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Tiel is an orphan receptor tyrosine kinase that is expressed almost exclusively in endothelial cells and that
is required for normal embryonic vascular development. Genetic studies suggest that Tiel promotes endothe-
lial cell survival, but other studies have suggested that the Tiel kinase has little to no activity, and Tiel-
mediated signaling pathways are unknown. To begin to study Tiel signaling, a recombinant glutathione
S-transferase (GST)-Tiel kinase fusion protein was produced in insect cells and found to be autophosphory-
lated in vitro. GST-Tiel but not a kinase-inactive mutant associated with a recombinant p85 SH2 domain
protein in vitro, suggesting that Tiel might signal through phosphatidylinositol (PI) 3-kinase. To study Tiel
signaling in a cellular context, a c-fms-Tiel chimeric receptor (fTiel) was expressed in NIH 3T3 cells. Ligand
stimulation of fTiel resulted in Tiel autophosphorylation and downstream activation of PI 3-kinase and Akt.
Stimulation of fTiel-expressing cells potently inhibited UV irradiation-induced apoptosis in a PI 3-kinase-
dependent manner. Moreover, both Akt phosphorylation and inhibition of apoptosis were abrogated by
mutation of tyrosine 1113 to phenylalanine, suggesting that this residue is an important PI 3-kinase binding
site. These findings are the first biochemical demonstration of a signal transduction pathway and correspond-
ing cellular function for Tiel, and the antiapoptotic effect of Tiel is consistent with the results of previous

genetic studies.

Tiel is an orphan receptor tyrosine kinase (RTK) that is
expressed almost exclusively in endothelial cells (29). Tiel
expression is evident during embryonic vascular development,
but it is also increased in the adult during both physiological
and pathological angiogenesis (6, 14, 20, 21). Genetic studies in
mice have demonstrated that Tiel is required for normal em-
bryonic vascular development. In two independent studies,
Tiel-deficient mice died late during gestation or in the imme-
diate postnatal period with severe edema and hemorrhage,
suggesting that Tiel regulates vascular integrity (33, 36). Mice
lacking Tiel also appeared to have reduced numbers of endo-
thelial cells, supporting a role for Tiel in endothelial cell sur-
vival (33). In chimeric mice, endothelial cells lacking Tiel
contributed to the development of blood vessels early in ges-
tation, but they were progressively selected against in the later
stages of embryonic development and in adult animals, consis-
tent with a role for Tiel in the maintenance of endothelial cell
survival (31). Additional studies suggest that Tiel and the
highly homologous Tie2 receptor may perform complementary
functions during cardiovascular development, since Tiel is re-
quired for the survival of mice heterozygous for Tie2 (32).
Furthermore, Tiel and the activating Tie2 ligand, angiopoietin
1 (Angl), are both required to establish polarity of the devel-
oping venous system (23).

The cytoplasmic kinase domains of Tiel and Tie2 are ap-
proximately 80% identical in their amino acid sequences, but
their extracellular domains are more divergent, with individual
domains demonstrating 24 to 59% identity between the two
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receptors (7, 8, 30, 35). As these differences might suggest,
none of the angiopoietins binds to Tiel (2, 24, 39) and no
ligand has yet been identified for Tiel. Whereas Angl has been
shown to activate Tie2 to promote endothelial cell sprouting,
migration, and survival (13, 15, 16, 18, 27, 28, 40), the signaling
pathways and cellular functions mediated by Tiel have been
difficult to study with biochemical approaches and therefore
remain unknown.

Recent studies have shown that the extracellular domain of
Tiel is cleaved by an unknown protease following treatment of
cultured endothelial cells with phorbol myristate acetate, vas-
cular endothelial growth factor (VEGF), or tumor necrosis
factor alpha (TNF-a), resulting in the release of soluble Tiel
into the tissue culture supernatant (41, 42). Simultaneously, an
endodomain of Tiel, which likely consists of the transmem-
brane and kinase domains, becomes detectable in the cytosolic
fraction. In cells expressing both Tiel and Tie2, Marron et al.
found that this Tiel endodomain coimmunoprecipitated with
Tie2 (25). In that study, a chimeric TrkA-Tiel receptor lacked
intrinsic tyrosine kinase activity, and ligand-induced autophos-
phorylation was undetectable. Based on these findings, it was
suggested that a primary function of Tiel might be to modulate
Tie2 signaling and function. The Tiel endodomain was also
found to coimmunoprecipitate with the protein tyrosine phos-
phatase Shp2, suggesting that Tiel might transduce signals in
the absence of ligand activation (26). Taken together, these
findings suggested that Tiel might function through novel sig-
naling mechanisms.

It was demonstrated previously that p85 associates with ty-
rosine 1101 (Y1101) of Tie2, resulting in activation of phos-
phatidylinositol (PI) 3-kinase and Akt (19), and this signaling
pathway was later shown to promote endothelial cell survival
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(13, 16, 27, 28). At that time, we had also begun to investigate
the signaling pathways downstream of Tiel. Tyrosine 1113 of
Tiel corresponds to Y1101 of Tie2, and the amino acid resi-
dues flanking this tyrosine residue comprise an ideal p85-bind-
ing site. Because genetic studies have implicated Tiel in en-
dothelial cell survival, we hypothesized that Tiel might also
activate the PI 3-kinase/Akt pathway to inhibit apoptosis. In
addition, the studies described above raised several important
questions regarding the mechanism of action of Tiel that we
sought to answer in this study: first, is Tiel an active kinase;
second, is Tiel autophosphorylated and can it signal following
ligand activation; and third, can Tiel signal and function au-
tonomously of Tie2?

In this study, we investigated these questions and found that
the Tiel kinase is active and that it associates with p85 in vitro
in an autophosphorylation-dependent manner. With a stably
expressed c-fms-Tiel chimeric receptor (fTiel), which allowed
ligand activation with colony-stimulating factor 1 (CSF-1) in a
cellular environment that lacks Tie2, Tiel induced the activa-
tion of both PI 3-kinase and Akt and potently inhibited UV
irradiation-induced apoptosis. These results are the first bio-
chemical demonstration of a signal transduction pathway and
corresponding cellular function mediated by Tiel. Moreover,
these findings demonstrate that Tiel is capable of signaling
autonomously of Tie2 and support the results of prior genetic
analyses of Tiel.

(This work was presented in part at the 73rd Scientific Ses-
sions of the American Heart Association, New Orleans, La.,
November 2000.)

