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Endosialin/TEM1 was originally discovered as a human embryonic
fibroblast-specific antigen and was later found to be differentially
expressed in tumor stroma and endothelium. Endosialin/TEM1 over-
expression has been observed in many cancers of various tissue
origin, including colon, breast, pancreatic, and lung. The knockout
(KO) mouse model showed the absence of endosialin/TEM1 expres-
sion reduced growth, invasion, and metastasis of human tumor
xenografts. In addition, lack of endosialin/TEM1 led to an increase in
small immature blood vessels and decreased numbers of medium and
large tumor vessels. This abnormal angiogenic response could be
responsible for the reduced tumor growth and invasion observed in
endosialin/TEM1 KO mice, suggesting a role for endosialin/TEM1 in
controlling the interaction among tumor cells, endothelia, and stro-
mal matrix. Here we report the identification of fibronectin (FN) and
collagen types | and IV as specific ligands for endosialin/TEM1. More
importantly, cells expressing endosialin/TEM1 exhibit enhanced ad-
hesion to FN as well as enhanced migration through matrigel, al-
though these properties could be blocked by a humanized antibody
directed against human endosialin/TEM1. Our results pinpoint to a
molecular mechanism by which expression of endosialin/TEM1 in the
tumor stroma and endothelium may support tumor progression and
invasion.
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he process of angiogenesis, which is critical for physiological

tissue growth, wound healing, and embryonic development,
also is required for the formation of large solid tumors (1).
Within the developing capillary, extracellular matrix (ECM)
proteins serve as a structural scaffold for proliferating endothe-
lial and tumor tissues and, more important, provide support for
the growth of tumor cells. Therefore, anticancer strategies aimed
at disrupting these processes could result in effective therapies.

Endosialin/TEM1 (CD248) originally discovered as a human
embryonic fibroblast-specific antigen was later found to be differ-
entially expressed in tumor stroma and endothelium. The mono-
clonal antibody FB5, generated through immunization of mice with
human embryonic fibroblasts, was found to recognize an antigen,
named endosialin, present on tumor stromal cells (2). Subsequently,
examination of gene expression patterns in normal and neoplastic
tissue indicated up-regulation of endosialin/TEM1 mRNA expres-
sion in tumor neovessels (3). Similar endosialin/TEM1 expression
levels were noted in human colorectal cancer (4), breast cancer
tissues (5), and histiocytomas (6). Moreover, human endosialin
expression has been observed in highly invasive glioblastoma,
anaplastic astrocytomas, and metastatic carcinomas, including mel-
anomas (7, 8).

Tem1 knockout (KO) mice develop normally and exhibit normal
wound healing, suggesting that endosialin/TEM1 is not required for
neovascularization during fetal development or wound repair (9).
However, when colorectal cancer cells were implanted in the
abdominal sites of Teml KO mice, the loss of endosialin/TEM1
expression did correlate with a drastic reduction in tumor growth,
invasion, and metastases, compared with parental animals. These
results suggest that stromal- and/or endothelial-associated cells
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expressing endosialin/TEM1 support tumor growth and invasion
perhaps by the interaction with ECM structures.

In an effort to elucidate endosialin/TEM1 functions, we gener-
ated a fusion protein containing a murine y-heavy chain fused
inframe with the endosialin/TEM1 extracellular domain (Fc-
TEM1) to identify possible interactions with ECM proteins. We
also generated stable cell lines overexpressing endosialin/TEM1
and examined the ability of endosialin/TEM1 to mediate adhesion
to ECM proteins and migration of cells through matrigel.

Results

Identification of Endosialin/TEM1 Ligands. Endosialin/TEM1 is a
C-type, lectin-like, integral membrane receptor exhibiting a high
degree of O-linked glycosylation (10). Based on the observation
that the expression of endosialin/TEM1 is preferentially associated
with tumor vascular cells and that Tem! KO mice displayed a
reduced capacity to promote tumor invasion (9), we investigated
whether endosialin/TEM1 preferentially adheres to proteins com-
prising the ECM. To measure the direct binding of endosialin/
TEM1 with ECM proteins, we generated a soluble endosialin/
TEMI1 by fusing the N-terminal leader sequence and the entire
extracellular domain of endosialin/TEM1 to a murine y-heavy chain
(Fc-TEM1) [see supporting information (SI) Materials and Methods
and SI Fig. 10]. As shown in Fig. 14, Fc-TEM1 bound to collagen
(Col) I, Col IV, and fibronectin (FN) in a dose-dependent fashion,
whereas no binding was detected within the entire dose range to
laminin and vitronectin. Interestingly, although Fc-TEM1 was able
to bind to collagen, no detectable interaction was observed on
gelatin. None of four murine isotype IgG antibodies tested could
bind to any of the ECM proteins, ruling out the possibility that these
interactions were mediated by the murine Fc backbone of the
Fc-TEM1 fusion protein (data not shown). To confirm the selec-
tivity of the Fc-TEM1 and ECM protein interaction, we applied
Fc-TEM1 to ELISA plates coated with different purified proteins.
Fc-TEM1 did not bind to any of the proteins tested except for the
anti-mouse Fc used as a positive control (Fig. 1B). Taken together,
these results strongly suggested a specific interaction between
Fc-TEM1 and Col 1, Col IV, and FN.

