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Tumstatin is an angiogenesis inhibitor that binds to �v�3 integrin
and suppresses tumor growth. Previous deletion mutagenesis
studies identified a 25-aa fragment of tumstatin (tumstatin pep-
tide) with in vitro antiangiogenic activity. Here, we demonstrate
that systemic administration of this tumstatin peptide inhibits
tumor growth and angiogenesis. Site-directed mutagenesis iden-
tified amino acids L, V, and D as essential for the antiangiogenic
activity of tumstatin. The tumstatin peptide binds to �v�3 integrin
on proliferating endothelial cells and localizes to select tumor
endothelium in vivo. Using 3D molecular modeling, we identify a
putative interaction interface for tumstatin peptide on �v�3 inte-
grin. The antitumor activity of the tumstatin peptide, in combina-
tion with bevacizumab (anti-VEGF antibody), displays significant
improvement in efficacy against human renal cell carcinoma xeno-
grafts when compared with the single-agent use. Collectively, our
results demonstrate that tumstatin peptide binds specifically to the
tumor endothelium, and its antiangiogenic action is mediated by
�v�3 integrin, and, in combination with an anti-VEGF antibody it
exhibits enhanced tumor suppression of renal cell carcinoma.

angiogenesis � �v�3 integrin � bevacizumab � tumstatin peptide

Tumor angiogenesis is a hallmark of tumor growth and
metastasis (1). There are currently several antiangiogenic

agents approved for human cancer therapy, but their effect is
modest and short-acting, with therapy resistance generally de-
veloping within a few months. Thus, further research is required
to improve the efficacy of antiangiogenic therapy and to identify
genetic alterations that are likely to predict the therapeutic
outcome for cancer patients.

We previously identified and characterized tumstatin as an
endogenous antiangiogenic agent derived from the noncollag-
enous (NC1) domain of the �3 chain of type IV collagen (2).
Tumstatin is an inhibitor of endothelial cell proliferation and
suppresses the growth of various tumor types in mice (2, 3). It
binds to endothelial cells via �v�3 integrin, and this binding is
speculated to be important for its antiangiogenic activity [see
supporting information (SI) Table S1]. Integrins are a family of
cell adhesion molecules. All integrins are heterodimeric trans-
membrane proteins, always consisting of an � and a � subunit,
and �v�3 integrin on endothelial cells is one such heterodimer
(4). The heterodimer formation is essential for mediating out-
side-in cell signaling (5). The efficacy of tumstatin is profoundly
increased in tumors above the size of 500 mm3, correlating with
increased endothelial �v�3 integrin expression at this stage (6).
Although the C-terminal half of tumstatin exhibits direct tumor
cell cytotoxicity, the antiangiogenic activity of tumstatin resides
in the N-terminal half, restricted to amino acids 74–98 and
termed the T7 peptide (3, 7). The T7 peptide (referred to as
tumstatin peptide in this report) and the full length tumstatin
protein have an equivalent antiproliferative effect on endothelial

cells in vitro, and the inhibition of protein synthesis in endothelial
cells is mediated by the tumstatin peptide (3, 8).

The current experiments were designed to identify the critical
amino acids within tumstatin that confer antiangiogenesis activ-
ity and define the antiangiogenic and antitumor activity of
tumstatin peptide. Additionally, we explored the endothelial
binding characteristics of the tumstatin peptide in both the in
vitro and in vivo settings. Combination of tumstatin peptide with
anti-VEGF antibody was also explored for possible improvement
in antitumor efficacy.

Results
Tumstatin Peptide Inhibits Tumor Growth. A putative structure
representing tumstatin and containing the tumstatin peptide is
shown in Fig. 1A. Tumstatin peptide significantly inhibits the
growth of SCC-PSA1 teratocarcinomas, when compared with
sham treatment (Fig. 1B). To test for tumstatin peptide speci-
ficity, an efficacy experiment was conducted by using a selective
antitumstatin peptide antibody. The use of antitumstatin peptide
but not the preimmune sera significantly reversed the effects of
the tumstatin peptide (Fig. 1C), indicating that tumstatin peptide
specifically inhibits tumor growth (9).