MATERIALS AND METHODS

Cell lines and reagents. NIH 3T3 cells were from the American Type Culture
Collection. GP+ES86 ecotrophic retroviral packaging cells were provided by
Genetix Pharmaceuticals (Cambridge, Mass.). Recombinant human CSF-1 was
generously provided by Genetics Institute (Cambridge, Mass.). Rat monoclonal
anti-c-fms (CSF-1 receptor) antibody (Ab) (clone 3-4A4-E4) was from Oncogene
Science. Rabbit polyclonal anti-Tiel Ab (C-18, no. sc-342) was from Santa Cruz
Biotechnology. The rabbit polyclonal anti-Tie2 C-tail Ab has been described
previously (12). Rabbit polyclonal anti-Akt, anti-phospho-Akt (specific for phos-
phoserine 473), and anti-cleaved caspase 3 Abs were from New England Bio-
Labs. Mouse monoclonal anti-p85 (clone N7B) Ab and a rabbit polyclonal
anti-p85 Ab were gifts from Anke Klippel (Chiron Corporation, Emeryville,
Calif.). Mouse monoclonal antiphosphotyrosine Abs were from Transduction
Laboratories (clone PY20) and Santa Cruz Biotechnology (clone PY99). Rat
monoclonal anti-a-tubulin was from Harlan Biochemicals. Recombinant histone
H2B was from Boehringer Mannheim Biochemicals. Wortmannin, Ly294002,
propidium iodide, and Hoechst 33342 were from Sigma. Protein A- and protein
G-PLUS agarose was from Santa Cruz Biotechnology.

Generation of recombinant Tiel and p85 proteins and in vitro association
assays. The murine Tiel kinase domain (amino acid residues 783 to 1134) was
obtained by reverse transcriptase PCR from total RNA from the murine micro-
vascular endothelial cell line Py-4-1 (5) with the following primers: forward
primer, 5'-CTTAAGAGAAGCTGCCTACATCGG-3'; and reverse primer, 5'-
CTAGGCCTCCTCAGCTGTGGCATC-3". To fuse the kinase domain to other
upstream sequences, an AfIII site was engineered into the sequence by PCR,
which resulted in a conservative change of the first amino acid (residue 783) of
the kinase domain from arginine to lysine. This PCR product was subcloned into
the Srf T site of the perScript-Amp vector (Stratagene) and was verified by
sequencing. A kinase-inactive Tiel mutant was generated using the Transformer
site-directed mutagenesis kit (Clontech) according to the manufacturer’s instruc-
tions, using the following mutagenesis primer, which changes lysine (AAG) 866
in the ATP binding site to arginine (AGG) (K866R): 5'-GCAGCCATCAGGA
TGCTA-3'. The site of change is shown in boldface. The wild-type and kinase-
inactive Tiel kinase domain cDNAs were fused in frame with and downstream
of a glutathione S-transferase (GST) coding sequence in the plasmid pVL-1393
(Pharmingen). This vector was cotransfected into Sf9 insect cells with Baculogold
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baculovirus DNA (Pharmingen) by the calcium phosphate technique, and re-
combinant GST-Tiel and -K866R baculoviruses were serially amplified. Recom-
binant proteins were purified from lysates of infected Sf9 cells as described
previously (12). Recombinant p85 SH2-C protein was generated by subcloning a
¢DNA encoding the C-terminal SH2 domain of p85 (19) into the EcoRI and
Xhol sites of the pRSET bacterial expression vector (Invitrogen). The resulting
plasmid was transformed into BL21(DE3)pLysS Escherichia coli (Novagen), and
recombinant six-His-tagged protein was generated and purified as described
previously (17). Recombinant p85 protein was concentrated into phosphate-
buffered saline in a Centriprep centrifugal filter device (Millipore) and used in in
vitro association experiments with recombinant GST-Tiel. Autophosphorylation
of recombinant GST-Tiel kinase fusion proteins and analysis of p85 association
in vitro were performed essentially as described previously (19), except that
recombinant kinases were incubated 2 h at 4°C with approximately 3 pg of
recombinant p85 SH2-C protein and were then washed extensively with Triton
lysis buffer containing 0.5 M LiCl. Tiel kinase-associated proteins were evalu-
ated by Western blotting with anti-p85. Because of a residual antiphosphoty-
rosine signal from wild-type Tiel that gave the appearance of unequal loading,
equal starting amounts of GST-Tiel proteins purified on glutathione Sepharose
were confirmed by Coomassie staining.

Generation of fTiel-expressing cells. The LNCX-fTie2 plasmid has been de-
scribed elsewhere (19). The Y1113F mutant kinase domain was generated by
site-directed mutagenesis, as described above, with the following mutagenesis
primer, which mutates tyrosine 1113 (TAC) to phenylalanine (TTC): 5'-AGGA
AGGCCTTCGTGAACATG-3'. The site of the change is shown in boldface. To
generate LNCX-fTiel, -K866R, and -Y1113F, a cDNA encoding each of these
kinase domains replaced that of Tie2 in LNCX-fTie2, resulting in fusion of the
Tiel kinase domains with the extracellular and transmembrane domains of
human c-fms. The resultant chimeric receptors were designated fTiel, fTiel-
K866R, and fTiel-Y1113F. Recombinant ecotrophic retroviruses were generated
as described previously for fTie2 (19). Briefly, LNCX-fTiel, -K866R, or -Y1113F
was transfected into GP+ES86 packaging cells with Lipofectamine (Life Tech-
nologies), and stable monoclonal cell lines were selected with G418 (400 pg/ml,
Life Technologies) and were screened for expression of the chimeric receptor by
Western blotting with anti-Tiel Ab (1:1,000). Supernatants containing ecotro-
phic fTiel retrovirus were used to infect NIH 3T3 cells in the presence of
hexadimethrine bromide (Polybrene, 8 pg/ml; Sigma), and fTiel-expressing cells
were selected as described above.

Immunoprecipitation and Western blotting. fTiel-expressing cells were grown
in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 U of penicillin per ml and 100 pg of streptomycin (pen-strep)
per ml, and 400 pg of G418/ml until they were just subconfluent and were then
starved overnight in DMEM containing pen-strep but no serum. Cells were left
untreated or were stimulated with CSF-1 for 10 to 30 min and were lysed as
described previously (19). Total cell lysates were either analyzed by Western
blotting or were immunoprecipitated with anti-c-fms or antiphosphotyrosine
(PY99) (for analysis of receptor phosphorylation) or anti-Akt (for Akt kinase
assays). For analysis of Akt phosphorylation, 1 mM sodium orthovanadate (van-
adate) was added at the same time as CSF-1 to enhance signal detection. In other
experiments, cells were pretreated for 15 min with the indicated concentrations
of the selective PI 3-kinase inhibitor wortmannin or an equal volume of dimethyl
sulfoxide (DMSO) prior to CSF-1 stimulation.

