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Abstract

We recently identified genes encoding tumor endothelial markers
(TEMs) that displayed elevated expression during tumor angiogenesis.
From both biological and clinical points of view, TEMs associated with the
cell surface membrane are of particular interest. Accordingly, we have
further characterized four such genes, TEM1, TEM5, TEM7, and TEMS,
all of which contain putative transmembrane domains. TEM5 appearsto
be a seven-pass transmembrane receptor, whereas TEM1, TEM7, and
TEMS8 span the membrane once. We identified mouse counterparts of
each of these genes, designated mTEM1, mTEM5, mTEM7, and mTEMS.
Examination of these mTEMsin mouse tumors, embryos, and adult tissues
demonstrated that three of them (MTEM1, mTEM5, and mTEMS8) were
abundantly expressed in tumor vessels aswell asin the vasculature of the
developing embryo. Importantly, expression of these mTEMs in normal
adult mouse tissues was either undetectable or detected only in a small
fraction of the vessels. These results demonstrate conservation of human
and mouse tumor angiogenesis at the molecular level and support theidea
that tumor angiogenesis lar gely reflects normal physiological neovascula-
turization. The coordinate expression of TEM1, TEM5, and TEM8 on
tumor endothelium in humans and mice makes these genes attractive
targets for the development of antiangiogenic therapies.

Introduction

Inhibition of tumor angiogenesis as an anticancer strategy has
generated much excitement among cancer researchers and clinicians.
This enthusiasm stems from severa theoretical advantages of target-
ing the endothelia cells that line tumor vessels rather than the tumor
cells themselves (reviewed in Refs. 1 and 2): (a) targeting endothelial
cells rather than tumor cells obviates many of the pharmacokinetic
problems associated with drug delivery (3); (b) asignificant bystander
effect can also be expected because each endothelial cell supports the
growth of many tumor cells; and (c) targeting the geneticaly stable
endothelial cells should reduce the likelihood of developing resistant
disease and should be applicable to a wide variety of tumor types (4,
5). However, redlization of the full potential of antiangiogenic ap-
proaches will require a better understanding of the molecular differ-
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ences between normal and tumor vessels, effective strategies to ex-
ploit these differences, and model systems in which to evaluate them.

To further understand human tumor angiogenesis, we recently
conducted an unbiased gene expression analysis of endothelia cells
isolated from normal human colonic tissue or from human colorectal
cancers (6). This analysis identified 46 transcripts, named TEMs,®
which were significantly up-regulated in tumor compared with normal
endothelium. The majority of these genes had not been characterized
previously. Expression of several of these TEMsin tumor endothelium
was confirmed by reverse transcription-PCR and in situ hybridization.
TEMs localized on the cell surface and conserved across species are
of particular interest for future therapeutic approaches for two
reasons. (a) cell surface targets are directly accessible via the blood-
stream, facilitating detection as well as intervention with both small
molecules and macromolecular compounds; and (b) conservation of
such cell surface proteins allows the establishment of model systems
that are required for preclinica development and testing. In this
regard, rodent tumor models are the gold standard, but the extent of
overlap between tumor angiogenesisin rodents and humansis unclear.

With these principlesin mind, we set out to identify a series of cell
surface TEMs that were structurally and functionally conserved in
mouse and human tumor endothelium. To find such genes, we ex-
panded the sequence of the most differentially expressed novel TEMs
and used hydrophobicity plots to predict cell surface localization. We
then identified and determined the sequence of the mouse counterparts
of these genes and used in situ hybridization to examine mRNA
expression patterns in murine tumors, embryos, and adult tissues.
These studies identified three cell surface TEMs that had similar
propertiesin both species and provide new evidence that angiogenesis
in tumors is similar to normal developmental angiogenesis.

