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Despite the altered expression of Tie receptors and angiopoietin ligands during hypoxic conditions, the
effect of hypoxia on Tie-mediated endothelial responses has not been elucidated. In this study, we found
that hypoxia increased Tie receptor expression but attenuated angiopoietin-1 (Ang1)-induced Tie2 activ-
ity, including Tie2 phosphorylation, Tie2 downstream signaling activation, and endothelial cell tube for-
mation. However, Angl binding to endothelial cells was increased during hypoxic conditions. We
demonstrated that Tiel suppression restored the Tie2 activity and that Tiel-mediated Tie2 suppression
was independent of tyrosine phosphatase activity. These results suggest that under hypoxic conditions,
Tiel is critical for reducing Angl-induced Tie2 activity and angiogenesis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Tiel and Tie2 are receptor tyrosine kinases that are predomi-
nantly expressed in the vascular endothelium. Tie2 is well recog-
nized as a receptor for angiopoietin (Ang) ligands [1]. Among the
various Ang ligands, Ang1 is the best characterized Tie2 receptor
agonist, whereas Ang2 has been reported to act as a context-
dependent agonist or antagonist for Tie2 [2]. Tie2 stimulation is
known to play a crucial role not only in the maturation and stabil-
ization of blood vessels by activating phosphatidylinositol 3-kinase
and subsequently the cell survival kinase Akt [3,4] but also the pre-
vention of vascular leakage by potentiating endothelial barrier
function and anti-inflammatory effects [5,6].

In contrast to the beneficial effect of Ang1/Tie2 signals on vas-
cular remodeling and integrity, relatively little is known about
Tiel receptor function, its downstream signaling pathway, and
even the ligands for the Tiel receptor. One study, in which Tiel
was genetically ablated in mice, reveals that the Tiel receptor
plays a role not in early angiogenic processes but in the mainte-
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nance of micro-vessel integrity [7]. Angl was proposed to activate
Tiel directly [8] or indirectly via Tie2 activation [9]. A growing
body of evidence suggests that Tiel may interact with Tie2 and
limit Tie2 responsiveness to Angl and the cellular function of
Tie2 [9,10]. In this regard, the preference of agonistic Angl to in-
duce Tie2 homo-multimer formation, whereas antagonistic Ang2
induces Tiel/Tie2 hetero-multimer formation [11], suggests that
the inhibitory function of Tiel on Tie2 activity is associated with
impairment of ligand binding to the Tie2 receptor. However, it is
not clear how Tiel contributes to Angl-induced Tie2 responses.

Hypoxia plays a critical role in angiogenesis by producing a
variety of mediators, including growth factors. The vascular re-
sponse to hypoxia includes an autocrine component of cell survival
and vessel permeability and a paracrine component of smooth
muscle cell and pericyte vasoactive action [12]. In terms of hypoxic
regulation of Ang/Tie system, hypoxia increased Ang2 expression,
which is dependent on hypoxia-inducible factor (HIF) via hypox-
ia-response element (HRE) [13,14]. Hypoxia also increased Tiel
expression in endothelial cells [15], whereas Ang1 and Tie2 expres-
sion during hypoxia remains controversial and differs in vitro and
in vivo [16]. Despite the known alterations of expression of the
Ang/Tie system, the effect of hypoxia on Ang/Tie-mediated signal-
ing and angiogenic responses in endothelial cells has not been well
elucidated. Thus, the objective of our study was to examine
whether hypoxia affects Tie receptor expression, Angl-induced
signaling, and angiogenic responses in endothelial cells.
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2. Materials and methods
2.1. Reagents

Recombinant human Angl and Ang2 proteins were purchased
from R&D Systems (Minneapolis, MN). The following antibodies
were used: anti-phosphotyrosine (Millipore, MA, USA), anti-Tiel
(Santa Cruz Biotechnology, CA, USA), anti-Tie2 (Millipore), anti-
phospho-Erk1/2, anti-Erk1/2, anti-phospho-Akt, anti-Akt, anti-B-
tubulin (Cell Signaling Technology, MA). Peroxidase-conjugated
secondary antibodies were purchased from Santa Cruz Biotechnol-
ogy. Cell culture media, fetal bovine serum, and other chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture

Human umbilical vein endothelial cells (HUVECs) were pur-
chased and cultured in EGM-2 basal medium containing growth
factors supplied by the manufacturer (Lonza, Rockland, ME, USA).
Cells were grown in a humidified 5% CO, atmosphere in an incuba-
tor, with oxygen tension at either 140 mmHg (20% O, v/v, normox-
ic conditions) or 7 mmHg (1% O, v/v, hypoxic conditions).

