are proteolytic fragments of structural proteins, including constituents of the vascular basement membrane (8). Most have several receptors or
coreceptors, in several cases including heterodimeric integrins
involved in anchoring endothelial cells to the vascular basement
membrane (9, 10).
Among the growing list of endogenous angiogenesis inhibitors,
several of the best characterized are peptide fragments of naturally occurring extracellular matrix (ECM) and basement membrane proteins (1). Endostatin, derived from the noncollagenous
(NC1) domain of the α1 chain of type XVIII collagen, attenuates
angiogenesis, tumor growth, and metastasis in experimental animal models (11, 12). Another such fragment, tumstatin, consisting
of the NC1 domain of the α3 chain of type IV collagen, is antiangiogenic and selectively proapoptotic to proliferating endo-
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thelial cells (13). Thrombospondin-1 (TSP1) offers another example of how glycoproteins within the tumor microenvironment
can serve as important functional regulators of angiogenesis (14).
In this study, we present genetic and pharmacological data,
which demonstrate that endogenous protein fragments are involved in regulating the angiogenic switch and controlling de
novo tumor growth and survival associated with pancreatic
neuroendocrine tumorigenesis (PNET) in RIP-Tag2 (RT2)
mice. Genetic testing in a second cancer model, involving deletion of tumstatin and TSP1 in p53−/− mice, generalizes the
signiﬁcance of these endogenous angiogenesis inhibitors in controlling cancer progression and increasing overall survival.
Results
We documented the importance of VEGF-A gene expression for
the initial angiogenic switch, as illustrated in Fig. S1, assessing
hyperproliferative islets in RT2 mice in which the VEGF-A gene
had been speciﬁcally deleted within the oncogene-expressing
islet β cells of the pancreas (RT2/VEGFRIPKO). When hyperproliferative islet lesions (hyperplasias and dysplasias) were
identiﬁed in the pancreas by BrdU labeling, both nonangiogenic
islets as well as angiogenic islets were detected in VEGF wildtype mice (RT2/VEGFWT), whereas the RT2/VEGFRIPKO mice
had only hyperproliferative lesions without evident angiogenesis.
Hypoxia was prevalent in RT2/VEGFRIPKO islets (Fig. S1F).
Although these results illustrate the importance of VEGF as an
inducing signal for triggering the initial angiogenic switch, the
data do not implicate a balance mechanism. A question remained
as to whether there were signiﬁcant negative regulatory signals
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Whereas the roles of proangiogenic factors in carcinogenesis are
well established, those of endogenous angiogenesis inhibitors
(EAIs) remain to be fully elaborated. We investigated the roles
of three EAIs during de novo tumorigenesis to further test the
angiogenic balance hypothesis, which suggests that blood vessel
development in the tumor microenvironment can be governed by
a net loss of negative regulators of angiogenesis in addition to the
well-established principle of up-regulated angiogenesis inducers.
In a mouse model of pancreatic neuroendocrine cancer, administration of endostatin, thrombospondin-1, and tumstatin peptides,
as well as deletion of their genes, reveal neoplastic stage-speciﬁc
effects on angiogenesis, tumor progression, and survival, correlating with endothelial expression of their receptors. Deletion of
tumstatin and thrombospondin-1 in mice lacking the p53 tumor
suppressor gene leads to increased incidence and reduced latency
of angiogenic lymphomas associated with diminished overall
survival. The results demonstrate that EAIs are part of a balance
mechanism regulating tumor angiogenesis, serving as intrinsic
microenvironmental barriers to tumorigenesis.