We developed a humanized anti-endosialin/TEM1 antibody
(MORADb-004) that does not bind to other species homologs,
with the exception of nonhuman primates, and its binding
epitope has been mapped within the extracellular lectin domain
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Fig. 1. Fc-TEM1 binds to ECM proteins. (A) ELISA plates precoated with
different ECM proteins were blocked with ELISA buffer before the addition of
purified Fc-TEM1 protein at the indicated concentrations. After 2 h of incu-
bation, the plates were washed, and HRP-conjugated goat anti-mouse anti-
body was added to detect bound Fc-TEM1. FN, fibronectin; Col I/1V, collagen
I/IV; VN, vitronectin; LN, laminin; Gel, gelatin. (B) An ELISA plate was precoated
overnight with the following antigens: Staphylococcus Enterotoxin B (STEB),
ovalbumin (OVA), bovine y-globulin (BGG), tumor-associated 90-kDa glyco-
protein antigen expressed on most melanoma cells (TA90), hen egg lysozyme
(HEL), tetanus toxoid (TT), 1% BSA, human mesothelin, human GM-CSF, goat
19G, and mouse IgG. Fc-TEM1 was added at increasing amounts (5, 10, and 50
ng/ml) and allowed to adhere for 2 h. Plates were then washed, and HRP-
conjugated goat anti-mouse antibody was added to detect bound Fc-TEM1.

of endosialin/TEM1. A fusion protein containing the murine
v-heavy chain and only the lectin domain of endosialin/TEM1
also could bind to FN (data not shown). We reasoned that
MORAD-004 might be able to inhibit the specific interactions
between Fc-TEM1 and Col I or FN. Indeed, MOR Ab-004, but
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Fig.2. MORADb-004 Inhibits Fc-TEM1 binding to FN and Col I. First, 1.25 ug/ml
Fc-TEM1 was preincubated for 1 h at 4°C with increasing concentrations of
MORAD-004 or human IgG. The protein-antibody complex was then added to
an ELISA plate precoated with FN (A) or Col | (B). After 2 h of incubation at
room temperature, the plate was washed, and HRP-conjugated goat anti-
mouse antibody was added to detect bound Fc-TEM1.
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Fig.3. Mapping of FN/Fc-TEM1 interaction. (A) Proteolytic and recombinant
fragments derived from FN include the N-terminal 70-kDa fragment, the
30-kDa heparin-binding fragment, the 45-kDa gelatin-binding fragment
(both obtained from cryptic digestion of the 70-kDa fragment), the 120-kDa
fragment containing the cell-attachment domain, and two recombinant frag-
ments: Fn2, which contains the first seven FN type Ill domains, and Fn4, which
contains the site of interchain-disulfide bonds and the a4 integrin-binding
domain. (B and C) The protein fragments derived from native FN (B) or
denatured FN (C) were coated onto an ELISA plate at the indicated concen-
trations. Detection of intact, bound proteins was done by using an anti-FN
polyclonal antibody, followed by the addition of HRP-conjugated goat anti-
rabbit secondary antibody. Then 1.25 pug/ml Fc-TEM1 was added and allowed
to bind for 2 h. Plates were then washed, and HRP-conjugated goat anti-
mouse antibody was added to detect bound Fc-TEM1. Hatched bars (Fc-TEM1
native) represent Fc-TEM1 binding to nondenatured FN.

not human IgG; isotype control, blocked the binding of Fc-
TEM1 to both FN (Fig. 24) and Col I (Fig. 2B) in a dose-
dependent fashion. Similar to MOR Ab-004, a rabbit polyclonal
anti-endosialin/TEM1 antibody also inhibited Fc-TEM1 binding
to Col I and FN (data not shown). These results indicate that the
interaction between endosialin/TEM1 and Col I or FN is (i)
specific, (ii) mediated by the endosialin/TEM1 lectin domain,
and (iif) blocked by anti-endosialin/TEM1-specific antibodies.