Materials and Methods

Identification of Human TEMs. Partial sequences were completed by per-
forming 5 RACE with the Marathon cDNA Amplification kit (Clontech, Pao
Alto, CA) according to the manufacturer’s protocol with Marathon-Ready cDNA
from human fetal brain (Clontech) as atemplate. RACE products were sequenced
using the Big Dye Terminator Cycle Sequencing Ready Reection kit (Applied
Biosystems, Fogter City, CA) and analyzed in an ABI 3700 automated sequencer.
Extending the EST sequences identified previoudy by the TEM3 tag revealed
this to be a longer version of the TEM7 transcript, derived from a second
polyadenylation site. TEM7R EST sequences were identified by homology to
TEM7 using tBLASTn of the National Center for Biotechnology Information
database, and the complete sequence was identified using RACE.

Identification of Mouse TEMs. Mouse ESTs homologous to human TEM1,
TEMS, TEM7, and TEM8 were identified using BLASTn and tBLASTn searches.
Extensve 5’ and 3' RACE analysis was performed using the Marathon cDNA
Amplification kit (Clontech) to identify the complete sequences. RACE was
performed using mouse specific internal primers and Marathon-Ready cDNA
prepared from a xenografted human lung cancer (Clontech).

3 The abbreviations used are: TEM, tumor endothelial marker; RACE, rapid amplifi-
cation of cDNA ends; EST, expressed sequence tag; DIG, digoxigenin; VEGFR, vascular
endothelia growth factor receptor; GPCR, G protein-coupled receptor; LRR, leucine-rich
repeat; VWF, von Willebrand factor; SAGE, serial analysis of gene expression.
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Fig. 1. Predicted structures of TEM1, TEM5, TEM7, and TEM8. Domain sizes are
approximate. C-LECT, C-lectin like domain; EGF, epidermal growth factor-like domain;
LRR CT, LRR COOH-terminal type; |G, immunoglobulin-like domain; Horm R, hormone
receptor domain; GPS, GPCR proteolysis site; NIDO, nidogen-like domain; PD, plexin-
like domain; VWA, von Willebrand A domain.

Bioinformatics. Amino acid alignments were performed using the Clust-
aW program (7). Hydrophobicity plots were created using DAS software (8).
Signal peptides were determined using the SignalP program (9). Domain
structures were found using SMART software (10) and Pfam software (11).
Signaling sites were predicted using Scansite software (12).

In Situ Hybridization. DIG-labeled antisense RNA probes were generated
by PCR amplification of 500—600-bp products incorporating T7 promoters into
the antisense primers. In vitro transcription was performed with DIG RNA labeling
reagents and T7 RNA polymerase according to the manufacturer’s instructions
(Roche, Indianapalis, IN). Tumorsand normal tissues were dissected, embedded in
OCT, frozen in adry ice-methanol bath, and cryosectioned a 7 wm. Embryoswere
prefixed in buffered 4% paraformaldehyde, infused with 20% sucrose overnight,
rinsed in PBS, embedded in OCT, and cryosectioned. All sections were immedi-
ately fixed with 4% paraformaldehyde, permesbilized with pepsin, blocked with
ISH solution (Dako, Carpinteria, CA), and incubated with RNA probes (100
ng/ml) overnight at 55°C. After washing twice in 2X SSC and then once in TNE
buffer [10 mm TrissHCI (pH 7.5), 500 mm NaCl, and 1 mv EDTA], sectionswere
incubated at 37°C with RNase mixture (Ambion, Austin, TX) diluted 1:35in TNE.
Slides were gtringently washed twice in 2X SSC/50% deionized formamide
(American Bioandytical, Natick, MA) and then once with 0.1X SSC at 55°C.
Before immunodetection, tissues were treated with peroxidase blocking reagent
(DAKO) and blocked with 1% blocking reagent (Roche; DIG Nucleic Acid
Detection kit) containing purified, nonspecific rabbit immunoglobulins (DAKO).
For signa amplification, a horseradish peroxidase-rabbit anti-DIG antibody
(DAKO) was used to catayze the deposition of Biotin-Tyramide (GenPoint kit;
DAKO). Further amplification was achieved by adding horseradish peroxidase-
rabbit anti-biotin (DAKO), biotin tyramide, and then akaline phosphatase rabbit
anti-biotin (DAKO). Signal was detected with the dkaline phosphatase substrate
Fast Red TR/Napthol AS-MX (Sigma Chemical Co., St. Louis, MO). All sections
were exposed for 10 min. Cells were counterstained with hematoxylin and
mounted with Crystal/Mount (Biomeda, Foster City, CA).