counterbalancing the proangiogenic signals exempliﬁed by VEGF,
deﬁning a balance mechanism for the initial angiogenic switch.
Endostatin, Tumstatin, and TSP1 Restrict Tumor Angiogenesis and
Growth in RT2 Mice. We used functionally active peptides derived

from tumstatin and endostatin and a recombinant protein that
includes the second type 1 repeat (TSR) of thrombospondin-1
(TSP1), to probe the capabilities of the three endogenous inhibitors to suppress angiogenesis and tumor growth via pharmacological elevation of their levels in the circulatory system
(15–17). To conﬁrm the relative efﬁcacy of these reagents, we
evaluated a 10-μM dose of each reagent (based on previous
studies and chosen to ensure maximal activity while retaining
solubility) in cell-culture–based endothelial viability assays (15–
17). As shown in Fig. 1A, 10 μM of each peptide or recombinant
protein reagent signiﬁcantly inhibited endothelial cell viability
with similar efﬁcacy.
The endostatin, tumstatin, and TSR inhibitors were administered to RT2 mice in two trials to assess their efﬁcacy during
different stages of PNET tumorigenesis (18). A prevention trial
from 5.5 to 10 wk of age was designed to assess the effect of the
inhibitors on the initial angiogenic switch in hyperplastic lesions.
At this stage, angiogenesis is assessed by quantifying the number
of neoplastic islets that have undergone the angiogenic switch (19,
20). In the prevention trial, daily treatment with endostatin peptide or TSR-based protein produced a ∼40% reduction in the
number of angiogenic islets, whereas the tumstatin peptide did not
exhibit signiﬁcant antiangiogenic activity at this stage (Fig. 1B).
In the intervention trial, in which mice were treated from 10 to
13.5 wk, all three reagents demonstrated signiﬁcant efﬁcacy in
inhibiting tumor growth (Fig. 1C). These results demonstrate
that all three angiogenesis inhibitors signiﬁcantly inhibited the
growth of islet tumors in RT2 mice.
Notably, the tumstatin peptide was efﬁcacious in the intervention but not the prevention trial; thus, its lack of efﬁcacy in
the prevention trial was not due to intrinsic inactivity of the
peptide when used in vivo. In contrast, endostatin peptide and
TSR-based protein were effective in both the prevention and
intervention trials. Having established that all three inhibitory
pathways could be activated by exogenous ligands, albeit with
intriguing stage speciﬁcity in the case of tumstatin, we next
assessed the expression of their receptors at different stages of
tumorigenesis in the RT2 mice.
Tumor-Stage–Dependent Expression of Integrins and CD36 in the RT2
Mice. We assessed expression of receptors for the three EAIs in

the distinctive lesional stages of islet tumorigenesis. CD36 and
the α5 and β3 integrin subunits showed distinct patterns of expression. Endothelial expression (as judged by CD31 colocalization) of α5 integrin was detected in the normal islets and was

slightly increased in the angiogenic islets, albeit without statistical signiﬁcance (Fig. S2 A and D). β3 integrin was barely detectable in normal islets or in the premalignant stages of cancer
progression and then appeared robustly on most blood vessels of
nascent solid tumors. However, as tumors became larger, expression levels decreased somewhat (Fig. S2 B and D). Colocalization of CD36 and CD31 by immunostaining revealed CD36
expression in endothelial cells of normal islets and all stages of
tumorigenesis (Fig. S2C).
The mRNA levels of αV, β3, α5, and β1 integrin subunits along
with CD36 were then analyzed by quantitative real-time PCR of
RNA prepared from physically isolated normal pancreatic islets,
hyperplastic/dysplastic islets, angiogenic islets, and tumors. The
expression of the integrin subunits increased in the tumors,
compared with normal islets, by 50% to over 100%, in relation to
baseline CD31 coexpression in the normal islets (Fig. S3). CD36
showed a modest decrease in gene expression in the tumor setting relative to CD31 expression.
Deﬁciency of Endogenous Angiogenesis Inhibitors Accelerates Islet
Carcinogenesis. We next performed genetic loss-of-function stud-