Identification of FN Domains Involved in the Endosialin/TEM1 Inter-
action. FN is a large complex glycoprotein that exists as a dimer
covalently linked by a disulfide bridge at the C terminus of the
protein (11-13). FN fragments either derived from enzymatic
degradation or alternative splicing have been reported to be asso-
ciated with certain disease states and possess distinct biological
functions (13-15). To further characterize the domains within FN
that mediate endosialin/TEM1 binding, we examined the ability of
Fc-TEML1 to bind to several proteolytic FN fragments as illustrated
in Fig. 34. As shown in Fig. 3B, Fc-TEM1 could bind to the
amino-terminal 70-kDa fragment and its proteolytic cleavage prod-
ucts (45- and 30-kDa fragments). The extent of binding varied
among the different fragments and was less than that seen with the
whole FN molecule. In contrast, Fc-TEM1 did not bind to the
120-kDa FN fragment or to the recombinant fragments Fn2 or Fn4.

Tomkowicz et al.
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Fig. 4. MORADb-004 inhibits Fc-TEM1 binding to the 70-kDa FN fragment.
Whole FN and the 70-kDa FN protein fragment were coated onto an ELISA
plate at a fixed concentration of ~15 nmol per well for both proteins. Then
1.25 ng/ml Fc-TEM1 was preincubated at 4°C for 1 h, with increasing amounts
of MORADb-004 or isotype control 1gG. The Fc-TEM1/MORAb-004 (A) or Fc-
TEM1/1gG (B) complexes were then added to FN and 70-kDa-coated wells and
incubated for 2 h at RT. Bound Fc-TEM1 protein was detected by the addition
of HRP-conjugated goat anti-mouse secondary antibody.

This lack of binding was unlikely due to uneven coating or degra-
dation because all FN fragments were strongly detected by an
anti-FN polyclonal antibody (Fig. 3B). These data suggest that the
FN domain involved with the interaction with endosialin/TEM1
resides within the 70-kDa amino-terminal portion. The reduced
binding capacity upon further digestion of the 70-kDa fragment
indicates that Fc-TEM1 may bind to a region located in close
proximity to the proteolytic cleavage site or that TEM1 recognizes
conformationally dependent epitopes within the amino terminus of
FN, which is altered after further digestion. To test this notion, we
examined the ability of Fc-TEM1 to bind to reduced forms of FN
proteins. Although anti-FN antibody was able to recognize reduced
FN, indicating equivalent coating, the binding of Fc-TEM1 was
completely ablated (Fig. 3C). Similar to FN whole protein,
MORAD-004 could block Fc-TEM1 binding to the 70-kDa frag-
ment in a dose-dependent manner (Fig. 44), whereas an isotype
control antibody had no effect (Fig. 4B). Based on these observa-
tions, we conclude that Fc-TEMI1 recognizes conformationally
dependent epitopes located within the amino terminus of FN that
could be impaired upon further proteolytic degradation.

Cell-Surface FN Is Found Associated with Endosialin/TEM1. We gen-
erated CHO-TEM1 cells stably expressing endosialin/TEM1 (ver-
ified by FACS with MOR Ab-004 antibody) (Fig. 54). We examined
the level of cell-surface FN by flow cytometry in parental CHO-K1
and CHO-TEMI cells by using a polyclonal anti-FN antibody. We
observed 15-20% higher levels of surface FN in CHO-TEMI1 cells,
compared with CHO-K1 cells constantly (data not shown). Next,
we tested whether the cell-surface FN could be associated with
endosialin/TEM1. Using an anti-FN antibody, we immunoprecipi-
tated FN from both CHO-K1 and CHO-TEM1 lysates, followed by
Western blot using the same antibody (Fig. 5B Upper) or an
anti-TEM1 antibody (Fig. 5B Lower), and found that FN could
coimmunoprecipitate endosialin/TEM1 from CHO-TEM1 cell ly-
sates. In contrast, in cell lysates immunoprecipitated with a normal
IgG that did not pull down FN, no endosialin/TEM1 could be
detected. In summary, two independent approaches (ELISA and
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Fig. 5. Endosialin/TEM1 expressed in CHO cells interacts with FN. (A) Stable