Site-Directed Mutagenesis of Tumstatin Peptide Identifies L, V, and D
as the Critical Amino Acids for Antiangiogenesis and Antitumor
Activity. Homology information derived from sequence compar-
ison between tumstatin and the NC1 domain of �5 chain of type
IV collagen, which lacks antiangiogenic activity (10), led to the
identification of amino acids that might contribute to the anti-
angiogenic activity of tumstatin. Using rationale site-directed
mutagenesis, we embarked on mapping the crucial amino acids
within the tumstatin peptide and constructed seven different
sequence variants. Within the 25 aa of tumstatin, the L, V, and
D amino acids were found to be essential for the antiangiogenic
activity (Table 1). In proliferation assays, the MIN mutant
peptide (tumstatin mutant peptide) does not exhibit any activity,
whereas the tumstatin peptide inhibits proliferation of endothe-
lial cells by �50% (Fig. 1D). Next, we demonstrate that the
tumstatin mutant peptide is incapable of inhibiting growth of
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syngenic Lewis lung carcinoma (LLC) tumors in mice, when
compared with the tumstatin peptide (Fig. 1E). This suppression
of tumor growth by the tumstatin peptide is also associated with
a decrease in microvessel density (Fig. 1F and Fig. S1).

Next, we used full-length tumstatin to specifically mutate
amino acids L, V, and D within the tumstatin peptide region and
replaced them with M, I, and N amino acids respectively (to
mimic the NC1 domain of the �5 chain of type IV collagen) (Fig.

2 A and B). As shown in the 3D model of tumstatin, these amino
acids are part of the putative exposed tumstatin peptide region
of the protein (Fig. 2 A and B). Using 293 embryonic kidney
epithelial cells, we expressed the recombinant tumstatin and
recombinant tumstatin-MIN (mutant) proteins and used the
proteins in endothelial proliferation assays. Recombinant tum-
statin inhibits endothelial proliferation by almost 60%, whereas
the recombinant tumstatin mutant does not exhibit this activity,
further supporting the hypothesis that the L, V, and D amino
acids are critical for the antiangiogenesis activity of tumstatin
(Fig. 2 C and Inset).

Fig. 1. Tumstatin peptide inhibits tumor growth and tumor angiogenesis.
(A) Predicted secondary structure of tumstatin. The tumstatin peptide is
indicated by the yellow box and highlighted in green. Secondary structure
elements are colored beige (strands), purple (�-helices), and gray (coil) and
labeled according to convention (9). (B and C) The effect of tumstatin peptide
(TP) on SCC-PSA1 teratocarcinoma growth. Tumor growth curves show the
mean tumor volume � SEM, n � 13–15. From day 25, the tumstatin peptide-
treated mice were given preimmune serum (PI) or a tumstatin peptide specific-
antibody (aTP) together with tumstatin peptide, n � 4–5. *, P �0.05 compared
with aTP�TP; **, P � 0.01 compared with PBS/DMSO. (D) The importance of
tumstatin peptide sequence for antiendothelial activity. C-PAE cells were
incubated with tumstatin peptide or tumstatin peptide mutant and cell
proliferation was assessed. *, P � 0.05 and **, P � 0.01, compared with
tumstatin peptide mutant at the same concentration. (E) The effect of tum-
statin peptide, tumstatin peptide mutant and sham treatment on LLC tumor
growth. Tumor growth curves show the mean tumor volume � SEM, n � 8. *,
P � 0.05 compared with control or tumstatin peptide mutant; **, P � 0.01
compared with control or tumstatin peptide mutant. (F) The effect of tum-
statin peptide and tumstatin peptide mutant on microvessel density (per �200
high-power field) in LLC tumors on day 32. **, P � 0.01 compared with control
or tumstatin peptide mutant–ANOVA analysis.

Table 1. Site-directed mutagenesis of tumstatin peptides and their action on endothelial cell
proliferation

Tumstatin peptide Amino acid sequence Endothelial cell inhibition*

T7 TMPFLFCNVNDVCNFASRNDYSYWL ����

T7-mutant 1 (MIN) TMPFMFCNINNVCNFASRNDYSYWL -
T7-mutant 2 (MI) TMPFMFCNINDVCNFASRNDYSYWL -
T7-mutant 3 (IN) TMPFLFCNINNVCNFASRNDYSYWL �

T7-mutant 4 (N) TMPFLFCNVNNVCNFASRNDYSYWL �

T7-mutant 5 TMPFLFCNVNDVCNFASRNDAK -
T7-mutant 6 TMPFLYCNPGDVCYYASRNDKSYWL �

T7-mutant 7 TLPFAYCNIHQVCHYAQRNDRSYWL ��

*Percentage inhibition of endothelial cell proliferation (C-PAE cells), relative to tumstatin peptide, at 33 �M
concentration. �, no activity; �, �25% of tumstatin peptide activity; ��, 25–50% of tumstatin peptide activity;
���, 50–75% of tumstatin peptide activity; ����, maximal activity of tumstatin peptide (T7).