Results

Identification of Cell Surface TEMs. Using SAGE technology,
we previously identified partial cDNAs corresponding to several
novel genes (TEM1-8) that were expressed in tumor endothelial cells
(6). Because many cell surface proteins have their signal sequences at
the NH, terminus, it was important to obtain full-length clones to
determine which of these would likely be located on the cell surface.
The 15-bp SAGE tags from the eight most abundantly expressed
novel TEMs were used to identify corresponding 3’ EST clones, and
then a combination of in silico cDNA walking and 5' RACE was used
to derive sequences covering the entire coding region. Four TEMs
(TEM1, TEM5, TEM7, and TEM8) had sequence characteristics,

including signal recognition sequences and transmembrane domains,
indicative of cell surface proteins (Fig. 1 and Table 1). Additionaly,
the presence of the signal peptides confirmed that we had identified
the complete open reading frames of these genes. Each of these four
TEMs was unique with respect to each other and to other proteinsin
the databases.

TEM1 was predicted to encode a type | transmembrane protein of
757 amino acids (Table 1). The majority (685 amino acids) of the
sequence was predicted to be extracellular, with only a short COOH-
terminal cytoplasmic tail. A homology search revesled that the extra-
cellular region of TEM1 has three EGF-like domains, as well as a
C-lectin-like carbohydrate recognition domain with similarity to
thrombomodulin (Fig. 1). In addition, amino acids 164-230 bear
weak homology to a Sushi/SCR/CCP domain.

TEMS is predicted to encode a seven-pass transmembrane protein
of 1331 amino acids (Table 1). The hydrophobic domains lie within a
300-amino acid region that shares homology with seven-pass trans-
membrane proteins of the secretin family (class I1) of GPCRs (13),
suggesting that TEM5 aso may be a GPCR. In the NH,-terminal
extracellular region, TEM5 contains four simple LRRs, one LRR of
the COOH-terminal type, one immunoglobulin-type domain, and a
hormone-receptor domain (Fig. 1). The 300-amino acid region con-
taining the LRRs shares homology with the membrane glycoprotein,
known as LIG-1 (14), and the secreted SLIT proteins (15). In the
extracellular region immediately adjacent to the first transmembrane
domain, TEM5 contains a putative GPCR proteolysis site (16) domain
typical of class Il family members and required for endogenous
proteolysis (Ref. 17; Fig. 1). Within its seven-pass transmembrane
region, TEM5 is most similar to the cadherin-related Celsrl proteins
(18-20) and members of the cal cium-independent «-latrotoxin recep-
tor family (21). Taken together, these data suggest that TEM5 islikely
to be a novel member of the GPCR superfamily involved in trans-
mitting signals across the cell membrane, although its function as a
G-protein coupled receptor remains to be proven.

Similar to TEM1, TEM7 was found to encode a type | transmem-
brane protein with a large extracellular domain, a hydrophobic trans-
membrane domain, and a short cytoplasmic tail (Fig. 1 and Table 1).
The extracellular region of TEM7 contains a plexin-like domain and
has weak homology to the ECM protein nidogen. The function of
these domains, which are usually found in secreted and extracellular
matrix molecules, is unknown. Interestingly, during the course of
performing 5" RACE to extend the sequence identified previously by
the TEM3 SAGE tag, we obtained sequences of the gene we had
identified previously as TEM7. Further investigation revealed that
TEM3 and TEM7 represent aternative transcripts of the same gene,