CHO-K1 transfectants were examined by FACS for surface expression of en-
dosialin/TEM1. Cells were suspended in PBS plus 1.0% FBS and incubated with
10 pg/ml MORADb-004 for 1 h at 4°C, followed by addition of FITC-conjugated
goat anti-mouse secondary antibody. (B) For immunoprecipitation (IP), poly-
clonal antibodies against FN were absorbed to protein G Sepharose beads. We
subjected 107 cells to overnight IP at 4°C, followed by Western blot analysis
with either the anti-FN (Upper) or anti-endosialin/TEM1 (Lower) antibodies.

coimmunoprecipitation) provide strong evidence of the FN and
endosialin/TEM1 interaction. Similar results were obtained by
using HEK293T cells ectopically expressing endosialin/TEM1 (data
not shown).

CHO Cells Expressing Endosialin/TEM1 Cultured on Matrigel Form
Web-Like Structures. Although no differences in growth or survival
were observed between parental CHO-K1 and CHO-TEM1 cells
cultured on plastic surface, a drastically different morphology was
seen when these cells were cultured on matrigel. Parental CHO-K1
cells grew into isolated cell clusters with minimal protrusions after
2 days of culturing (Fig. 6 Upper), whereas CHO-TEM1 cells grew
into clusters forming a web-like network (Fig. 6 Lower Left). In
addition, CHO-TEM1 cells within the cluster exhibited protrusions
reaching out to other clusters (Fig. 6 Lower Right). Interestingly,
over time, CHO-TEMI1 cells, but not CHO-K1 cells, moved closer
to each other to form larger clusters (data not shown).

Expression of Endosialin/TEM1 Enhances Cell Adhesion to FN. Because
Fc-TEM1 showed the ability to bind to FN and collagens, we next
assessed the potential effect of endosialin/TEM1 expression on cell
adhesion by using an array of ECM proteins. We harvested both
CHO-K1 and CHO-TEML1 cells with nonenzymatic dissociation
buffer and added an equal number of cells to wells precoated with
ECM proteins. After 1 h, the number of adherent CHO-TEM1 cells
was 6-fold higher than the number of parental CHO-K1 cells in
wells coated with FN (Fig. 74). We did not observe significant
differences in adhesion between CHO-K1 and CHO-TEM1 on
surfaces coated with laminin or vitronectin, whereas adhesion to
collagens and tenascin was too weak to assess any valuable differ-
ences (Fig. 74). Pretreatment of CHO-TEM1 cells with MOR Ab-

CHO-TEM1

Fig.6. Expression of endosialin/TEM1 changes cell morphology on matrigel.
We seeded 8 X 104 cells of either CHO-K1 (Upper) or CHO-TEM1 (Lower) onto
a 96-well plate coated with matrigel and incubated them at 37°C. After
overnight incubation, the wells were photographed for macroscopic exami-
nation of tubule formation.
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Fig. 7. Expression of endosialin/TEM1 enhances FN-dependent cell adhe-
sion. (A) Cells were added to a precoated 96-well plate containing various ECM
proteins. The cells were allowed to adhere for 1 h at 37°C, and wells were
washed extensively to remove any loosely bound cells. The number of at-
tached cells was determined by using the CellTiter-Glo Luminescent Cell
Viability Assay. Col, collagen; FN, fibronectin; LN, laminin; TN, tenascin; VN,
vitronectin; Neg, BSA. (B) To determine whether MORAb-004 blocks endosia-
lin/TEM1-mediated cell adhesion to FN, cells (1.5 X 10°) were preincubated for
1 h at 4°C with 100 ug/ml MORAb-004 or 100 ng/ml IgG isotype control
antibody. After pretreatment, cells were added to a 96-well plate coated with
FN and incubated for 1 h at 37°C. (C) The region within FN that mediates
adhesion of endosialin/TEM1-positive cells was determined by precoating
96-well plates with equimolar amounts of protein fragments derived from
whole FN, and the number of attached cells was determined as described
before. Matrigel served as a positive control.