In vivo phospholipid analysis. fTiel-expressing cells were labeled 72 h with
12.5 uCi of [*H]myo-inositol (10 mCi/ml; American Radiolabeled Chemicals, St.
Louis, Mo.)/ml. The cells were serum starved 3 h in DMEM alone and were then
either treated with 1 mM vanadate alone or with CSF-1 (500 ng/ml) plus vana-
date for 2.5, 5, or 7.5 min. Cellular lipids were extracted and analyzed by
high-performance liquid chromatography (HPLC), and the identity of each phos-
pholipid peak was verified by comparison to 3*P-labeled standards (kindly pro-
vided by Phil Majerus, Washington University, St. Louis, Mo.) as described
previously (19). The area under individual peaks on each chromatogram was
quantified and expressed relative to the total amount of PI in each sample.

Akt kinase assay. Lysates from CSF-1-treated or untreated cells were immu-
noprecipitated with anti-Akt and protein A agarose. Akt immunoprecipitates
were used in an in vitro kinase reaction with [y-**P]JATP and histone H2B as a
substrate, as described previously (19). Radiolabeled histone H2B was separated
by sodium dodecyl sulfate (SDS)-15% polyacrylamide gel electrophoresis
(PAGE) and was analyzed by autoradiography.

Apoptosis analysis. Untransfected NIH 3T3 cells, 3T3-fTiel cells, or 3T3-
K866R cells were plated in triplicate in 60-mm-diameter dishes at 10° cells/dish
in DMEM containing 10% FBS and pen-strep. The following evening, the me-
dium was changed to DMEM without FBS but containing the indicated concen-
trations of CSF-1 (from 0 to 1,000 ng/ml), and the cells were incubated at 37°C
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for 15 h. The next morning, the cells were irradiated with UV-C light (254 nm)
at 1,200 J/m? in a Stratalinker 1800 UV Cross-linker (Stratagene). In some
experiments, the cells were observed up to 9 h and were analyzed for gross
morphological changes by phase-contrast microscopy using an Olympus IX70
inverted system microscope attached to an Optronics DEI-750 digital camera
connected to a Power Macintosh G3 computer. Images were obtained with
Adobe Premiere (version 5.2) and analyzed with Adobe Photoshop (version 5.5)
software. In other experiments, nuclear morphology was evaluated by incubating
the cells 3 h at 37°C following irradiation, after which they were stained with
propidium iodide (2.5 pg/ml) and Hoechst 33342 (10 pg/ml) (both from Sigma)
for 15 min at 37°C and visualized by fluorescence microscopy. Cells that stained
with propidium iodide (pink) were considered necrotic; those that stained with
Hoechst (blue) were considered viable and/or apoptotic, and nuclear condensa-
tion in these cells was evaluated as an indicator of apoptosis (22). Apoptosis was
quantified by counting the number of apoptotic and total nuclei in 10 random
fields in each dish. The percentage of apoptotic cells was calculated by dividing
the number of apoptotic nuclei by the total number of nuclei counted. Data were
expressed as the mean * the standard error of the mean.

To assay caspase 3 activity, cells were plated as described above and incubated
at 37°C for 3 h after UV irradiation. Floating and adherent cells were harvested
by trypsinization, the trypsin was neutralized with DMEM containing 10% FBS,
and cells were washed once with phosphate-buffered saline. The cells were lysed,
and the lysates were used in a colorimetric assay of caspase 3 activity (ApoAlert
Caspase-3 Assay Kit; Clontech) according to the manufacturer’s instructions. To
evaluate the effects of the selective PI 3-kinase inhibitor Ly294002 on fTiel-
mediated antiapoptosis, cells were incubated overnight with or without CSF-1 in
the presence of 30 uM Ly294002 or an equal volume of DMSO, and then caspase
3 activity was assayed as described.

Effects of the Y1113F mutation on apoptosis. To evaluate the effect of the
Y1113F mutation on Tiel-mediated antiapoptosis, fTiel-expressing cells were
plated at 3 X 10° cells per well of a six-well plate and grown overnight in full
growth medium. The following evening the medium was changed to serum-free
DMEM with or without CSF-1 (500 ng/ml), and the cells were incubated an
additional 16 h at 37°C. The cells were then UV irradiated as described above,
incubated 2 h at 37°C, and lysed with 100 wl of Triton lysis buffer. Lysates were
separated by SDS-8 to 16% or 15% PAGE and Western blotted sequentially
with anti-phospho-Akt (1:1,000), anti-Akt (1:1,000), and anti-cleaved caspase 3
(1:1,000).