A B C

D E F

Fig. 2. Identification of amino acids responsible for the anti-angiogenesis
property of tumstatin. (A and B) Electrostatic surface representation of the
tumstatin and the tumstatin mutant protein homology models. Surface
charges are shown as: blue, positive; and red, negative. The tumstatin peptide
region is indicated by the yellow rectangle, and the point-mutated residues
are indicated by arrows. In the tumstatin peptide mutant and tumstatin
mutant protein, amino acids L (78), V (82) and D (84) were replaced with amino
acids M, I and N, respectively. The V to I mutation is not visible in this
orientation of the surface model (indicated by gray letters). (C) The impor-
tance of tumstatin peptide sequence for the anti-endothelial activity of
tumstatin. Cell proliferation in C-PAE cells incubated with tumstatin or tum-
statin mutant protein was assessed. **, P � 0.01, compared with tumstatin
mutant protein at the same concentration. (Inset) Recombinant production of
tumstatin and tumstatin mutant protein. Using standard Western blot pro-
cedure, 500 ng of protein was run in each lane on a 15% acrylamide gel, and
an anti-FLAG antibody was used with anti-mouse IgG linked to horseradish
peroxidase (Sigma), as primary and secondary antibody, respectively. Lane 1,
tumstatin mutant; lane 2, tumstatin. (D–F) Tumstatin peptide (TP) binding to
endothelial cells preexposed to tumstatin or tumstatin mutant protein. C-PAE
cells were incubated with FITC-tumstatin peptide (D), tumstatin (E), or tum-
statin mutant protein (F) before addition of FITC-tumstatin peptide. An
anti-FLAG antibody was used to visualize tumstatin and tumstatin mutant
protein. Green: FITC-tumstatin peptide; red: anti-FLAG (tumstatin and tum-
statin mutant protein). Confocal microscopy.
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Endothelial Cells Have a Binding Site for Tumstatin Peptide. To
address the capacity of tumstatin peptide to bind endothelial
cells, we synthesized a FITC-conjugated tumstatin peptide
(FITC-tumstatin peptide). FITC-tumstatin peptide and tumsta-
tin peptide inhibit endothelial cell proliferation at comparable
levels, demonstrating that the antiangiogenic activity of tumsta-
tin peptide is not compromised when conjugated to FITC
(Fig. S2).

To analyze the binding capacity of tumstatin peptide, endo-
thelial cells were incubated with recombinant full-length tum-
statin or tumstatin mutant protein followed by FITC-tumstatin
peptide. Although tumstatin peptide by itself exhibited extensive
binding to endothelial cells, the binding was significantly reduced
when preincubation was performed with recombinant full-length
tumstatin (Fig. 2 D–F). These results demonstrate that endo-
thelial cells can bind tumstatin peptide, and that tumstatin
peptide and full-length tumstatin protein share a binding site on
the endothelial cells. However, endothelial cells also partially
bind to the recombinant tumstatin mutant protein (Fig. 2F),
demonstrating that the mutations within the tumstatin peptide
sequence disrupt the activity, but not the entire binding capacity
of the protein to the proliferating endothelium. Furthermore,
antitumstatin antibodies inhibit the attachment of endothelial
cells to tumstatin peptide-coated culture plates in a dose-
dependent manner, when compared with control antibodies
(Fig. S3). This result demonstrates that endothelial cells have a
binding site for the tumstatin peptide.