Table1l Structural characteristics of TEMs

Name Accession no. Signal peptide ~ TM domains ~ AA® length
Human
TEM1 AF279142 Y 1 757
TEM2 AF279143 N 0 278
TEM3P AF378753 Y 1 500
TEM4 AF378754 N 0 1510
TEMS5 AF378755 Y 7 1331
TEM6 AF378756 N 0 261
TEM7 AF279144 Y 1 500
TEM7R AF378757 Y 1 529
TEMS8 AF279145 Y 1 564
Mouse
mTEM1 AF378758 Y 1 765
mMTEM5 AF378759 Y 7 1329
mTEM7 AF378760 Y 1 500
MTEM7R AF378761 Y 1 530
mTEM8 AF378762 Y 1 562

aAA, amino acid.
> TEM3 encodes an alternate transcript of TEM7.
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Table 2 In situ hybridization of adult mouse tissues

Normal adult tissues® Tumors

Name % iden® Ad Br H | Ki-C Ki-M Li Lg M P Sp St B16 HCT
mTEM1 7 + + + + - — — + + + - — +++ +4++
mMTEMS 87 - + + + - - - + + + - - +++°
mTEM7 81 - +++9 - - - — - - - _ - _ _ _
mTEM7R 91 - +€ + + - - + +++ +++ + + - ND' +++
mTEM8 96 - + + + - - - + + + - - +++°
VEGFR N/A +++ ++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++

2 The percentage of amino acid identity to homologous human TEMs.

b — no endothelial cell staining detected; +, weak positive staining of endothelial cells; + +, moderate staining of endothelial cells; +++, strong staining of endothelial cells. Ad,
adrena gland; B, brain; H, heart; |, intestine; Ki-C, kidney cortex; Ki-M, kidney medullg; Li, liver; Lg, lung; M, skeletal muscle; P, pancreas; Sp, spleen; St, stomach; HCT, HCT116

human colon carcinoma xenograft; B16, B16 mouse melanoma tumor.

¢ Endothelial cells were strongly positive; some B16 tumor cells were also weakly positive.
d strong staining localized to the Purkinje cells of the cerebellum and some neuronal cells.

€Weak staining localized primarily to Purkinje cells.
"ND, not determined.

with the differences simply attributable to the use of alternative
polyadenylation sites. Because the predicted open reading frame of
the two transcripts was the identical 500-amino acid protein, we refer
to the gene product of both as TEM7.

Finally, completion of the TEM8 sequence also revealed a type |
transmembrane protein (Fig. 1 and Table 1), 564 amino acids in
length. The 220-amino acid cytoplasmic tail of TEMS8 is much larger
than that of the other cell surface TEMs. In the extracellular region,
TEM8 was found to contain a VWF A domain containing a metal
ion-dependent adhesion motif (MIDAS; Refs. 22 and 23). The vVWF A
domain is aso known as an [-domain when present in integrins (24).
The TEM8 domain is most similar to that of aD integrin, which has
been shown to interact with vascular cell adhesion molecule via its
I-domain during leukocyte trafficking (25).

Identification of Mouse TEMs. We next searched for the mouse
orthologues of the human cell surface TEMs. In all four cases, it was
possible to identify highly related mouse ESTs in extant databases
and, as with the human TEMs, a combination of in silico cDNA
walking, and both 3" and 5" RACE were used to derive sequences
covering the entire coding region (Table 1). All four mouse TEMs
(MTEM1, mTEM5, mTEM7, and mTEM8) shared the same domain
structures as their human counterparts. The hydrophobicity plots were
also similar to those observed for the human genes, with putative
signal peptides at the start and transmembrane domains present in the
same relative positions (data not shown). Although TEM1 was the
least similar overall, both the NH,-terminal C-lectin like domain of
the extracellular region as well as its COOH-terminal transmembrane
and cytoplasmic tail were >90% identical. A highly conserved rat
EST (GenBank accession number BF388781) was aso found to
extend across the COOH-terminal region and revealed that the last 20
amino acids of the cytoplasmic tail are 100% identical in mouse,
human, and rat. Although the function of the COOH terminus is
unknown, it includes a consensus sequence for binding of some PDZ
domains (26). TEM5 was most homologous through its LRR repeats
and transmembrane domains, suggesting that these regions might play
a conserved functional role. TEM8 was the most highly conserved
overall, sharing 96% amino acid identity between mouse and human
(Table 2). The high degree of identity between the mouse and human
TEMs and their functional conservation in tumor angiogenesis (de-
scribed below) suggest that they are likely to be orthologues.