004 resulted in a 50% reduction of TEM1/FN-dependent cell
adhesion, whereas IgG control antibody had no effect (Fig. 7B).
Expectedly, MORAD-004 treatment did not affect the FN-
dependent, endosialin/TEM1-independent cell adhesion (baseline
adhesion) of parental CHO-K1 cells. Next, we precoated plates with
equimolar amounts of whole FN, FN proteolytic fragments, and
matrigel. CHO-TEMI1 cells showed a 3- to 5-fold increased adhe-
sion to FN, 70-, or 30-kDa fragments, compared with parental
CHO-KI1 cells, whereas no significant adhesion was seen to 45-kDa
or Fn2 fragments. Expectedly, CHO-TEMI1 cells also bound to
matrigel five times better than CHO-K1 (Fig. 7C). Overall, these
data indicate that endosialin/TEM1 enhances the adhesion of cells
to extracellular matrices and that the amino terminus of FN is
involved with these interactions.

Expression of Endosialin/TEM1 Enhances Cell Migration Through Ma-
trigel and FN. Because CHO-TEMI1 cells displayed a different
morphology (Fig. 6) and adhere better to matrigel (Fig. 7), we
assessed whether endosialin/TEM1 changed the migration charac-
teristics of CHO-TEM1 cells versus parental CHO-K1 cells seeded
on transwell chambers coated with matrigel. Under these condi-
tions, CHO-K1 cells exhibited modest migration, whereas CHO-

17968 | www.pnas.org/cgi/doi/10.1073/pnas.0705647104
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Fig. 8. MORAb-004 inhibits endosialin/TEM1-mediated cell migration. The
ability of MORADb-004 to inhibit the migration of CHO-TEM1 and CHO-K1 cells
through matrigel (A) or FN-coated (B) membranes was determined. Cells were
added to the top chamber and allowed to migrate for 48 h at 37°C. The mem-
brane was removed, and the number of migrated cells was determined by using
the CellTiter-Glo Luminescence Cell Viability Assay. Where indicated, cells were
treated with MORAb-004 or IgG isotype control for the duration of experiment.

TEM1 cells showed >10-fold enhanced migration (Fig. 84).
MORAD-004 treatment, but not control IgG, abolished CHO-
TEMI cell migration. Similar results were observed in migration
experiments by using transwell chambers coated with FN (Fig. 8B).

Expression of Endosialin/TEM1 Enhances Matrix Metalloproteinase 9
(MMP 9) Activity. Endosialin/TEM1, MMP 2, and Col IV have been
shown to colocalize in tissue areas characterized by finger-like
protrudence of early angiogenic processes (16). This finding sug-
gests a possible functional association between endosialin/TEM1
expression and MMP activity in early angiogenesis and cell-
migration processes. We sought to investigate whether MMP
activity was changed in CHO-TEM1 cells. Fig. 9 shows that MMP
9 activity was indeed significantly enhanced in CHO-TEM1 cells,
compared with parental CHO-K1 cells in an MMP zymography
assay. The enhanced MMP 9 activity correlated with increased

CHO-
HO-K1 MMP-2/
cHo TEM-1 °

<— proMMP-9 (180kDa)

<«— (unknown band)

<— (unknown bands)

« MMP-9 (92kDa)

<«— proMMP-2 (68kDa)
«— MMP-2 (62kDa)

Fig. 9. Expression of endosialin/TEM1 enhances MMP 9 activity. Superna-
tants from serum-starved CHO-TEM1 or CHO-K1 cells were subjected to gel-
atin zymography to assess the activation state of MMPs. Equal amounts of
protein supernatant collected after 48 h were loaded onto a gelatin-
containing gel and subjected to electrophoresis under nonreducing/
nondenaturing conditions. The positive MMP 2/9 marker (right lane) served as
a control for MMP 2/9 migration and activity. Arrows indicate pro and active
forms of MMP 2/9 and protease bands of unknown origin.
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secretion of MMP 9 protein in the supernatant of CHO-TEM1 cells
as measured by an MMP-specific ELISA (data not shown). Taken
together, these data suggest that induced MMP 9 secretion may
contribute to the enhanced migration capability of CHO-TEM1
cells through matrigel and FN-coated transwells.

Discussion

The Tern1 KO mouse model unveiled a biological role of endosialin/
TEML1 in tumor progression. Our study aimed at elucidating the
molecular mechanism by which endosialin/TEM1 supports this
function. The data we generated demonstrate that FN, and specif-
ically its 70-kDa amino terminus, as well as Col I and Col IV serve
as ligands of endosialin/TEM1; expression of endosialin/TEMI1 in
cells increases their ability to adhere to extracellular matrices;
expression of endosialin/TEM1 increases cell migration through
the extracellular matrices; endosialin/TEM1-dependent cell adhe-
sion and migration can be blocked by an anti-TEM1 monoclonal
antibody; and expression of endosialin/TEM1 enhances MMP 9
activity.