Tumstatin Peptide Binds to �v�3 Integrin on Proliferating Endothelial
Cells. Previous studies have demonstrated that tumstatin binds to
�v�3 integrin on endothelial cells, in an Arg-Gly-Asp (RGD)-
independent manner (7). Endothelial cells show similar attach-
ment capacity to culture plates precoated with either native
tumstatin or tumstatin peptide and tumstatin mutant protein or
tumstatin mutant peptide (Fig. S4). Preincubation of endothelial
cells with an �v�3 integrin antibody inhibited the attachment to
both peptide and full-length tumstatin protein, whereas prein-
cubation with �2 integrin subunit antibody did not inhibit
binding to endothelial cells (Fig. S4). These results indicate that
tumstatin binds to �v�3 integrin on endothelial cells via the
tumstatin peptide subunit. Using confocal microscopy, we fur-
ther confirmed that FITC-tumstatin peptide colocalizes with
�v�3 integrins on the endothelial cell surface (Fig. S5). Finally,
the SSC-PSA1 teratocarcinoma cell line was found to lack
expression of the �v and �3 integrin subunits, and the �v�3
integrin dimer (Fig. S6), excluding tumor cell cytotoxicity as the
reason for tumor growth inhibition (Fig. 1B).

We demonstrate that FITC-tumstatin peptide binds only to
proliferating endothelial cells and not to a 100% confluent
culture of endothelial cells that are contact-inhibited and express
VE cadherin on the cell surface (Fig. S7). When endothelial cells
are proliferating (40% confluency), FITC-tumstatin peptide
binding is robust and extensively colocalized with �v�3 integrin
on the cell surface (Fig. S7). Upon reaching 100% confluency,
the expression of �v integrin subunit and FITC-tumstatin pep-
tide binding becomes negligible (Fig. S7). These results suggest
that proliferating endothelial cells specifically express �v�3
integrin and such robust expression disappears when the endo-
thelial cells cease to proliferate at 100% confluency, a time point
at which the expression of endothelial cell adhesion molecule,
VE cadherin, is the highest. Concomitantly, the binding of
FITC-tumstatin peptide decreases as the cells reach 100%
confluency. Collectively, these results suggest that the capacity
of tumstatin peptide to bind proliferating endothelial cells
correlates with the expression of �v�3 integrin. Furthermore,
colocalization studies with FITC-tumstatin peptide and tumor
vascular markers (CD31 and entactin) demonstrate that tum-
statin peptide binds only to a subset of the endothelial cells (Fig.

S8). BrdU labeling (to assess for cells in a proliferative state)
reveals that the tumstatin peptide mostly binds to proliferating
tumor endothelium (Fig. S8).

Next, we examined the binding capacity of FITC-tumstatin
peptide to blood vessels during pathological and physiological
(repair-associated) angiogenesis in mice. We demonstrate that
FITC-tumstatin peptide binds to angiogenic vessels of LLC
tumors and also angiogenic vessels associated with Matrigel plug
assays (Fig. S9). Interestingly, FITC-tumstatin peptide did not
bind to angiogenic vessels associated with liver regeneration and
wound healing in mice (Fig. S9). This observation is in accor-
dance with our previous observation that, whereas tumor and
Matrigel plug-associated angiogenic vessels express �v�3 inte-
grin in a subset of their neovasculature, the physiological repair-
associated, angiogenic vessels do not express �v�3 integrin (6).

FITC-tumstatin peptide was used as a therapeutic in mice with
LLC tumors (see above). Therefore, we evaluated whether
FITC-tumstatin peptide localizes to any other vasculature in
tumor-bearing mice, after systemic administration. Examination
of �35 different tissue locations in these mice reveals that
FITC-tumstatin peptide specifically binds to tumor-associated
angiogenic vessels and not to normal organ vasculature in the
mice (Fig. S9).

The ability of FITC-tumstatin peptide to bind to tumor
angiogenic vessels of tumstatin deficient (collagen IV-�3�/�)
and heterozygous (collagen IV-�3�/�) mice with LLC tumors
was compared (Fig. S10). Absence of endogenous tumstatin in
the collagen IV-�3-deficient mice leads to significantly more
FITC-tumstatin peptide localization when compared with the
tumors in the heterozygotes. These results indicate that in
heterozygous mice, endogenous tumstatin attaches to some of
the neovessels and contributes to physiological control of tumor
angiogenesis, whereas in mice lacking tumstatin, all putative
�v�3 integrin-binding sites are free and available for increased
FITC-tumstatin peptide attachment.

