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Tie1 deletion inhibits tumor growth and 
improves angiopoietin antagonist therapy
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The endothelial Tie1 receptor is ligand-less, but interacts with the Tie2 receptor for angiopoietins (Angpt). 
Angpt2 is expressed in tumor blood vessels, and its blockade inhibits tumor angiogenesis. Here we found 
that Tie1 deletion from the endothelium of adult mice inhibits tumor angiogenesis and growth by decreas-
ing endothelial cell survival in tumor vessels, without affecting normal vasculature. Treatment with VEGF or 
VEGFR-2 blocking antibodies similarly reduced tumor angiogenesis and growth; however, no additive inhibi-
tion was obtained by targeting both Tie1 and VEGF/VEGFR-2. In contrast, treatment of Tie1-deficient mice 
with a soluble form of the extracellular domain of Tie2, which blocks Angpt activity, resulted in additive inhibi-
tion of tumor growth. Notably, Tie1 deletion decreased sprouting angiogenesis and increased Notch pathway 
activity in the postnatal retinal vasculature, while pharmacological Notch suppression in the absence of Tie1 
promoted retinal hypervasularization. Moreover, substantial additive inhibition of the retinal vascular front 
migration was observed when Angpt2 blocking antibodies were administered to Tie1-deficient pups. Thus, 
Tie1 regulates tumor angiogenesis, postnatal sprouting angiogenesis, and endothelial cell survival, which are 
controlled by VEGF, Angpt, and Notch signals. Our results suggest that targeting Tie1 in combination with 
Angpt/Tie2 has the potential to improve antiangiogenic therapy.

Introduction
Angiogenesis, the sprouting of new blood vessels from preexisting 
ones, is required for a variety of physiological processes, such as 
embryonic development, reproduction, wound healing, and organ 
regeneration in adults. Furthermore, angiogenesis is involved in 
several pathological processes, including age-related macular degen-
eration and cancer (1, 2), and compounds that inhibit the VEGF/
VEGFR-2 pathway are in clinical use for the treatment of these 
diseases. However, targeting the VEGF/VEGFR-2 pathway is often 
insufficient to control tumor growth. Thus, novel approaches to 
further develop antiangiogenic therapies for cancer are needed (3).

The angiopoietin (Angpt) growth factors Angpt1 and Angpt2 
and the Tie receptors Tie1 and Tie2 form another endothelial 
receptor tyrosine kinase signaling system with a pivotal role in 
embryonic vessel morphogenesis and vascular homeostasis (4). 
Constitutive deletion of Tie1, Tie2, or Angpt1 results in embry-
onic lethality (5–8). In adults, Angpt1-mediated signals are impor-
tant for stabilization of the vascular endothelium after angiogenic 
processes (8). Angpt2 is required for lymphatic development, and 
postnatally, both Angpt1 and Angpt2 contribute to the develop-
ment of the retinal vasculature (9, 10).

The Angpt-Tie pathway also regulates tumor angiogenesis (4, 
11). Angpt2 levels are increased in many human cancers, and 
its blockage inhibits tumor growth and angiogenesis (12–14). 
Blocking Angpt2 also inhibits tumor metastasis via hematog-
enous and lymphatic routes (13, 15).

All angiopoietins bind to Tie2, while Tie1 is as an orphan receptor 
(4, 12, 14). However, Tie1 interacts with Tie2, and both translocate 
to endothelial cell-cell contacts upon Angpt stimulation (16–18). 
During embryonic development, Tie1 is required for the integrity 
of the vascular endothelium, particularly in regions undergoing 
angiogenic capillary growth (5). Tie1 expression is increased in 
adults during wound healing, ovarian follicle maturation, and 
tumor angiogenesis (11, 19). According to Woo et al., postnatal loss 
of 40%–80% of Tie1 did not result in obvious pathology, but instead 
conferred an atheroprotective effect, in a murine model (20).

In the present study, we showed that endothelial-specific deletion 
of Tie1 inhibited tumor angiogenesis and growth and delayed devel-
opmental angiogenesis occurring postnatally in the retina. Interest-
ingly, angiopoietin inhibitors increased antiangiogenic effects on 
both tumor and retinal angiogenesis in Tie1-deleted mice.