Identification of mMTEM7R and TEM7R. During the course of
searching for a TEM7 homologue in mouse, we identified an apparent
mouse paralogue (MTEM7R), indicating that TEM7 is part of afamily
comprised of at least two members. On the basis of this observation,
we went on to discover a human sequence highly related to mMTEM7R,
which we designated TEM7R (Table 1). Interestingly, all four se-
quences (TEM7, mMTEM7, TEM7R, and mTEM7R) shared significant

homology over 270 amino acids of their putative extracellular do-
mains, athough the most NH_-terminal regions were divergent (data
not shown). The plexin-like domains lie within the conserved NH_-
terminal region. The cytoplasmic tail isalso conserved but is unrelated
to other known proteins. Importantly, TEM7R and mTEM7R both
contain putative signal peptides and transmembrane regions in the
same relative positions as TEM?7.

TEMs in Tumor Angiogenesis. To confirm the mRNA localiza-
tion of the full-length cell surface TEMs in tumor endothelium and to
explore the expression of TEM7R, we modified our nonradioactive
in situ hybridization technique to achieve increased sensitivity (see
“Materials and Methods’ for details). Acquisition of the complete
sequences for TEM1, TEM5, TEM7, TEM7R, and TEM8 allowed usto
compare multiple RNA probes, further improving the sensitivity of
thein situ hybridization protocol. As contrals, various endothelial cell
markers, such as VWF, CD31 (PECAM), VE-cadherin, P1H12, and
VEGFR2, were used. Classic endothelial cell markers such as VW,
CD31 and VE-cadherin were detected predominantly in the larger
vessels. Although P1H12 detected many microcapillaries, VEGFR2
was the best pan endothelial marker and appeared to detect most
microvessels in addition to the larger vessels. Thus, we chose to use
VEGFR2 as our positive control.

The in situ hybridization analysis of human colorectal cancer dem-
onstrated that all four cell surface TEMs and TEM7R were expressed
clearly in the endothelial cells of the tumor stroma but not in the
endothelial cells of normal colonic tissue (Fig. 2). Interestingly, al
TEMs demonstrated local regions of intense staining throughout the
stromal compartment. The microcapillaries were likely to account for
much of the staining, because vascular casting techniques have dem-
onstrated the presence of a virtually continuous layer of anastomatiz-
ing vessels throughout the lamina propria in advanced colorectal
cancers (27). However, we cannot rule out the possibility that other
stromal cells (e.g., fibroblasts) also expressed these TEMs, athough
staining was not observed in normal colonic mucosa (Fig. 2).

To analyze expression of mTEMs in murine tumors, B16 mouse
melanoma or HCT116 human colon carcinoma cells were implanted
s.c. into mice and used for in situ hybridization studies. As shown in
Fig. 3 and Table 2, mMTEM1, mTEMS5, and mMTEM8 were abundantly
expressed in vessels infiltrating both B16 and HCT116 tumors. Un-
expectedly, we were unable to detect significant levels of mTEM7 in
vessels of either tumor type, despite the fact that its human counter-
part, TEM7, was abundantly expressed in human tumor endothelial
cells when assessed with the same in situ hybridization methods
(Fig. 2 and data not shown). Importantly, the lack of mMTEM7 signal in
tumor vessels was unlikely to be attributable to technical problems,
because other cell types were clearly positive (see below). In contrast
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Fig. 2. TEMsin normal human colon and colorectal carcinomatissues. Expression of TEM1, TEM5, TEM7, TEM7R, and TEM8 was assessed by in situ hybridization. VEGFR2 was
used as a positive control for endothelial cells. Expression of all five TEMs (red stain) was highly specific to tumor endothelial cells and was not detected in the endothelial cells of
the normal colonic mucosa. The faint red extracellular staining around the crypts represents nonspecific binding of the in situ hybridization reagents to the mucous. Sections were

counterstained with hematoxylin (blue). Bars, 100 pm.

to mTEMY7, expression of mMTEM7R was readily detectable in tumor
endothelium (data not shown).