The crystal structure of the extracellular domain of �v�3
integrin and its complex with the common RGD peptide ligand
motif was solved a few years ago (11). The crystal structure of the
NC1 domain hexamer of type IV collagen from human placenta
is also reported (12). We used the combined information to
generate a 3D homology model of the putative binding site of
tumstatin and tumstatin peptide to �v�3 integrin (Fig. 3). The
T7 peptide region of tumstatin protrudes out of the putative
structure of tumstatin and interacts with a surface groove on the
�3 domain of �v�3 integrin, and this potential binding site is
distinct from the RGD peptide attachment locus (11). In our
model, the negatively charged D (84) side chain of tumstatin
peptide interacts with a positively charged manganese ion (Fig.
3 Inset). Mutation of this residue to N (D3N) would be expected
to disrupt this interaction. Substitution of L (78) with a bulkier
M side chain (L3M) would also have a disruptive effect on the
metal-binding site by steric interaction with D (126) (on the �3
subunit of �v�3 integrin), which coordinates the manganese
atom. In contrast, it is difficult to determine what effect, if any,
the conservative mutation of leucine to isoleucine (V3I) at
position 78 will have on the interaction with the �3 integrin
subunit.

Combination of Tumstatin Peptide with Anti-VEGF Antibody Provides
Enhanced Antitumor Activity. The 786 human renal cell carcinoma
xenografts on athymic nude mice were used to assess combina-
tion treatment of tumstatin peptide with an anti-VEGF antibody
(Fig. 4 A and B). The mice were administered tumstatin peptide
and/or an anti-VEGF antibody (bevacizumab, Avastin) for 5
weeks to assess the long-term effects and toxicity associated with
this treatment regimen. The mice tolerated the combined ther-
apy, without overt toxicity or weight loss (data not shown). In the
786 tumors, tumstatin peptide or anti-VEGF antibody sup-
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pressed tumor growth but without statistical significance,
whereas the combination of the two demonstrated a significant
tumor growth inhibition, when compared with other treatment
arms (Fig. 4B). These results provide strong preclinical evidence
for a possible combined efficacy of tumstatin peptide and
anti-VEGF antibody.

Discussion
Tumstatin is a member of a class of proteins and factors known
as endogenous angiogenesis inhibitors (15). In this report, we

demonstrate that the antiangiogenic activity of tumstatin resides
within the T7 peptide region of this protein fragment and is
further associated with amino acids L, V, and D. Several
mutagenesis experiments were designed to validate that the L, V,
and D amino acids are important for the antiangiogenic activity
of tumstatin. The L, V, and D amino acids of tumstatin peptide
are critical for the activity mediated via �v�3 integrin on
proliferating endothelium. The tumstatin peptide binds specif-
ically to proliferating endothelial cells on the tumor-associated
vasculature, and the inhibition of angiogenesis and tumor growth
is associated with the expression of �v�3 integrin on tumor
endothelial cells. Using 3D modeling, we examined how tum-
statin may interact with its integrin receptor, but the exact
binding site and interaction characteristics must await cocrys-
tallization of tumstatin and �v�3 integrin. Collectively, our study
provides biochemical data to support the notion that tumstatin
is an endogenous angiogenesis inhibitor that requires �v�3
integrin for its action (6). Furthermore, our data suggest that a
therapeutic regime combining tumstatin with currently ap-
proved antiangiogenic agents, such as the anti-VEGF antibody
bevacizumab (Avastin), may provide enhanced tumor growth
suppression and delay in cancer progression.

Malignant neoplasms have multiple signaling pathways that
are up-regulated simultaneously (16, 17). Therefore, blocking
just one signaling axis likely results in up-regulating or further
escalating other pathways (18–20). This is one possible expla-
nation for the lack of long-term efficacy of angiogenesis inhib-
itors, such as anti-VEGF antibodies, in the clinic. In this regard,
�80% of renal cell carcinoma patients respond to anti-VEGF
and IFN-� combination treatment, with disease stabilization.
Nevertheless, only 10–20% of the patients exhibit an objective
tumor regression (21, 22). Tumstatin is directly cytotoxic to the
tumor endothelium, inhibiting protein synthesis (8), whereas
bevacizumab indirectly affects the tumor vasculature by blocking
the VEGF ligand secreted by various cell types within the tumor
(23). Additionally, blocking VEGF signaling causes vascular
normalization within malignant tumors, and could increase the
amount of tumstatin peptide reaching the tumor via improved
tumor perfusion (24). Therefore, adding tumstatin peptide in a
combination therapy mixture is likely a viable strategy to prolong
the therapeutic response of bevacizumab.