ies to assess the contribution of physiological levels of these EAIs
to the emergence of angiogenic islets and tumors in RT2 mice.
There was no signiﬁcant difference in the numbers of angiogenic
islets between RT2/tumstatin-deﬁcient and WT RT2 mice at 10 wk
of age (Fig. 2A). However, RT2/tumstatin-deﬁcient mice displayed
a signiﬁcant increase in tumor volume at 13.5 wk, compared with
WT RT2 control mice (Fig. 2B). Tumstatin deﬁciency signiﬁcantly
decreased the median survival of RT2 mice (Fig. 2C). The
aforementioned intervention trial (Fig. 1) using tumstatin peptide
produced the complementary result—signiﬁcantly increased median survival of the RT2 mice (Fig. 2C). These results collectively
substantiate the hypothesis that endogenous tumstatin plays an
important role in controlling cancer progression in the RT2 mice.
Next, the physiological function of endostatin as an endogenous angiogenesis inhibitor was assessed by crossing the RT2
mice with mice deﬁcient in the α1 chain of type XVIII collagen
(RT2/endostatin deﬁcient). RT2/endostatin-deﬁcient mice developed more angiogenic islets (albeit not statistically signiﬁcant)
at 10 wk of age (Fig. 2A), whereas the tumor volume was signiﬁcantly increased at 14 wk of age (Fig. 2B). Deﬁciency of
endostatin in these mice led to a signiﬁcantly decreased lifespan
(Fig. 2D). Thus, the effects of endostatin inferred from its genetic ablation correlate with the vascular expression of α5
integrin expression in the endothelium throughout the stages of
the RT2 tumorigenesis pathway.
Finally, we assessed the function of physiological levels of
TSP1 during RT2 tumorigenesis in RT2/TSP1−/− mice. No signiﬁcant difference was observed in the number of angiogenic
islets (Fig. 2A). The RT2/TSP1−/− mice subsequently displayed

Fig. 1. Pharmacological trials in RT2 mice using endogenous angiogenesis inhibitors. (A) In vitro viability assay of HUVEC cells treated with antiangiogenesis
inhibitor reagents. (B) Prevention trial of RT2 mice from 5.5 to 10 wk of age. For all groups n = 6. (C) An intervention trial was conducted starting at 10 wk of
age and continuing to 13.5 wk of age. Endostatin peptide (n = 9), tumstatin peptide (n = 8), and the TSP1 protein (n = 8) all signiﬁcantly inhibited tumor
growth compared with the PBS control group (n = 8). Results are shown as mean ± SEM; *P < 0.05, **P < 0.01.
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a fourfold greater tumor burden compared with the littermate
RT2 mice at 14 wk of age (Fig. 2B). Consistent with this enhanced tumorigenesis, there was a statistically signiﬁcant decrease in the survival of RT2/TSP1−/− mice (Fig. 2E).
Evaluation of β3 Integrin as a Functional Receptor for Tumstatin. The
results of the gene knockout crosses and of the therapeutic trials
suggest that the efﬁcacy of these endogenous inhibitors correlate
with expression of their putative receptors. In the case of tumstatin, there is little impact on the emergence of angiogenic
islets, but a signiﬁcant effect on the growth of tumors. These
results correlate with the expression levels of integrin αVβ3 on
the vasculature of the islets (vide supra) and are consistent with
the hypothesis that a deﬁciency in this tumstatin receptor would
affect tumor growth but not angiogenic switching. To address the
stage-speciﬁc functional contribution of αVβ3 integrin in antiangiogenic signaling, we deleted β3 integrin in RT2 mice by
crossbreeding to β3 integrin-null mice and examined the kinetics
of tumorigenesis in the compound RT2/β3integrin−/− mice. As in
the case of RT2/tumstatin-deﬁcient mice, the number of angiogenic islets in RT2/β3integrin−/− mice at 10 wk of age remained
similar to that of the littermate RT2 control mice (Fig. 2A),
whereas the tumor volume of RT2/β3integrin−/− mice at 14 wk
of age was signiﬁcantly increased (Fig. 2B). The Kaplan–Meier
survival curve reveals that lack of β3 integrin led to a signiﬁcant
reduction in the lifespan of RT2 mice (Fig. 2F).
To further assess the postulate that low levels of αVβ3 integrin
underlie the lack of tumstatin efﬁcacy in 10-wk-old RT2 mice, we
performed a trial targeting two sites of neovascularization in
RT2 mice: (i) s.c. Matrigel plugs embedded with VEGF and (ii)
Xie et al.