TEMs in Normal Adult Tissue. We next assayed expression of
MTEMSs in various normal adult tissues by in situ hybridization. VEGFR2
was readily detected in vessels of every tissue andyzed, including adrenal
gland, brain, heart, intestine, kidney (cortex and medulla), liver, lung,
skeletal muscle, pancreas, spleen, and stomach (Table 2). In sharp con-
trast, mTEM1, mTEM5, and mTEM8 were either undetectable, as in
kidney and liver (Figs. 4 and 5), or were only detected in a small
proportion of the vessdls, as in the heart (Fig. 4). These rare TEM-
expressing vessels may represent a low but significant level of ongoing
angiogenesisin the adult, because 3- and 9-month-old mice both showed
the same pattern. Although negative in situ hybridization results should
be interpreted with caution, tumors were aways included as a positive
control in these experiments and always demonstrated strong staining for
MTEM1, mTEM5, and mTEMS.

The analyses of normal mouse tissues also yielded important in-
formation about mMTEM7 and mTEM7R. RNA for mTEM7, although
largely undetectable in mouse tissues or tumors, was abundantly
expressed in Purkinje cells of the mouse cerebellum (data not shown).
Unlike the other cell surface TEMs, mMTEM7R was expressed at high
levels not only in tumor endothelium but also in vessels of some

normal tissues, such as the muscle and lung (Table 2). Thus, in mice
neither MTEM7 nor mTEM7R expression patterns accurately recapit-
ulated that of TEM7 in humans.

Expression of TEMs during Development. Previous anayses of
human TEMs have suggested that tumor angiogenesis shares some fea
tureswith normal neoangiogenic processes, such asthose found in wound
healing and the corpus luteum (6). To determine whether TEMs were also
up-regulated in endothelium during normal development, in situ hybrid-
izations were performed on developing mouse embryos. At E15.5,
MTEM1, mTEM5, and mTEMS8 were al abundantly expressed in endo-
thelial cells of the liver. In contrast, in the adult liver, expression of these
three MTEMs was undetectable (Fig. 5). Similarly, mTEM expression was
high in the endothelium of embryonic brain tissue, whereas staining in the
corresponding adult tissue was weak or absent (Table 2 and data not
shown). Thus, the murine TEMs were expressed in various neoangio-
genic states, whether normal or pathological.

Discussion

The extent of overlap between tumor angiogenesis in rodents and
humans is unclear. Although some cell surface proteins have been iden-
tified as important regulators of angiogenesis in both in mice and men
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Fig. 3. mMTEMs in mouse tumors. A, expression
of mTEM1 in B16 melanoma tumor endothelial
cells and HCT116 colon tumor endothelia cells
was assessed by in situ hybridization. mTEM1
staining is specific to the endothelia cells of the
vessels and microcapillaries, as shown in a low-
power field (left) and a high-power field (right). B,
expression of MTEM5 and mTEM8 in HCT116
tumor endothelial cells. Note that staining is local-
ized to the endothelia cells. Bars, 100 um.

(eg., VEGFRL, VEGFR2, Tie-1, and Tie-2), others may be more species
specific. For example, in humans Thy-1 appears to be predominantly
expressed in angiogenic vessels, whereas in mice, its expression is most
obviousin hematopoietic cells, especialy T-lymphocytes (6, 28, 29). The
pronounced effects of angiogenesis inhibitors observed in rodent models

mTEM
T

el

mTEM1 - HCT116

have, to date, been much less impressive in humans (30). This could be
related to the degree of angiogenesis in humans versus mice, species-
specific differences in drug sensitivity and tolerance, or species-specific
expression of genes regulating tumor angiogenesis.