Integrins (e.g., aufB1, asP1) are well characterized receptors that
mediate FN-dependent cell adhesion (12, 13). In addition, an
unidentified cellular receptor has been functionally described that
binds the N-terminal 70-kDa region (17) and is required to expose
the cryptic integrin-binding site (RGD motif) of soluble FN in-
volved with FN-integrin and FN-FN interactions (18, 19). We have
now identified endosialin/TEMI1 as a receptor that interacts with
the N-terminal 70-kDa FN region and enhances FN-dependent cell
adhesion. Therefore, the enhanced FN binding measured in our
cellular systems in vitro could be the result of a sequential interac-
tion with endosialin/TEM1 and integrins. We hypothesize that the
interaction between endosialin/TEM1 and the N-terminal 70-kDa
portion of soluble FN could be responsible for initiating the
assembly of FN into a multimeric, high-affinity form able to bind
integrins. Future studies would have to confirm the presence of this
cooperation between integrins and endosialin/TEM1 in binding FN
in vivo.

We have not yet identified a common motif in FN, Col I, or Col
IV required for endosialin/TEM1 binding. However, we have
observed that Fc-TEM1 could no longer bind collagen if this finding
has been denatured by heat (gelatin). Similarly, further digestion of
the N-terminal 70-kDa fragment into its proteolytic 30- and 45-kDa
fragments drastically reduced Fc-TEM1 binding. These observa-
tions suggest that the presence of a conformation-dependent motif
in both the FN and Col molecules is responsible for the endosialin/
TEMLI interaction.

FN is a multifunctional protein capable of interacting with
various cell-surface receptors, as well as with other components of
the ECM, which in turn mediate cell adhesion, migration, survival,
and proliferation (12, 13). The N-terminal 70-kDa fragment of FN
can bind cells with the same affinity as intact FN, but cannot
polymerize into the ECM (19). It has been shown that both intact
soluble FN and its proteolytic fragment containing the gelatin-
binding domain, which resides in the N-terminal 70-kDa fragment,
possess the ability to stimulate fibroblast cell migration through a
Col I-coated transmembrane (20). Gray et al. (21) isolated a protein
named migration-stimulating factor from fetal tissue and breast
cancer patients, which they later characterized as being expressed
in carcinomas and tumor-associated stromal cells and resembled an
FN isoform encompassing the entire sequence of the N-terminal
70-kDa fragment of FN (22). Because endosialin/TEM1 overex-
pression in cells strongly increases their ability to migrate through
FN- or matrigel-coated transwells, one could speculate that this
effect is mediated by the interaction of endosialin/TEM1 with a
putative soluble 70-kDa FN isoform. However, we speculate that
the endosialin/TEM1-mediated migration is the result of multiple
effects, including cell adhesion, cell protrusion (see Fig. 6), che-
motaxis, and/or induction of gelatinases, consistent with the obser-
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vation that protease activity, specifically MMP 9, is enhanced in
cells overexpressing endosialin/TEM1.

Recently, endosialin/TEM1 expression also has been found to be
associated with pericytes during fetal and tumor angiogenesis (16,
23). The function of pericytes is to provide physiological and
structural support to mature blood vessels as well as the framework
to link the neovessel to the basement membrane (24, 25). In fact,
disruption of pericyte development and recruitment through abla-
tion of critical signaling pathways, such as PDGFB and NG2,
dramatically reduced normal and pathological angiogenesis (26). It
is interesting to note that the absence of endosialin/TEM1 expres-
sion in Teml KO mice resulted in a significant increase in the
number of small and immature tumor vessels and a decrease of
larger and mature vessels, indicating an involvement of endosialin/
TEM1 in tumor microvasculature maturation (9). Our findings
suggest that endosialin/TEM1 and FN interaction may regulate
some of the events leading to pericyte/endothelium interactions
required for tumor vessel maturation.

Based on the results presented here, a model for endosialin/
TEMI1 function during tumor progression can be proposed. The
expression of endosialin/TEM1 is first induced (by yet unknown
factors) in cells associated with endothelium and stromal fibroblasts
present in actively remodeling tissues, such as invasive tumor. The
interaction between endosialin/TEM1 and ECM components, such
as FN, modulates tissue proteases activity; creates an interface
among stromal fibroblast, pericytes, and endothelial cells within the
tumor tissue microenvironment; and, in turn, mediates cell attach-
ment and migration during tumor invasion and metastasis. Based
on this model, endosialin/TEM1-blocking antibodies, such as
MOR Ab-004, could serve as useful therapeutic agents to counter-
act cancer growth and progression.