hyperplastic/dysplastic pancreatic islets. We implanted Matrigel
plugs infused with VEGF165 and FGF2 into 9-wk-old RT2 mice
and analyzed the s.c. Matrigel plug 1 wk later. The data presented in Fig. 1B (and reproduced in Fig. 3A for ease of comparison) demonstrate a lack of effect on angiogenic switching in
pancreatic neoplasias in tumstatin-treated RT2 mice. In contrast,
the vascularization of s.c. Matrigel plugs implanted on RT2 mice
was signiﬁcantly inhibited by 1 wk of tumstatin peptide treatment
(Fig. 3A). Previous analysis of Matrigel plugs demonstrated robust expression of β3 integrin on the VEGF-induced vasculature
in the Matrigel (21), a vasculature presumably derived from
the skin. β3 integrin expression is only minimally observed in the
VEGF-associated vasculature of the angiogenic islets of the
pancreatic bed (Fig. S2B).
If αVβ3 integrin is indeed the main antiangiogenic signaling
receptor for tumstatin, then β3 integrin knockout mice should
be refractory to therapeutic tumstatin. Therefore, we tested both
tumstatin and endostatin peptides in therapeutic trials of RT2/
β3integrin−/− mice. The endostatin peptide inhibited tumor
growth in the RT2/β3integrin−/− mice (Fig. 3B), consistent with
previous studies indicating that αVβ3 integrin is not an endostatin receptor. The tumstatin peptide had little effect in RT2/
β3integrin−/− mice (Fig. 3B), in contrast with its effects in WT
RT2 mice (Fig. 1B; reshown for ease of comparison in Fig. 3A)
indicating that this integrin is a key component in the antiangiogenic activity of tumstatin.
Translational Applications of the Balance Hypothesis for Angiogenic
Switching. Together with the previous functional validation of
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Fig. 2. Genetic ablation of endogenous
angiogenesis inhibitors reveals functional
roles as barriers to tumor growth but not
angiogenic switching. (A) Deﬁciency in
tumstatin (n = 6; RT2 only n = 6), endostatin (n = 2; RT2 only n = 2), or TSP1 (n = 5;
RT2 only n = 5) did not signiﬁcantly increase the frequency of angiogenic switching compared with RT2 mice. Deﬁciency in β3
integrin (n = 8; RT2 only n = 9), a functional
receptor for tumstatin, also did not increase
the frequency of angiogenic switching. (B)
Enhanced tumor growth was observed in RT2
mice deﬁcient in tumstatin (n = 5; RT2 only
n = 6), endostatin (n = 3; RT2 only n = 9), TSP1
(n = 6; RT2 only n = 8), or β3 Integrin (n = 8;
RT2 only n = 7). Additionally, a decreased
lifespan was observed in RT2 mice deﬁcient in
tumstatin (n = 17; RT2 only n = 17) (C),
endostatin (n = 6; RT2 only n = 16) (D), TSP1
(n = 21; RT2 only n = 17) (E), and β3 Integrin
(n = 12; RT2 only n = 21) (F). Administration
of the tumstatin peptide was able to improve
survival of WT RT2 mice (n = 7) as shown in
C. Results in A and B are shown as mean ±
SEM; for C–F, signiﬁcant differences are indicated by *P < 0.05, **P < 0.01.

Fig. 3. Genetic deletion of β3 integrin abrogates activity of
tumstatin peptide. (A) RT2 mice were implanted s.c. with
Matrigel plugs at 9 wk of age and treated with tumstatin daily
as described above for 1 wk. The Matrigel plugs were then
harvested; six plugs were assayed in each group. (B) An intervention trial comparing tumstatin and endostatin peptides
in RT2/β3 Integrin−/− mice treated from 10 to 13.5 wk of age.
The tumstatin peptide (control, n = 7; tumstatin peptide, n = 7)
did not prevent tumor growth in the absence of β3 integrin,
whereas the endostatin peptide (control, n = 3; endostatin
peptide, n = 4) signiﬁcantly inhibited tumor growth in RT2/β3
integrin−/− mice. Results are shown as mean ± SEM; *P < 0.05.