Here we report the complete coding sequences of four abundant and

MmTEM8 VEGFR2
VSIS o, [

Fig. 4. mTEMsin adult mouse tissues. Expression of mMTEM1, mTEM5, and mMTEM8 was examined by in situ hybridization in adult mouse tissues. MTEM expression was undetectable
in kidney (glomeruli and tubules), whereas VEGFR2 expression (red) was easily detected in the endothelial cells of these tissues. In the heart, expression of mMTEM1, mTEMS5, and
mMTEM8 could be detected in occasional endothelial cells, as compared with the widespread expression of VEGFR2. Bars, 25 um.

6653

6z0z Atenuer 6z uo 1senb Aq Jpd-61,9900 1081 Y0/8Z8872/6199/81/19/3pd-8lonIe/sa11e0ued 610 sjeuinofioee//:djy woy pspeojumoq



TUMOR ENDOTHELIAL MARKERS

MTEM1

mTEMS

mTEM8 VEGFR2

L o o & ° X >
. 5" -. » . ¢
o, ., A\ -. 9:_ T aSy i - *
L 4
==t - '-‘ & P LN .- .‘ > - & L]
3 L ] . vé ;‘ . e L]
» & . . -
-O . ® ] ?* :“. ‘_’_ . ...'F‘ &
( | & 2 M9 A N R -
L) '* @ * % i)
2 g L ‘ ™ y - .< dn-“ » '
s | R P - P 4
! — P 2l 3 'l'—__l___.; | e—
o | 8 - = e -. . ':‘J'. = - 2 8 > oe -
ol ,é*" ) e | -_.:'a 'J_ ol z? 9 ﬂ“ . ‘t i f"‘. o5 ‘
-9 vv;' o"&.’ # , . . ':,‘- a‘:‘ . e 3N }‘:‘ y
- ' > l. B e, - :A,-. .‘-l -
C al , ‘__c - ., ’«-'d-:‘_ o] A .,‘ B . ‘;’a
r B A ¥ o » o ST
Q e 3 ,;I'-'. e 2E N ey A
e B e s Y t® & L WP, . Fs
[ 4 L 4 b7 " . I f w _A‘ . - and 9
= b ‘f’.f .: \ b & £ 4." ‘. # \_.: v :_;_;‘ e
-~y L = . P 4 o d - -“ r -
L3 N ) Sy . > L .
'f ‘:‘"' r“ "‘ - va 02 9 .\'! L LW 3
E P Yomd % % .v s % SrY 2 y } -~ '1.
4 PSSRy £ | Y d L oy B Yol ‘o
] ¥ e o 4 * - .
UJ \" . -‘t' L 4' “'" Sead a -.:.::.0 -’ e ;:c
¥ ',5. . o " . L. * ‘!E . e -.'t.
- e '.O-I." Ak ok L T » il’ LT e .1:‘ i.o

Fig. 5. mTEMs in embryonic and adult liver. Expression of mTEM1, mTEMS5, and mTEM8 was examined by in situ hybridization in adult and embryonic mouse liver. Expression
was undetectable in the adult liver endothelial cells, but al three MTEMs were strongly expressed in embryonic liver endothelial cells, at levels comparable with that of VEGFR2. Bars,

25 pm.

differentially expressed TEMs predicted to contain hydrophobic trans-
membrane domains. The mouse TEM counterparts we identified show
a high level of identity with their respective human TEMs, ranging
from 77 to 96%. These similarities and conserved expression patterns
suggest that we have cloned the mouse orthologues of human TEM1,
TEMS5, TEM7, TEM7R, and TEM8. Currently, each of the cell surface
TEMs has unique features that make it attractive for further investi-
gation.