Identification of the critical amino acids responsible for the
antiangiogenesis action of tumstatin provides us an opportunity
to evaluate for possible SNPs involving the L, V, and D amino
acids in a general human population and cancer patients.
Variations in the tumstatin gene sequence could result in
compromised endogenous angiogenesis inhibition, leading to
enhanced rate of tumor progression, as demonstrated for en-
dostatin (25, 26). Such genetic screening for SNPs might identify
individuals who would benefit from supplemental recombinant
tumstatin or tumstatin peptide to control the rate of tumor
growth.

Materials and Methods
In Vivo Tumor Trials. For the in vivo tumor experiments, one million SCC-PSA1
teratocarcinoma (SP), LLC, or 786 human renal cell carcinoma (786-O) cells
were injected s.c. on the back of SV129 (SP), C57/BL6 (LLC), and Nu/Nu (786-O)
mice, respectively. The LLC tumors were further grown on both collagen IV-�3
deficient (�/�) and heterozygous (�/�) littermate control mice. Further
information is listed in SI Methods.

Production of Recombinant Tumstatin, Tumstatin Mutant, and Synthetic Pep-
tides. Two sets of primers were created for two individual PCR amplifications.
The first set of primers was designed to amplify a sequence from 40 to 255 bp
of tumstatin and to mutate the amino acids L (78), V (82), and D (84) to MIN
in the antiangiogenic tumstatin peptide region. The PCR was started 40 bp
into the gene sequence to delete several amino acids from the N terminus of
tumstatin, which are not part of the antiangiogenic NC1 domain (2). The

Fig. 3. Tumstatin interaction with �v�3 integrin. 3D modeling of the po-
tential interaction between tumstatin and �v�3 integrin and surface diagram
of the ligand binding site. The �v and the �3-domains of �v�3 integrin are
shown as beige and gray surfaces, respectively. The noncompetitive RGD
peptide is a magenta stick model. The tumstatin peptide region of tumstatin
is shown in yellow, and the LVD amino acids of tumstatin peptide are green
sticks. The manganese atoms interacting with the RGD and tumstatin peptides
are shown as cyan spheres. The surfaces were calculated with the program
GRASP (13) and used as input for Povscript� (14). The final images were
ray-traced in POV-Ray (www.povray.org). (Inset) Diagram illustration of the
tumstatin peptide interaction with the �3 integrin subunit of �v�3 integrin.
The amino acids of the �3 integrin subunit that interact with the manganese
atom are shown as sticks colored blue, whereas the backbone of �3 integrin
is depicted in gray. The tumstatin peptide is shown in yellow, with the LVD
amino acids colored green. D (84) of tumstatin peptide is shown to interact
with the manganese atom in the �3 subunit of �v�3 integrin.

Fig. 4. Improved antitumor efficacy of combined therapy with anti-VEGF
antibody and tumstatin peptide. (A) The effect of combination antiangio-
genic therapy in 786 human renal cell carcinoma. Tumor growth curves show
the mean relative tumor volume � SEM, n � 5–7. The tumor volume when
treatment was started is normalized on the y axis. **, P � 0.02, compared with
the control group. (B) The time for 786 human renal cell carcinomas to reach
a tumor volume of 750 mm3. Bars depict the mean � SEM, n � 5–7. **, P � 0.02,
compared with the control group.
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second set of primers was designed to amplify a sequence from 205 to 735 bp,
thus creating the second half of the tumstatin molecule.

Products from the above two PCRs were used as templates for one-third PCR
where the forward primer of the first PCR and the reverse primer of the second
PCR were combined. This third PCR was designed to obtain a mixed pool of
products containing no mutations (tumstatin, 40–735 bp) or a tumstatin MIN
mutant (tumstatin-MIN, 40–735 bp). The PCR products were cloned into a
PCEP-PU vector modified to contain a BM40 signal sequence and a FLAG-tag.
This construct was used to transfect 293 human embryonic kidney cells.
Positive clones were selected for puromycin resistance, as described in ref. 2.
Supernatant collected from these cells was purified by using an anti-FLAG
column and eluted with FLAG peptide. Fractions were collected, dialyzed, and
concentrated for Western blot analysis and use.

The tumstatin peptide, FITC-conjugated tumstatin peptide and tumstatin
peptide mutants were synthesized and purified by HPLC at the Tufts University
Core Facility (Boston).