Materials and Methods

Cells and Reagents. CHO-K1 cells from American Type Culture
Collection (Manassas, VA) and LA1-5S from the Sloan—Kettering
Institute were maintained in RPMI supplemented with L-
glutamine, 1% minimal essential amino acids, sodium pyruvate,
nonessential amino acids, and 10% heat-inactivated FBS (Invitro-
gen, Carlsbad, CA). Full-length human plasma-purified FN and
120-kDa cell attachment FN fragment proteins were purchased
from Chemicon International (Temecula, CA); proteolytic 30-, 45-,
and 70-kDa fragments were purchased from Sigma-Aldrich (St.
Louis, MO); and the recombinant human FN fragments 2 and 4
were purchased from R&D Systems (Minneapolis, MN). The
human IgG; monoclonal antibody used as an isotype control for
MOR ADb-004 was purchased from Sigma—Aldrich.

Generation of Stable Cell Lines. We electroporated 3 X 10° cells with
10 pg of linearized plasmid DNA in a 0.4-mm electroporation
cuvette. A pulse of 170 V/1,000 uF was delivered by using a Gene
Pulser (Bio-Rad, Hercules, CA). Electroporated cells were allowed
to recover for 24 h, after which 5 ug/ml Blasticidin-resistant clones
(Invitrogen) were selected. Endosialin/TEM1 expression was ver-
ified by FACS, and cells were sorted for high expression.

ELISA. Precoated FN, Col I, Col IV, laminin, gelatin (BD
Biosciences, San Diego CA), or vitronectin (Millipore Corpo-
ration, Billerica, MA) on 96-well plates were used to assess
Fc-TEM1 binding. The binding of TEM1 to Col I, Col I'V, and
FN was not due to trace contaminants in the purified protein
from human plasma because neither Col I nor Col IV was
detected in FN by anti-Col antibody ELISA, nor was FN
detected in Col (data not shown). In experiments using FN
fragments, equimolar amounts of proteins were diluted in
coating buffer [50 mM carbonate-bicarbonate (pH 9.4)], added
to an ELISA plate (Greiner Bio-One, Monroe, NC), and
incubated overnight at 4°C. All plates were blocked with assay
buffer (0.5% BSA/0.5% Tween 20 in PBS) for 2 h before the
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addition of fusion proteins. After 1 h of incubation at room
temperature, the plates were washed, and HRP-goat anti-
human IgG (H+L) antibody (Jackson ImmunoResearch Lab-
oratories, West Grove, PA) was added for 1 h. Color devel-
opment was assessed by using the SureBlue TMB Peroxidase
Substrate (KPL, Gaithersburg, MD). For inhibition experi-
ments, protein was pretreated with MORAb-004 or human
IgG (Jackson ImmunoResearch Laboratories) at the indicated
concentrations for 1 h before being added to the ELISA plates.
Antigen-specific ELISAs were performed by coating TPP
Immunomini ELISA plates with 1 ug/ml Staphylococcus En-
terotoxin B vaccine, 2 pg/ml bovine vy-globulin, 2 pg/ml
tumor-associated 90-kDa glycoprotein antigen expressed on
most melanoma cells (TA90), 2 ng/ml hen egg lysozyme, 1:500
dilution of tetanus toxoid, 1% BSA, 0.2 wg/ml human me-
sothelin, 2 wg/ml ovalbumin, 1 wg/ml human GM-CSF, 2 ug/ml
goat IgG, and 2 pg/ml mouse IgG dissolved in bicarbonate-
coating buffer (pH 9.6) (Sigma—Aldrich) overnight at 4°C. The
plates were washed three times with washing buffer (contain-
ing 0.5% Tween 20) and blocked with 1X assay buffer for 2 h
at room temperature, and ELISA was performed as described
above.

Flow Cytometry. Cells were harvested in cell dissociation buffer
(Invitrogen), washed, and resuspended in ice-cold PBS plus 1%
FBS. Cells were incubated for 1 h on ice with the primary antibody,
10 png/ml MOR Ab-004, washed, incubated with FITC-conjugated
goat anti-human secondary antibody (Southern Biotech, Birming-
ham, AL), and then analyzed on an EasyCyte Flow Cytometer
(Guava Technologies, Hayward, CA).