ance mechanism involving inducer and inhibitor signals exists in
the RT2 model of de novo multistage carcinogenesis, involved
both in initial angiogenic switching and in the persistence of tumor angiogenesis during tumor growth and progression. This
knowledge of mechanism raises the question of applicability to
therapeutic targeting. We began exploring this prospect in
a pharmacological combination trial. A prevention trial targeting
the initial angiogenic switch was performed, in which the VEGF
receptor inhibitor SU10944 (25) alone or in combinations with
tumstatin peptide, endostatin peptide, or TSP1 peptide were
used to treat RT2 mice. SU10944 proved to be a potent inhibitor
of the angiogenic switch as indicated by a substantial decrease in
the number of angiogenic islets (Fig. 4A). The combination of
the various EAIs with SU10944 did not further reduce the onset
of angiogenesis (Fig. 4A); notably, however, differences were
observed in the vasculature associated with angiogenic islets
compared with SU10944 treatment alone. Angiogenic islets of
mice treated with SU10944 and endostatin peptide or TSP1
peptide were signiﬁcantly less vascularized, displayed decreased
cellular proliferation, and increased hypoxic response as shown
by an up-regulation of hypoxia inducible factor 1 alpha (HIF-1α)
in comparison with islets isolated from SU10944 alone or
in combination with tumstatin peptide (Fig. 4 B–D and Fig.
S4). Future therapeutic trials assessing survival and effects on
tumor burden and histopathology in tumor-bearing animals are
warranted.

Deletion of Tumstatin and TSP1 in p53−/− Mice Leads to Increased
Tumor Burden and Reduced Survival. Seeking to continue general-

izing the importance of endogenous angiogenesis inhibitors for
tumor development and progression, we crossed the tumstatin−/−
mice with p53−/− mice. Mice lacking the p53 tumor suppressor
develop lymphomas and, to a lesser extent, angiosarcomas and
sarcomas (26). Mice that were doubly deﬁcient in p53 and
tumstatin developed more lymphomas and angiosarcomas, and
the mice died earlier than the littermate control p53−/− mice
(Fig. 5A and Table S1). Analysis of the tumor spectrum in these
mice at 3 mo of age indicates that tumstatin deﬁciency led to an
increased occurrence of lymphoma: 81.8% in p53−/−/tumstatin−/−
mice versus 66.7% in p53−/− mice (Table S1).
To begin assessing the possibility that multiple EAIs are
serving as nonredundant barriers to tumorigenesis in this model,
we intercrossed the p53−/−/tumstatin−/− mice with TSP1−/− mice
to generate triple knockout mice. The p53−/−/tumstatin−/−/TSP1−/−
mice had more lymphomas as well as a signiﬁcantly reduced survival (Fig. 5A and Table S1).
The number of blood vessels increased in the tumstatindeﬁcient and the tumstatin + TSP1-deﬁcient lymphomas compared with p53−/− lymphomas (Fig. 5B and Fig. S3). Quantiﬁcation of CD31 and β3 integrin colocalization in the lymphomas
revealed that most vessels expressed β3 integrin (Fig. 5C and
Fig. S5). Expression of the thrombospondin receptors CD36

Fig. 4. Dual targeting of the angiogenic balance and angiogenic switching. Angiogenic switching was assessed by isolating and counting hemorrhagic pancreatic islets. (A) VEGFR1/
2 inhibition with the small molecule SU10944 signiﬁcantly
decreased the number of islets undergoing the angiogenic
switch compared with the sham-treated group. Analysis of
isolated angiogenic islets revealed that the combination of
endostatin or thrombospodin peptides with SU10944 reduced
the number of vessels in hyperplastic/angiogenic islets (B), and
the rate of tumor cell proliferation (C) as determined by the
number of PCNA positive nuclei (DAPI) per high-powered
(400×) ﬁeld. (D) An increase in HIF-1α expression, as determined by the total area stained positive per high-powered
(400×) ﬁeld was observed. For all groups, n = 8. Results are
shown as mean ± SEM; **P < 0.01, ***P < 0.001. See also Fig. S2.

9942 | www.pnas.org/cgi/doi/10.1073/pnas.1105041108

Xie et al.