TEM1 was the most differentially expressed TEM identified previ-
ously in our original SAGE analysis (6). The recent purification of
endosialin, a glycoprotein recognized by the FB5 antibody, reveaed
an amino acid sequence identical to TEM1 (31). Immunostaining with
FB5 was specific for tumor microvessels, because a panel of normal
tissues was negative for TEMl/endosialin immunoreactivity (32).
Thus, TEM 1/endosialin appears to be differentially expressed at both
the mRNA and protein levels. Interestingly, Rettig et al. (32) reported
that radiolabeled FB5 was rapidly internalized into TEM/endosiain
expressing endothelial cells. If thisis the case, it may be possible to
deliver compounds to TEM L/endosialin-expressing cells for selective
uptake.

TEMDS appears to be amember of the class || GPCR family. GPCRs
have a history of being excellent drug targets because their natural
ligands can often be mimicked for agonistic or antagonistic purposes
(33). Other class Il GPCRs hind peptide ligands, such as secretin,
calcitonin, and vasoactive intestinal peptide, and activate adenylyl
cyclase and inositol phosphate signaling cascades (34, 35). These
findings tentatively suggest that TEMS5 may also transmit signalsinto
the cell, but the signaling partners of TEM5 remain to be determined.

In the current study, we found that the human TEM7 gene encodes
two transcripts that differed only in the length of their 3" untranslated
region. The murine and human TEM7 proteins are over 80% con-
served, but despite these similarities, transcripts of mTEM7 were not
detectable by in situ hybridization in mouse tumors (Table 2 and data

not shown). There are several possible explanations for this. MTEM7,
through the course of evolution, could have acquired different func-
tions than human TEM7. Support for this possibility comes from the
specific expression of MTEM7 in Purkinje cells of the mouse brain.
Alternatively, there may exist an as yet unidentified mouse counter-
part with greater homology than mTEM7 or mTEM7R. Although we
cannot formally rule out this possibility, it seems unlikely because we
were unable to identify more highly related homologues in EST or
mouse genomic databases. The lack of expression of MTEM7 in
mouse tumor vessels highlights potentially important differences be-
tween mouse and human tumor angiogenesis.

TEMS is the most highly conserved cell surface TEM, with 96%
amino acid identity between the human and mouse proteins. The large
cytoplasmic tail of both the human and mouse TEM8 proteins share at
least seven potential phosphorylation sites, supporting the hypothesis
that TEMS8 is involved in transmitting signals into the cell. The
expression pattern of TEM8 was especialy intriguing in that it is the
only human TEM characterized thus far that shows no detectable
MRNA expression in either the corpus luteum or healing wounds,
suggesting that this gene may be highly specific to tumor angiogenesis
and not required for “normal” adult angiogenesis (6). From a clinical
point of view, this could be important in designing gene-targeting
strategies with the fewest cross-reactivities.

The fact that mMTEM1, mTEMS5, and mTEM8 were present in the
vasculature of developing embryos as well as in the vessels of trans-
planted syngeneic and human tumors is consistent with the idea that
they are markers of neoangiogenesis and not limited to tumor angio-
genesis. The data further support the hypothesis that tumor endothe-
lium exploits many of the same genes used by normal developing
endothelium.

Our detailed comparison of TEM expression in human and rodent
angiogenesis is provocative in that it demonstrates that three of the
four cell surface TEMs identified in humans are aso expressed in
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mouse tumors. The uniqueness of these TEMs was emphasized by
comparison with VEGFR2, believed to be one of the most specific
markers for tumor angiogenesis available. We found that VEGFR2
transcripts were expressed in the endothelium of al normal adult
tissues studied, whereas expression of the cell surface TEMs was
largely restricted to the vasculature of tumors in adult animals. The
high degree of sequence conservation of these TEMs, in combination
with their restricted expression patterns, suggests that they may be
critical regulators of angiogenesis. Continued investigation of all four
cell surface TEMs should foster better understanding of the mecha-
nisms of tumor angiogenesis and encourage rational design of inter-
ventional strategies.
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