RESULTS

Tiel is autophosphorylated and associates with p85 in vitro.
We demonstrated previously that the p85 subunit of PI 3-ki-
nase associates with the endothelial RTK Tie2 at tyrosine 1101,
resulting in activation of both PI 3-kinase and the downstream
kinase Akt (19). Activation of this pathway was subsequently
shown to prevent endothelial cell apoptosis (13, 16, 27, 28).
Comparison of the primary sequences of Tie2 and Tiel dem-
onstrates that tyrosine 1113 of Tiel and its adjacent residues
(YVNM) match the consensus p85-binding site (Y-hydropho-
bic-X-M, where X = any amino acid) (38) (Fig. 1A). To in-
vestigate the potential interaction of Tiel with p85 in vitro,
recombinant GST-Tiel kinase fusion proteins were generated
in insect cells and used to evaluate Tiel kinase autophosphor-
ylation and p85 association. Similar amounts of wild-type GST-
Tiel and a kinase-inactive mutant (K866R) were purified on
glutathione Sepharose, subjected to an in vitro kinase reaction,
and then incubated with recombinant p85 SH2 domain pro-
tein. The GST fusion proteins and associated proteins were
then washed extensively, eluted, and analyzed by Western blot-
ting. In contrast to previous reports suggesting that Tiel is an
inactive kinase (25, 29), GST-Tiel was tyrosine phosphorylated
in vitro (Fig. 1B). Moreover, this effect was due to autophos-
phorylation, since it was abrogated by mutation of the ATP
binding site lysine to arginine (K866R) (Fig. 1B). Wild-type
GST-Tiel but not the kinase-inactive mutant associated with
recombinant p85 in vitro (Fig. 1B), demonstrating that Tiel
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FIG. 1. p85 associates with Tiel in vitro. (A) Comparison of Tiel
and Tie2 C-terminal amino acid sequences. C-terminal regions of Tiel
and Tie2 containing putative autophosphorylation sites were aligned
and compared to the consensus p85-binding motif. The greatest dif-
ference in this region is in the Y + 3 position of the putative p85-
binding motif. Key tyrosine residues and the putative p85-binding
motif within each kinase are in boldface. Positions of tyrosine residues
within each kinase are shown above and below the alignment. Solid
lines, identical amino acid residues; dashed lines, conserved residues.
Residues are abbreviated according to the single-letter amino acid
code. (B) Tiel is autophosphorylated and associates with p85 in vitro.
Wild-type GST-Tiel and a kinase-inactive mutant (K866R) were pu-
rified on glutathione Sepharose from Sf9 insect cell lysates infected
with recombinant baculoviruses encoding each protein. As a control,
an equal volume of uninfected Sf9 cell lysate was incubated with
glutathione Sepharose (beads). Following an in vitro kinase reaction,
the samples were incubated with recombinant C-terminal p85 SH2
domain protein. The GST kinases and associated proteins were eluted
and analyzed by SDS-8 to 16% PAGE and Western blotting with
anti-Tiel, antiphosphotyrosine (PTyr), and anti-p85 Abs. Similar re-
sults were obtained in three separate experiments. Note that equal
starting amounts of GST-Tiel-wild type and -K866R were confirmed
by Coomassie staining of glutathione Sepharose-purified Sf9 lysates.

can associate with p85 in an autophosphorylation-dependent
manner. In addition, these findings with recombinant proteins
indicate that Tiel can bind directly to p85/PI 3-kinase, at least
in vitro.

Tiel is autophosphorylated in vivo. No ligands have been
identified for Tiel. Therefore, to investigate the significance of
the p85/Tiel interaction in a cellular context, we generated a
ligand-activatable chimeric receptor consisting of the cytoplas-
mic kinase domain of Tiel and the extracellular, ligand binding
domain of c-fms, the CSF-1 receptor (fTiel). This approach
proved effective previously for investigating signaling by Tie2
before its ligands became available (19). Recombinant retro-
viruses encoding wild-type fTiel and the kinase-inactive mu-
tant (fTiel-K866R) were generated and used to stably express
these chimeric receptors in NIH 3T3 cells (3T3-fTiel and
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-K866R, respectively), and several clones of each cell line were
selected.

To begin to characterize signaling by Tiel, we evaluated
autophosphorylation of both a low-receptor-expressing clone
(clone 4) and a high-receptor-expressing clone (clone 13) of
3T3-fTiel cells. Ligand-induced autophosphorylation of these
cells and of 3T3-K866R and -fTie2 cells was evaluated simul-
taneously as controls. Following serum starvation, the cells
were treated with CSF-1 for up to 30 min. The receptors were
immunoprecipitated from cell lysates and evaluated by West-
ern blotting sequentially with antiphosphotyrosine and anti-
Tiel or -Tie2 Abs. As with other RTKs, the fTiel chimeric
receptor migrated as a doublet (Fig. 2A), with the lower-mo-
lecular-weight band likely representing an incompletely glyco-
sylated form of the receptor (42). In fTiel.13 cells, Tiel was
tyrosine phosphorylated at baseline, likely due to overexpres-
sion of the receptor, but this phosphorylation appeared to
increase slightly after 20 min of CSF-1 stimulation (Fig. 2A).
Similarly, CSF-1 stimulation of fTiel.4 cells resulted in weak
but detectable tyrosine phosphorylation of Tiel beginning at
10 min and persisting up to 30 min after stimulation. No phos-
phorylation of the kinase-inactive mutant, K866R, was ob-
served either at baseline or after CSF-1 stimulation, demon-
strating that Tiel is autophosphorylated upon ligand
treatment. Tiel autophosphorylation was markedly less than
that of Tie2 in the same context (Fig. 2A), which is consistent
with the relative levels of autophosphorylation observed for
the GST kinases in vitro.

To confirm that Tiel is activated in these cells following
ligand stimulation, we used an alternative approach with po-
tentially greater sensitivity for detecting Tiel autophosphory-
lation. The fTiel-, K866R-, and fTie2-expressing cells, as well
as untransfected NIH 3T3 cells, were again treated with CSF-1
for 10 to 30 min, but in this set of experiments the lysates were
immunoprecipitated with antiphosphotyrosine Abs and West-
ern blotted with anti-Tiel or anti-Tie2. In both low- and high-
receptor-expressing fTiel cells, Tiel was readily detectable in
phosphotyrosine immunoprecipitates following CSF-1 stimula-
tion (Fig. 2B). In fTiel.13 cells, which demonstrated basal
fTiel autophosphorylation, fTiel was present in phosphoty-
rosine immunoprecipitates prior to CSF-1 stimulation, but this
increased steadily from 10 to 30 min after CSF-1 stimulation
(Fig. 2B). In cells expressing lower levels of fTiel (fTiel.4),
fTiel immunoprecipitated with antiphosphotyrosine Abs only
upon CSF-1 stimulation, and similar results were observed for
fTie2. In contrast, the kinase-inactive mutant of fTiel was
undetectable in phosphotyrosine immunoprecipitates either
before or after ligand stimulation. No signal for Tiel or Tie2
was detected in phosphotyrosine immunoprecipitates from un-
transfected 3T3 cells (Fig. 2B and data not shown). Taken
together, these findings indicate either that fTiel undergoes
autophosphorylation following CSF-1 stimulation or that li-
gand treatment induces the association of fTiel with other
tyrosyl phosphoproteins. In either case, however, the absence
of a signal from K866R cells confirms that Tiel kinase activity
is required for this effect and therefore that Tiel is functionally
active in these cells.