(Fig. 5D) and CD47 (Fig. 5E) was also observed in the endothelium of p53−/− lymphomas.
Discussion
We sought in this study to assess the balance hypothesis for the
angiogenic switch and the persistence of angiogenesis during tumorigenesis in a prototypical mouse model of cancer. We investigated the role of the proangiogenic inducer VEGF-A for
initial angiogenic switching, by analyzing incipient neoplasias in
mice that are deﬁcient of the VEGF-A gene in the oncogeneexpressing β cells. In contrast to RT2/VEGFWT mice, the hyperproliferative lesions in RT2/VEGFRIPKO mice did not undergo
angiogenic switching and were typiﬁed by regions of necrosis and
hypoxia and increased apoptosis. This functional genetic test
clearly conﬁrms the importance of the inducing component of the
angiogenic switch.
We then assessed the roles of angiogenesis inhibitors for the
angiogenic switch, focusing on three: tumstatin, endostatin, and
thrombospondin-1. Putative receptors for the antiangiogenic
signals of endostatin and TSP1 were expressed throughout the
stages of islet tumorigenesis, whereas a key component of the
tumstatin receptor, the β3 integrin, was poorly expressed in incipient neoplasias and variably induced in solid tumors. We focused on the most well-established receptors for these three
EAIs in regard to their function of inhibiting angiogenesis, recognizing that we may not have addressed all of the possible receptor candidates for these proteins.
Having established the presence of the receptors and hence
the possibility for antiangiogenic signaling, we asked whether the
initial angiogenic switch and the maintenance of subsequent
tumor angiogenesis were responsive to these endogenous anXie et al.
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Fig. 5. Tumstatin and/or TSP1 deﬁciency affect the phenotype and the tumor spectrum of p53-deﬁcienct mice. (A) Survival curves of p53−/− (n = 14),
p53−/−/tumstatin−/− (n = 11), and p53−/−/tumstatin−/−/TSP1−/− (n = 7) mice.
Deﬁciency of tumstatin and TSP1 signiﬁcantly decreased the lifespan of p53deﬁcient mice. (B) Lymphomas from p53−/−, p53−/−/tumstatin−/−, and p53−/−/
tumstatin−/−/TSP1−/− were examined for vessel number by CD31 immunoﬂuorescence. (C) Vessels from the lymphomas were also analyzed for colocalization of CD31 with β3 integrin. Expression of the thrombospondin receptors
CD36 (D; 200× magniﬁcation) and CD47 (E; 400× magniﬁcation) were also
observed in lymphomas of p53−/− mice. Results are shown as mean ± SEM;
*P < 0.05, **P < 0.01. (Scale bar, 20 μM.) See also Fig. S3 and Table S1.