Immunoprecipation and Western Blot Analysis. We lysed 107 cells in
radioimmunoprecipitation (RIPA) buffer [50 mM TrisHCI (pH
7.4)/1% Nonidet P-40/0.5% sodium deoxycholate/150 mM NaCl/
0.1% SDS] supplemented with Complete Mini protease inhibitor
mixture (Roche Diagnostics, Indianapolis, IN) and centrifuged
them at 13,000 X g for 15 min to remove debris. Protein G
Sepharose 6 Fast Flow Beads (Amersham Biosciences, Piscataway,
NJ) were washed three times with PBS, and 1 ug of anti-FN
antibody was captured by gentle rocking at 4°C. Equal amounts of
protein per sample were precleared by the addition of unbound
protein G. After 2 h of incubation, the protein G was removed, and
the supernatant was added to the antibody—Sepharose complex and
incubated overnight at 4°C. After extensive washing with RIPA
buffer, the bound protein was removed by boiling for 10 min in
NuPAGE LDS sample buffer (Invitrogen) containing 5% 2-mer-
captoethanol. Proteins were separated by using SDS/PAGE on a
4-12% Bis-Tris gel (Invitrogen) and transferred to PVDF mem-
brane. Immunoblotting was conducted by using rabbit polyclonal
antibodies specific for FN (Abcam, Cambridge, MA) or TEM1 (in
house), detected with a goat anti-rabbit HRP-conjugated antibody,
and visualized using SuperSignal West Pico chemiluminescent
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substrate (Pierce, Rockford, IL). The integrity and purity of soluble
Fc-TEM1 also was monitored by Western blot. Five micrograms of
protein was boiled for 5 min in 4X NuPage LDS Sample buffer
(Invitrogen) containing 5% 2-mercaptoethanol subjected to elec-
trophoresis on a NuPage 4-12% Bis-Tris gel (Invitrogen) and
transferred to PVDF membrane, and immunoblotting was per-
formed as described before.

FN-Mediated Adhesion assays. We washed 1.5 X 10° cells per well
and suspended them in PBS containing Mg?*/Ca?*, added in
quadruplicate to an ECM Cell Adhesion Array Kit (Millipore
Corporation), plated on individually coated FN, laminin, gelatin,
and Col I plates (BD Biosciences), and allowed to adhere for 1 h.
To assess adhesion to FN fragments, equimolar amounts of protein
fragments were precoated overnight and then blocked for 2 h with
PBS containing 10 mg/ml BSA. Cells were added for the indicated
periods of time and, after incubation, each well was washed five
times with PBS. The number of cells in each well was measured by
using CellTiter-Glo (Promega, Madison, WI) according to the
manufacturer’s instructions. Where indicated, cells were preincu-
bated with antibody for 1 h before the start of the assays.

Migration Assay. The BD BioCoat Tumor Invasion System and
Human FN-coated cell culture inserts (BD Bioscience) were
used to assess TEM1-mediated migration of cells. Briefly, cells
were harvested with nonenzymatic cell dissociation buffer and
diluted to a concentration of 4 X 10° cells per ml in growth media
supplemented with 2% FBS, and 500 ul of cell suspension was
added to the top chamber of the membrane insert. To create a
gradient, growth media containing 20% FBS was added to the
bottom chamber. Cells were incubated for 48 h, after which
the insert was removed and cells that had migrated through the
coated membrane were counted by using CellTiter-Glo (Pro-
mega). Cells were pretreated with antibody as indicated in the
figure legend, and migration was assessed in the continual
presence of antibody. To examine the formation of tubules on
matrigel, 8 X 10* cells per well were added to a 96-well plate
coated with matrigel (BD Bioscience), incubated overnight, and
photographed at X200-400 magnification.

MMP Zymography. MMP activity was assessed from culture super-
natants of cells. Briefly, 4 X 10° cells per milliliter were seeded into
a six-well plate (Costar, Cambridge, MA) and allowed to adhere,
after which time they were washed and serum free-media was
added. After 48 h, culture supernatants were collected, and equal
volumes were subjected to gelatin and casein zymography (Invitro-
gen) under nonreducing conditions as indicated by the manufac-
turer’s instructions. The gelatinase zymography standards, human
MMP 2 and MMP 9 (Chemicon International), were used as a
control to assess activity.
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