Tiel activates PI 3-kinase in vivo. Having demonstrated that
the fTiel chimeric receptor is active in these cells, we next
evaluated the association of p85 with Tiel. As was the case
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FIG. 2. Tiel is autophosphorylated in vivo. (A) Autophosphoryla-
tion of Tiel is kinase dependent. Two independent clones of NIH 3T3
cells expressing wild-type fTiel as well as cells expressing a kinase-
inactive mutant of fTiel (K866R) or fTie2 were serum starved and
were then treated with CSF-1 (500 ng/ml) for 0, 10, 20, or 30 min.
Lysates from these cells were immunoprecipitated with anti-c-fms,
separated by SDS-8% PAGE, and Western blotted with antiphospho-
tyrosine (PTyr, clone PY99), and then stripped and reprobed with
anti-Tiel or anti-Tie2. Weak but detectable increases in ligand-in-
duced tyrosine phosphorylation were observed in both fTiel-express-
ing clones but not in K866R cells. As a control, fTie2 cells showed
readily detectable ligand-induced autophosphorylation. (B) Tiel is
present in antiphosphotyrosine immunoprecipitates. The cells used for
panel A, as well as untransfected 3T3 cells, were treated as described
above, except lysates were immunoprecipitated with antiphosphoty-
rosine (PY99) and were then Western blotted with anti-Tiel or (for
fTie2 cell lysates) anti-Tie2. Tiel was readily detectable in antiphos-
photyrosine immunoprecipitates from both low- and high-receptor-
expressing fTiel cells but not from K866R cells or untransfected 3T3
cells. CSF-1 treatment also resulted in the presence of Tie2 in phos-
photyrosine immunoprecipitates.

previously with Tie2 (19), we were unable to coimmunopre-
cipitate p85 and Tiel from CSF-1-stimulated 3T3-fTiel cells
(data not shown). However, we reasoned that even weak or
transient p85/Tiel association might result in activation of PI
3-kinase with resultant accumulation of 3-phosphoinositides
that might be detected more easily than the association itself.
To test this possibility, 3T3-fTiel.13 cells were labeled to
steady state with [*HJinositol, and phospholipids were ex-
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FIG. 3. Tiel activates PI 3-kinase in vivo. (A and B) NIH 3T3 cells expressing fTiel were labeled 72 h with 12.5 p.Ci of [?H]myo-inositol/ml
and were then serum starved for 3 h. Cells were left untreated (A) or were treated with CSF-1 (500 ng/ml) for 2.5, 5, or 7.5 min (B), all in the
presence of 1 mM vanadate, and lipids were extracted and separated by HPLC on a strong anion-exchange column. A peak corresponding to PI
3,4-bisphosphate [PI(3,4)P,] was detected at 5 and 7.5 min (shown) after CSF-1 treatment. The regions of the chromatograms where PI(3,4)P, and
PI(4,5)P, eluted (between 42 and 47 min) are shown, and the peaks corresponding to P1(4,5)P,, which is much more abundant than PI(3,4)P,, are
truncated at 100 cpm (maximum values were approximately 40,000 to 60,000 cpm). (C) Quantification of 3-phosphoinositide production by Tiel.
On each chromatogram, total counts per minute under the peaks corresponding to PI(3)P (not shown) and P1(3,4)P, were quantified and expressed
relative to the total PI from that sample. CSF-1 induced a maximal 1.6-fold increase in PI(3)P and a 4.2-fold increase in PI(3,4)P,. Similar results

were obtained in a duplicate experiment.

tracted and analyzed by HPLC before and at several time
points after CSF-1 stimulation. CSF-1 stimulation of 3T3-
fTiel.13 cells resulted in only a 1.6-fold increase in PI 3-phos-
phate but a >4-fold increase in PI 3,4-bisphosphate (Fig. 3).
Because PI 3-phosphate is constitutively present in mammalian
cells at relatively high levels (including fTiel cells) (34), it is
more difficult to detect an appreciable increase in this phos-
pholipid. The slight increase detected here could result from
phosphorylation of PI by activated PI 3-kinase or from break-
down of PI 3,4,5-P5. In contrast, PI 3,4-bisphosphate is usually
produced only following activation of class I PI 3-kinases, like
p110a (34); thus, the detection of this lipid product at both 5
and 7.5 min after CSF-1 stimulation (Fig. 3B and C) demon-
strates that Tiel activates PI 3-kinase in vivo. Notably, we were
unable to demonstrate changes in PI 3,4,5-P; following activa-
tion of Tiel, which is likely due to the lower sensitivity for
detecting PI 3,4,5-P; following steady-state labeling. This find-
ing is similar to results seen following activation of Tie2 (19).

Tiel induces phosphorylation and activation of Akt. Tie2
and many other RTKs that activate PI 3-kinase also induce
downstream activation of the serine/threonine kinase Akt;
therefore, we next investigated whether stimulation of Tiel
results in downstream activation of Akt. Lysates from 3T3-
fTiel.13 cells that had been stimulated with CSF-1 were ana-
lyzed by Western blotting with Abs specific for phosphoserine
473 of Akt, which has been shown to correlate with Akt acti-
vation (4, 19). In the absence of CSF-1, Akt was weakly phos-
phorylated on Ser 473 (Fig. 4A). Following CSF-1 treatment,
Akt phosphorylation was markedly increased. Both CSF-1-
dependent phosphorylation and basal phosphorylation of Akt
were abrogated by relatively low concentrations of the selective
PI 3-kinase inhibitor wortmannin (50 to 100 nM) (Fig. 4A).
Akt was immunoprecipitated from the remaining cell lysate

and was used in an in vitro kinase reaction with the exogenous
substrate histone H2B. As with Akt phosphorylation, a low
level of basal Akt kinase activity was observed in unstimulated
cells, but CSF-1 stimulation markedly increased Akt activity.
This activity was inhibited by 10 nM wortmannin (Fig. 4A), a
concentration that is believed to be specific for PI 3-kinase (1),
and higher doses of wortmannin also abrogated basal Akt
kinase activity. CSF-1-dependent Akt phosphorylation was
also observed in fTiel.4 cells, which express lower levels of
fTiel (Fig. 4B), but not in K866R cells (not shown). Levels of
phospho-Akt produced by both fTiel-expressing cell lines were
similar to those induced by fTie2, although the fTie2-express-
ing cells express less total Akt (Fig. 4B). No changes in Akt
phosphorylation or activation were observed in untransfected
NIH 3T3 cells following CSF-1 treatment (Fig. 4A), demon-
strating that these effects were specific for fTiel. Together,
these findings demonstrate that Tiel induces phosphorylation
and activation of Akt and that this effect is PI 3-kinase depen-
dent.