Results
Validation of a conditional Tie1 loss-of-function mouse model. To study 
the importance of Tie1 during postnatal angiogenesis, given that 
homozygous constitutive Tie1 deletion (Tie1–/–) is embryonic 
lethal, we generated conditionally Tie1-targeted mice (Tie1flox/flox) 
using the Cre/loxP system to delete the first coding exon of Tie1 
(5, 21, 22). We validated the mouse model by deleting Tie1 ubiq-
uitously, using the Tie1flox/flox allele and the PGK-Cre transgenic 
strain, in which the expression of the Cre recombinase starts dur-
ing the diploid phase of oogenesis (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI68897DS1; and refs. 22, 23). Southern, Northern, and Western 
blotting demonstrated virtually complete Tie1 gene ablation at the 
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DNA, mRNA, and protein levels in all PGK-Cre/Tie1flox/flox (referred 
to herein as Tie1Δ/Δ) embryos analyzed (Supplemental Figure 1, 
C–F, and Supplemental Figure 2). Tie1 mRNA and protein levels 
in samples of PGK-Cre/Tie1flox/+ (Tie1Δ/+) embryos were about half 
of those seen in WT and Tie1flox/flox control samples (Supplemen-
tal Figure 1, E and F). At E14.5, Tie1Δ/Δ embryos exhibited a pro-
nounced edematous phenotype and hemorrhages (Supplemental 
Figure 1A), resembling transgenic embryos in which ubiquitous 
Tie1 deletion is achieved by insertion of the LacZ gene into the 
Tie1 locus (5, 21). The Tie1Δ/Δ mice died by E17.5 (data not shown).

Examination of histological sections of the thoracic region, 
stained for the blood vascular endothelial marker endomucin 
and the lymphatic endothelial markers Prox1 and Lyve1, showed 
the presence of mispatterned first lymphatic structures that have 
been previously described as lymph sacs, in Tie1Δ/Δ but not control 
embryos at E14.5 (Supplemental Figure 3). This phenotype was 
similar to that reported for embryos that express homozygous 
hypomorphic Tie1 alleles (22). We visualized the developing lym-
phatic vasculature in more detail by planar illumination–based 
ultramicroscopy of whole-mount immunostained E12.5 embryos 

(24) in which Tie1 had been deleted from endothelial cells (referred 
to herein as Tie1iECΔ/Δ) (Supplemental Table 1 and Supplemental 
Methods). Analysis of 3D reconstructions of images obtained 
by optical sectioning of embryos stained for Pecam1 and Prox1 
showed that the first lymphatic structures, recently described as 
peripheral longitudinal lymphatic vessel (PLLV) and primordial 
thoracic duct (pTD) (24), were present in anatomically correct 
positions in the E12.5 Tie1iECΔ/Δ embryos. However, these struc-
tures appeared abnormally dilated, and the superficial lymphatic 
vessels, which extend dorsally from the PLLV, were disrupted when 
compared with those of control embryos (Supplemental Figure 
1B). These results are consistent with our previous analysis of Tie1 
hypomorphic and Tie1Δ/Δ embryos at E14.5 (Supplemental Figure 3  
and ref. 22) and indicate that Tie1 has an endothelial cell–autono-
mous role in lymphatic vasculature development.

Endothelial Tie1 deletion inhibits tumor angiogenesis and growth. We 
next assessed the function of Tie1 during tumor angiogenesis. 
Previous in situ hybridization studies have shown elevated Tie1 
mRNA expression in the vascular endothelium of malignant 
human tumors compared with normal vessel endothelium (19, 

Figure 1
Endothelial Tie1 deficiency inhibits tumor growth. (A) Tie1 expression in the LLC (Tie1, green; endomucin, red; DNA, blue) and B16F1 (X-gal, 
blue) tumor vasculatures in Tie1+/+ and Tie1lacZ/+ mice, respectively. (B) Tie1 mRNA expression analyzed by quantitative RT-PCR (P < 10–5) and 
Tie1 and Hsc70 Western blots from control and Tie1iECΔ/Δ lung extracts. Numbers denote relative Tie1 levels. n = 7–10 lungs/genotype. (C) Growth 
curves of LLC, EL4, and B16F10 (B16) tumors. (D) Tumor weight at termination. Scale bars: 20 μm (A); 10 mm (C). Error bars denote SEM. Sig-
nificant differences are shown by asterisks, with P values indicated.