giogenesis inhibitors, by elevating their levels pharmacologically.
A peptide constituting endostatin activity and a core fragment of
TSP1 both inhibited angiogenic switching as well as subsequent
tumor angiogenesis and tumor growth, revealing the potential
activity of their signals in counterbalancing VEGF-A signaling in
vivo. Tumstatin did not affect initial angiogenesis in incipient
neoplasias, but was able to impair angiogenesis and growth of
solid tumors, consistent with the expression proﬁle of the αvβ3
receptor. Next, we asked whether the endogenous forms of these
inhibitors serve to regulate the angiogenic switch. Although the
number of vessels was increased in the angiogenic islets in both
collagen gene knockout settings but not in tumstatin-deﬁcient
RT2 mice (Fig. S6), none of these genetic deﬁciencies affected
the initial angiogenic switch in premalignant lesions. In contrast,
the absence of each EAI (and of the αvß3 integrin receptor) increased the growth rate of the solid tumors and reduced survival.
Our analyses of integrins α5 and β3 revealed that, in RT2
mice, integrin β3 is up-regulated from undetectable levels in the
normal islets and premalignant tumor stages to elevated and
then variable levels in small versus large tumors, as is also
reported in some human cancers (27). We further evaluated the
functional importance of β3 integrin in this situation by deleting
it in the context of the RT2 mice. Deﬁciency of the β3 integrin,
either early in tumor development or after genetic ablation,
makes the tumors resistant to tumstatin treatment. The fact that
pharmacological tumstatin inhibits the neovascularization of the
Matrigel plugs in RT2 mice, but without concurrently impacting
angiogenic switching in premalignant lesions in the pancreas
(Figs. 1B and 3), further suggests that differential expression of
vascular integrins in different states and/or bodily locations correlates with the susceptibility of that endothelium to particular
endogenous inhibitors. Whereas β3 integrin-null RT2 tumors are
resistant to tumstatin treatment, the ability of endostatin to inhibit
tumor growth in the absence of αvβ3, suggests that the observed
insensitivity to tumstatin is not a reﬂection of global vascular resistance. Interestingly, hypoxia is more prevalent in the tumor
stages than in the pretumor stages of islet tumorigenesis, concordant with up-regulation of β3 (Fig. S7), which suggests that the
HIF-dependent hypoxia response program might be capable of
directly or indirectly inducing expression of β3 in endothelial cells
and rendering the later tumors susceptible to inhibition by tumstatin. The overall functions of αvβ3 integrin in angiogenesis remain incompletely understood, with some results suggesting that
αvβ3 and αvβ5 integrins can promote angiogenesis and that their
inhibition can be antiangiogenic (28–30), whereas others suggest
that these two integrins are not necessary for angiogenesis and
may even act as negative regulators (10, 31–36). Both interpretations may be correct in different contexts; but the results
presented here and elsewhere (21, 37) show clearly that inhibition
of angiogenesis by tumstatin requires αvβ3 integrin.
To begin generalizing the conclusion from the RT2 model and
from traditional xenotransplant models (21, 38) that EAIs serve
as intrinsic barriers to tumorigenesis, we assessed the relationship between tumstatin and its receptor αVβ3 integrin in the
p53−/− mouse (26, 39). We found that, in the absence of tumstatin, p53−/− mice had increased incidence and growth of lymphomas, consistent with the fact that most of the vessels in
lymphomas expressed αVβ3; deletion of both tumstatin and
TSP1 in the p53 null mice led to even more aggressive lymphomas and a further decrease in lifespan.
Our data suggest a biphasic regulation of the angiogenic switch.
The initial activation of angiogenesis in incipient neoplasias is
largely dependent on inductive signaling by VEGF-A. Only one
of the three potentially counterbalancing inhibitory circuits was
present and active; the other two do not serve as natural barriers to
initial VEGF-dependent induction of angiogenesis, as revealed by
the gene knockouts. The second phase, operative in solid tumors,
involves the maintenance and intensiﬁcation of angiogenesis in

support of expansive tumor growth. In this phase, all three EAIs
function as components of the angiogenic regulatory mechanism,
counterbalancing the proangiogenic signals, as evidenced by the
effects both of their pharmacological elevation, which impair tumor growth, and of their ablation, which accelerates tumor growth
and diminishes survival of cancer-bearing mice.
Materials and Methods
Additional details are provided in SI Materials and Methods.
Transgenic Mice and Drug Treatment. All mice were on a C57BL/6 background
and were maintained at the Beth Israel Deaconess Medical Center, Massachusetts Institute of Technology animal facilities, and Osaka Medical Center
for Cancer and Cardiovascular Diseases under standard conditions. Animal
studies were approved by the institutional animal care and use committees of
Beth Israel Deaconess Medical Center, Massachusetts Institute of Technology,
and Osaka Medical Center for Cancer and Cardiovascular Diseases.
Peptides of human endostatin, human tumstatin, and TSP1 were used for
prevention trials (5.5–10 wk) and intervention trials (10–13.5 wk) with RT2
transgenic mice. To provide a circulating concentration of 10 μM,a dose of
1 mg/gram/day, 0.5 mg/gram/day, and 1.1 mg/gram/day for the tumstatin,
endostatin, and TSP1 inhibitors, respectively, was used in all of the pharmacological intervention experiments. At least six mice were used for each group.
For combination trials, SU10944 was prepared as previously described (40)
and EAI reagents were given as described above. Mice received treatment
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