Tiel inhibits UV irradiation-induced apoptosis. The PI 3-ki-
nase/Akt pathway has been shown to promote cell survival
downstream of numerous growth factor receptors, including
Tie2 (4, 13, 16, 27). To investigate the functional significance of
this pathway downstream of Tiel, apoptosis was induced in
fTiel.13, K866R, and untransfected NIH 3T3 cells by UV
irradiation (22), and the effects of CSF-1 treatment were eval-
uated. Within several hours of UV irradiation, untreated
fTiel.13 cells displayed morphological characteristics of apo-
ptosis, including membrane blebbing and nuclear condensation
(Fig. 5A and C). K866R cells and untransfected 3T3 cells
displayed similar morphological changes both in the absence
and presence of CSF-1 (not shown). In contrast, CSF-1-treated
fTiel.13 cells appeared grossly normal (Fig. 5B) and had mark-
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FIG. 4. Tiel induces phosphorylation and activation of Akt. (A) fTiel-expressing cells or untransfected NIH 3T3 cells were serum starved
overnight and were then left untreated or were treated 8 min with CSF-1 (500 ng/ml) in the presence of 1 mM vanadate and the indicated
concentration of wortmannin or an equal volume of DMSO. An aliquot of each cell lysate was separated by SDS-8% PAGE and Western blotted
with Abs specific for phosphoserine 473 of Akt (pAkt) or total Akt (upper panels). The remainder of each sample was immunoprecipitated with
anti-Akt and was used in an in vitro kinase reaction with [y->>P]JATP and recombinant histone H2B as a substrate. Radiolabeled histone H2B was
separated by SDS-15% PAGE and evaluated by autoradiography (lower panel). (B) A second independent clone of fTiel-expressing cells as well
as fTie2 and K866R cells (not shown) was treated as described for panel A, and cell lysates were Western blotted sequentially with anti-phospho-

Akt and anti-Akt.

edly fewer apoptotic nuclei by Hoechst staining (Fig. 5D).
CSF-1 treatment of fTiel.13 cells reduced the number of apo-
ptotic cells by more than 80%, but CSF-1 had no effect on the
survival of K866R cells (Fig. 5E), demonstrating that Tiel
transduces a potent survival signal that requires Tiel kinase
activity.

Inhibition of apoptosis by Tiel was confirmed using lysates
from CSF-1-treated and untreated fTiel.13 cells in an assay of
caspase 3 activity. As demonstrated morphologically, CSF-1
treatment did not protect untransfected NIH 3T3 cells from
apoptosis (Fig. 6A and B). In contrast, CSF-1 treatment of
fTiel-expressing cells resulted in a dose-dependent decrease in
UV-induced caspase 3 activity, with a peak reduction of ap-
proximately 70% (Fig. 6A).

To determine whether PI 3-kinase plays a role in the anti-
apoptotic effect of Tiel, 3T3-fTiel.13 cells were treated with or
without CSF-1 in the absence or presence of the reversible PI
3-kinase inhibitor Ly294002 (1, 22). The Ly compound was
used in this setting because its stability is greater than that of
wortmannin. Cells were UV irradiated, and lysates were used
to assay caspase 3 activity. Treatment with CSF-1 in the pres-
ence of vehicle (DMSO) again reduced caspase 3 activity by
about 70% (Fig. 6B). Inhibition of PI 3-kinase with Ly294002
in the absence of CSF-1 did not increase basal UV-induced
caspase 3 activity, but it completely blocked the CSF-1-depen-
dent inhibition of caspase 3 activation. Taken together, these
findings demonstrate that Tiel transduces a potent antiapo-
ptotic signal that is PI 3-kinase dependent.

Tyrosine 1113 is required for activation of Akt and inhibi-
tion of apoptosis by Tiel. As noted, the primary structure of
Tiel reveals an ideal p85-binding site at tyrosine 1113. To
determine whether this residue is required for activation of PI
3-kinase/Akt and inhibition of apoptosis by Tiel, we generated
another fTiel-expressing cell line in which tyrosine 1113 was
mutated to phenylalanine (Y1113F). The corresponding mu-

tation on Tie2 was previously shown to abrogate p85 binding
and downstream activation of PI 3-kinase and Akt by Tie2. To
verify that the Y1113F mutant receptor was functionally active,
cells expressing either wild-type fTiel (clone fTiel.13) or
fTiel-Y1113F were serum starved and were then treated with
or without CSF-1 for 20 min, the time point at which Tiel
maximally coprecipitated with phosphotyrosyl proteins. Ly-
sates from both cell lines were then immunoprecipitated with
anti-c-fms and Western blotted sequentially with antiphospho-
tyrosine and anti-Tiel. Wild-type fTiel was again tyrosine
phosphorylated at baseline, and phosphorylation increased
slightly with CSF-1 stimulation (Fig. 7A). In contrast, the
Y1113F mutant receptor was phosphorylated only after acti-
vation with CSF-1, demonstrating that Y1113F is indeed active
following ligand stimulation. The difference in basal receptor
phosphorylation between Y1113F and wild-type fTiel is likely
due to lower levels of expression of the Y1113F receptor. To
confirm the activity of the Y1113F mutant, an aliquot of each
lysate was immunoprecipitated with antiphosphotyrosine and
Western blotted with anti-Tiel. As demonstrated earlier, wild-
type fTiel was present in antiphosphotyrosine immunoprecipi-
tates at baseline and increased with CSF-1 stimulation (Fig.
7B). Notably, Y1113F coimmunoprecipitated with antiphos-
photyrosine only after CSF-1 treatment. Taken together, these
findings demonstrate that, like wild-type fTiel, the Y1113F
mutant is active following ligand activation.

To investigate the effect of the Y1113F mutation on down-
stream activation of Akt, cells expressing both wild-type fTiel
and Y1113F were treated with or without CSF-1 in the pres-
ence of vanadate in order to increase the sensitivity for detect-
ing changes in Akt phosphorylation. Whereas CSF-1 treatment
of wild-type fTiel induced an increase in Akt phosphorylation,
no such change could be detected in Y1113F-expressing cells
(Fig. 7C). Because activation and phosphorylation of Akt
downstream of Tiel are PI 3-kinase dependent, this finding
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FIG. 5. Tiel blocks UV irradiation-induced apoptosis. NIH 3T3
cells expressing fTiel.13 (wild-type) or the kinase-inactive mutant
(K866R) were grown 24 h in 60-mm-diameter dishes and were then
serum starved 15 h in the absence or presence of CSF-1 (500 ng/ml).
The cells were then UV irradiated with 1,200 J/m?, stained with
Hoechst 33342 (10 pg/ml) and propidium iodide (2.5 pg/ml), and
evaluated by phase-contrast (A and B) and fluorescence microscopy (C
and D). Untreated fTiel cells (A and C) began to display morpholog-
ical characteristics of apoptosis, including membrane blebbing and
nuclear condensation (arrowheads), as early as 1 h after UV irradia-
tion, whereas CSF-1-treated fTiel cells (B and D) remained viable.
(E) Quantification of apoptosis following UV irradiation. The number
of apoptotic nuclei was counted after Hoechst staining and expressed
as the percentage of total nuclei + standard error of the mean. CSF-1
treatment significantly decreased apoptosis of wild-type cells but not of
K866R mutant cells.

suggests that tyrosine 1113 is required for PI 3-kinase binding
and activation by Tiel.