Cell Proliferation Assay. Bovine pulmonary arterial endothelial cells (C-PAE
cells) were stimulated by using VEGF and bFGF and incubated with tumstatin
protein, tumstatin mutant protein, tumstatin peptide, or tumstatin peptide
mutants for 48 h, after which the number of viable cells was counted. For
further details, see SI Methods.

In Vitro Competitive Cell Binding of Tumstatin and Tumstatin Mutant Protein vs.
FITC-Tumstatin Peptide. C-PAE cells were preincubated with 30 �g/ml of
full-length tumstatin or tumstatin mutant protein for 20 min at 37°C, before
adding 30 �g/ml of FITC-tumstatin peptide to the medium and incubating for
further 20 min. As a positive control, C-PAE cells were incubated with only
FITC-tumstatin peptide for 20 min. The cells were thereafter fixed in acetone.
Tumstatin binding was visualized by using a mouse anti-FLAG antibody
(Sigma) for 1 h at room temperature, followed by a rhodamine-conjugated
anti-mouse IgG secondary antibody (Jackson Immunoresearch) for 1 h at room
temperature and analyzed by confocal microscopy.

Cell Attachment Assays. C-PAE cells were preincubated with 1, 5, 10, or 50
�g/ml of polyclonal antitumstatin peptide or antitumstatin antibody, or con-
trol rabbit IgG (preimmune serum) for 15 min at room temperature, before
plating them in 96-well plates precoated 2 h with tumstatin peptide (50 �g/ml)
or bovine serum albumine (BSA). The cells were thereafter incubated for 45
min to allow cell attachment. The percentage of cell attachment was detected
by methylene blue staining and calculated based on optical density at a wave
length of 655 nm. For further details, see SI Methods.

In a separate experiment, using the same protocol as above, C-PAE cells
were preincubated with 10 �g/ml of a mouse monoclonal antibody to human
�2 integrin subunit (clone P1E6), �v�3-integrin (clone LM609), or control
mouse IgG for 15 min (all antibodies: Chemicon) before plating them in
96-well plates precoated overnight with 50 �g/ml of recombinant protein
(tumstatin or tumstatin mutant) or synthetic peptide (tumstatin peptide or

tumstatin peptide mutant). The percentage of cell attachment was deter-
mined as described above.

In Vitro Binding of Tumstatin Peptide and Dependence on Cell Proliferation
Status. C-PAE cells were grown to 40% or 100% confluency on eight-chamber
slides (Lab-Tek). After preincubation with FITC-tumstatin peptide, the cells
were fixed and then incubated with a monoclonal mouse anti-human �v
integrin subunit (Chemicon) or a polyclonal goat anti-human VE-cadherin
(Santa Cruz Biotechnology) primary antibody. Subsequently, the immunore-
action was detected by using rhodamine-conjugated secondary antibodies
(Jackson Immunoresearch), and the sections were analyzed by confocal mi-
croscopy. For further details, see SI Methods.

For comparative integrin labeling of SP and C-PAE cells, the above staining
procedure was employed using monoclonal mouse anti-human �v integrin
subunit or �v�3 integrin antibodies (Chemicon), hamster anti-mouse �3 inte-
grin subunit antibody (BD PharMingen), and corresponding fluorescent IgG
secondary antibodies (Jackson Laboratories).

Molecular Modeling. The crystal structure of the [(�1)2�2]2 NC1 [Protein Data
Bank (PDB) ID 1LI1] (residues 2–229 of chain A) was used to generate a
homology model for tumstatin by using the program MODELLER 9v3 (27). The
model with the lowest value of the object function was chosen for blind-
docking simulations performed by using the fast Fourier transformation
methodology as implemented in the program GRAMM (28). The homology
model for tumstatin was chosen as the ligand, and the �3 domain from the
crystal structure of �v�3 integrin in complex with the RGD-peptide (PDB ID
1L5D) as the receptor.

BrdU and FITC-Tumstatin Peptide Distribution Experiments. Animals were killed
90 and 45 min after i.v. injection of BrdU and FITC-tumstatin peptide, respec-
tively. LLC tumors (from collagen IV-�3 (�/�) and (�/�) mice), Matrigel plugs,
regenerating liver tissue and skin wound tissue was collected and processed
for microscopy. For further details, see SI Methods.

Statistics. We used the nonpaired Student’s t test in comparison between the
means. The Mann–Whitney test was used where a normal distribution of the
data was not evident. ANOVA was used to determine statistical differences
between more than two groups. A P � 0.05 was considered statistically
significant.
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