To determine whether the Y1113F mutation affects Tiel-
mediated cell survival, cells expressing both wild-type fTiel
and Y1113F were serum starved and UV irradiated, and then
cell lysates were evaluated for Akt phosphorylation and
caspase 3 cleavage. CSF-1 treatment of wild-type fTiel-ex-
pressing cells again resulted in Akt phosphorylation and inhi-
bition of caspase 3 cleavage (Fig. 8). In contrast, ligand treat-
ment of Y1113F-expressing cells resulted in no change in the
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amount of either phospho-Akt or cleaved caspase 3. Because
caspase 3 activation was inhibited by Tiel in a PI 3-kinase-
dependent manner, these findings indicate that tyrosine 1113 is
required for activation of PI 3-kinase and inhibition of apo-
ptosis by Tiel.

DISCUSSION

In this report, we have demonstrated that the endothelial
RTK Tiel is functionally active and that it can associate with
the p85 regulatory subunit of PI 3-kinase in vitro in an auto-
phosphorylation-dependent manner. Following stable expres-
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FIG. 6. Tiel inhibits UV irradiation-induced caspase 3 activation
through a PI 3-kinase-dependent mechanism. (A) Untransfected NIH
3T3 cells or 3T3 cells expressing fTiel were grown in 60-mm-diameter
dishes for 24 h and then serum starved 15 h in the absence or presence
of the indicated concentration of CSF-1 and were then UV irradiat-
ed as described for Fig. 5. Three hours after UV irradiation, cells were
lysed and the lysates were used in a colorimetric assay of caspase 3
activity (ApoAlert; Clontech). fTiel blocked the UV-induced increase
in caspase 3 activity in a dose-dependent manner. (B) Untransfected
3T3 cells and fTiel cells were serum starved 15 h with or without 500
ng of CSF-1/ml and Ly294002 (Ly) (30 wM) or an equal volume of
DMSO. Caspase 3 activity was analyzed as for panel A. The inhibition
of caspase 3 activity by Tiel was completely reversed by Ly294002.
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FIG. 7. Mutation of tyrosine 1113 abrogates Akt phosphorylation.
(A and B) fTiel-Y1113F is functionally active. NIH 3T3 cells express-
ing either wild-type fTiel (fTiel.13) or fTiel-Y1113F (Y1113F) were
serum starved overnight and were then either left untreated or treated
with CSF-1 (500 ng/ml) for 20 min. Receptors were immunoprecipi-
tated from cell lysates with anti-c-fms (A) or antiphosphotyrosine (B).
Proteins for panel A were Western blotted sequentially with antiphos-
photyrosine and anti-Tiel, and proteins for panel B were Western
blotted with anti-Tiel. Tyrosine phosphorylation of fTiel-Y1113F and
its presence in phosphotyrosine immunoprecipitates were detected
only after CSF-1 treatment. (C) The fTiel-Y1113F mutant fails to
activate Akt. Cells expressing wild-type fTiel or Y1113F were serum
starved overnight and were then treated with or without CSF-1, all in
the presence of vanadate (1 mM). An aliquot of each cell lysate was
separated by SDS-8% PAGE and Western blotted with the indicated
Abs. CSF-1 stimulation of Y1113F cells failed to induce Akt phos-
phorylation.

sion of a chimeric Tiel receptor in NIH 3T3 cells, ligand
activation was found to induce receptor autophosphorylation
that resulted in activation of both PI 3-kinase and Akt. Fur-
thermore, Tiel activation potently inhibited UV irradiation-
induced apoptosis. Mutation of tyrosine 1113 in the Tiel C-tail
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abrogated both Akt phosphorylation and inhibition of caspase
3 cleavage, suggesting that Y1113 is the preferred site of as-
sociation of PI 3-kinase on Tiel. Together, these findings are
the first biochemical demonstration of a signal transduction
pathway and a corresponding cellular function for this orphan
receptor. Moreover, these results are consistent with a role for
Tiel in endothelial cell survival that was suggested previously
by the results of studies in transgenic mice (31-33).

As with other orphan receptors, the study of Tiel-mediated
signal transduction pathways and cellular functions has been
complicated by the lack of a known ligand. In spite of the high
degree of homology between Tiel and Tie2, none of the an-
giopoietins, which are ligands for Tie2, has been shown to bind
to Tiel (2, 24, 39). We circumvented this problem by stably
expressing the fTiel receptor in NIH 3T3 cells, allowing ligand
activation of the Tiel kinase and evaluation of downstream
signaling and function in a cellular context. A potential limi-
tation of this approach is that fTiel might transduce a different
set of signals than the endogenous, full-length Tiel does. How-
ever, we used a similar approach previously to demonstrate
activation of PI 3-kinase and Akt by Tie2 before its ligands
became readily available (19), and these effects were subse-
quently confirmed in endothelial cells using the activating Tie2
ligand, Angl (13, 16, 27). In light of studies supporting an
endothelial cell survival function for Tiel, it seems likely that
the present findings will hold true in endothelial cells, but
ultimate confirmation of these results will require identifica-
tion of the ligand(s) for Tiel.

In a recent report, Marron et al. were unable to demonstrate
autophosphorylation of a chimeric TrkA-Tiel receptor (25).
According to that report, the receptor was transiently trans-
fected into endothelial cells, an approach that may not have
yielded efficient receptor expression. In our experiments, sta-

fTie1.13 Y1113F
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caspase-3
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FIG. 8. Mutation of Y1113 blocks the antiapoptotic effect of Tiel.
Cells expressing wild-type fTiel or Y1113F were serum starved over-
night in the absence or presence of CSF-1 (500 ng/ml). The following
morning the cells were UV irradiated (1,200 J/m?). Cell lysates were
separated by SDS-8 to 16% PAGE and Western blotted with the
indicated Abs. CSF-1 treatment induced an increase in Akt phosphor-
ylation and a decrease in caspase 3 cleavage in wild-type fTiel cells but
not in Y1113F-expressing cells.
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ble expression of fTiel likely resulted in higher levels of re-
ceptor expression and may have enhanced our ability to detect
Tiel signaling events. Although autophosphorylation of RTKs
is often used as an indicator of their activation, it is possible
that Tiel is a poor substrate for itself. Similarly, phosphoryla-
tion of synthetic tyrosine-containing peptides, which Tiel ap-
parently fails to phosphorylate in vitro (25), may be a poor
surrogate marker of Tiel activation. Our studies suggest that
this is the case; in spite of weak Tiel autophosphorylation in
fTiel cells, we readily detected Tiel in antiphosphotyrosine
immunoprecipitates and Tiel activation of Akt. Importantly,
these effects were dependent on both ligand activation and
Tiel kinase activity, demonstrating that they were indeed me-
diated by Tiel. Notably, Partanen et al. found that the full-
length Tiel protein also immunoprecipitated with antiphos-
photyrosine Abs in spite of undetectable tyrosine kinase
activity (29). These findings suggest that Tiel is activated out
of proportion to its level of autophosphorylation.

Several reports have demonstrated that treatment of endo-
thelial cells with phorbol myristate acetate, VEGF, or TNF-a
induces cleavage of Tiel to release a soluble extracellular do-
main and an endodomain fragment (41, 42), which likely con-
sists of the transmembrane and cytoplasmic kinase domains,
but whose function remains unclear. In a recent report, the
Tiel endodomain was found to coimmunoprecipitate with the
protein tyrosine phosphatase Shp2 (26), although no function
has been demonstrated for this interaction. Based on this find-
ing, it was suggested that endodomain generation might con-
stitute a potential form of ligand-independent signaling by
Tiel. In fact, our results indicate that Tiel signals effectively
following ligand activation in the context of the fTiel chimeric
receptor. Because of the potential role of Tiel in vascular
maturation, it seems more likely that the purpose of Tiel
cleavage by angiogenic or inflammatory cytokines, such as
VEGF and TNF-q, is to inhibit Tiel signaling and to destabi-
lize the mature vasculature in order to facilitate angiogenesis.
Extracellular domain cleavage following ligand binding has
been shown previously to be a mechanism for regulating sig-
naling and function by other RTKs (3, 37). The presence of
signaling proteins associated with cleaved Tiel might not be
unexpected following proteolytic processing and internaliza-
tion of the receptor. Studies evaluating the subcellular local-
ization of these complexes may help elucidate their true bio-
logical role.

The high degree of homology between Tiel and Tie2, along
with studies suggesting that these two receptors perform com-
plementary functions, has led many to speculate that they
heterodimerize. Hetero-oligomerization has been demon-
strated for other RTKSs, such as members of the EGF and
VEGEF receptor subfamilies, which also include receptors with
weak or absent catalytic activity like Tiel (37). Unlike these
receptor subfamilies, however, a common ligand for the Tie
receptors has not been identified. The recent finding that the
Tiel endodomain coimmunoprecipitates with Tie2 supports
the possibility of Tiel/Tie2 heterodimerization (25), but it also
raises important questions. For example, does the Tie2/Tiel
endodomain association occur at the plasma membrane or in
endocytic vesicles following proteolytic processing? Further-
more, is the interaction direct, or is it mediated by a scaffold or
other intermediate signaling protein? Answers to these ques-
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tions will likely shed light on both the mechanism and function
of Tiel/Tie2 association. Although this interaction was felt to
indicate that Tiel might modulate Tie2 signaling (25), the Tiel
endodomain was not found to be tyrosine phosphorylated in its
complex with Tie2, and no effects on Tie2 have been demon-
strated following interaction with Tiel. Importantly, our re-
sults demonstrate that Tiel activates PI 3-kinase and Akt and
that it transduces a potent survival signal in cells that lack Tie2.
Thus, while heterodimerization with Tie2 and modulation of
Tie2 signaling comprise a potential but as yet unproven func-
tion for Tiel, our results suggest that Tiel inhibits apoptosis
autonomously of Tie2.

The presence of overlapping signaling pathways and func-
tions for Tiel and Tie2 is suggested by their marked structural
similarities, as well as by the results of genetic studies (23, 31,
32). The presence of an ideal p85 consensus binding sequence
at tyrosine 1113 suggested that Tiel could activate PI 3-kinase.
Moreover, this residue corresponds to Y1101 of Tie2, which
was shown to be required for activation of both PI 3-kinase and
Akt (19). Ligand stimulation of Tiel clearly activated PT 3-ki-
nase and Akt in a cellular context, suggesting that this residue
is the likely PI 3-kinase binding site. Furthermore, mutation of
Y1113 abrogated two different PI 3-kinase-dependent effects
of Tiel (Akt phosphorylation and caspase 3 cleavage). To-
gether, these results support Y1113 as the primary p85-binding
site on Tiel. These findings again raise the important question
of why two highly homologous receptors with overlapping
functions are both required for embryonic vascular develop-
ment. The answer to this question will likely provide important
insights into the molecular mechanisms of angiogenesis.

Recently, there has been great interest in understanding the
mechanisms of angiogenesis in order to develop both pro- and
antiangiogenic therapies for a variety of diseases, from isch-
emic vascular diseases to cancer. Studies are currently under
way to evaluate the efficacy of angiogenic growth factors like
VEGF and basic fibroblast growth factor (bFGF) for nonre-
vascularizable coronary artery disease and peripheral vascular
disease (9, 11). VEGF is required for the early steps of angio-
genesis but not for subsequent vascular morphogenesis, mat-
uration, or stabilization of the vasculature, which appears to be
regulated by Angl, Tie2, and Tiel (10, 30, 43). A potential
problem with present approaches is that it is unclear whether
administration of VEGF or bFGF will initiate the subsequent
steps required for proper vascular remodeling and maturation.
Tiel and Tie2 may need to be activated in an appropriate
temporal and spatial context in order for nascent blood vessels
to continue to develop and mature. Although much work re-
mains to be done to elucidate the precise molecular mecha-
nisms of angiogenesis, our identification of an antiapoptotic
function of Tiel provides an important insight into the mech-
anisms of vascular development. These findings and the even-
tual identification of a Tiel ligand may therefore lead to im-
proved therapeutic interventions for a variety of angiogenic
diseases.
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