2.3. Western blot analysis

The cells were lysed in a buffer containing 20 mM Tris (pH 7.5),
150 mM Nadl, 1% Triton X-100, and a protease inhibitor cocktail.
Proteins from cell lysates were separated on 7-10% SDS-PAGE gels
and were transferred to nitrocellulose membranes. The membranes
were incubated with the appropriate primary antibodies. Horserad-
ish peroxidase-conjugated species-specific IgGs were used as sec-
ondary antibodies. An Enhanced Chemiluminescence Detection
kit (Pierce, IL, USA) was used to detect and visualize the bands.

2.4. ShRNA knockdown of Tie receptors

Lentiviral particles encoding Tiel, Tie2, and control sShRNA were
purchased from Sigma-Aldrich. HUVECs were infected with the
lentiviral particles according to the manufacturer’s protocol (Sig-
ma-Aldrich). After 7 days, the expression of Tiel and Tie2 was
monitored by Western blot analysis.

2.5. Immunoprecipitation

Cell lysates were incubated with anti-phosphotyrosine anti-
body for 1h at 4°C. Protein A/G beads (Thermo Scientific, MA,
USA) were added for collecting protein complexes for another 4 h
at 4 °C. After washing, the precipitated proteins were separated
on 7% SDS-PAGE gels and analyzed by Western blot analysis using
anti-Tiel and anti-Tie2 antibodies.

2.6. Flow cytometry analysis

The cells were incubated with His-tagged Angl (500 ng/
mL x 10° cells) or bovine serum albumin (500 ng/mL x 10° cells)
for 1 h at 4 °C. After washing, the cells were incubated with an
anti-His antibody or a mouse IgG for 1 h at 4 °C, followed by the
incubation with FITC-conjugated secondary antibodies. Fluores-
cence was detected using a FACScan flow cytometer with CELL-
Quest software (Becton Dickinson, UK).

2.7. Tube formation assay
A 50 pL suspension of HUVECs (5 x 10* cells per well) was

added to 24-well plates coated with growth factor-reduced Matri-
gel™ (BD biosciences) and was incubated in a 5% CO, atmosphere

for 16 h at 37 °C. The plate was examined under a light microscope,
and the phase contrast image was captured by a digital camera.
Vessel length and tube area were quantitated using Image] soft-
ware (NIH, Bethesda, MD, USA).

2.8. Statistical analysis

The data are presented as the mean + SEM. The statistical analy-
ses were performed using Prism 5.0 software (GraphPad Software,
Inc., CA, USA), and Student’s t-test was used to compare the differ-
ences between the groups, with P < 0.05 considered to be statisti-
cally significant.

3. Results
3.1. Tiel impairs Ang1-induced Tie2 activity during hypoxia

To examine the effect of hypoxia on the expression of Tiel and
Tie2, HUVECs were subjected to 1% O, for up to 24 h. Hypoxia sig-
nificantly increased both Tiel and Tie2 protein levels in a time
dependent manner, beginning after 12 h of hypoxia (Fig. 1A).
Although Tie receptor expression was increased after hypoxia,
the basal activation of Erk1/2 and Akt was not changed (Fig. 1A).

To determine the consequences of increased Tie receptor
expression, we examined the ability of Angl stimulation to acti-
vate and phosphorylate Tiel and Tie2 receptors under hypoxic
conditions. HUVECs were exposed to hypoxic or normoxic condi-
tions for 12 h followed by the addition of Angl (300 ng/mL) for
10 min. Under the normoxic conditions, Ang1 induced both Tiel
and Tie2 phosphorylation (Fig. 1B). In contrast, Angl-induced
Tie2 phosphorylation was considerably lower after hypoxic condi-
tions compared with normoxic conditions (Fig. 1B). To exclude the
possibility that reoxygenation during Angl treatment affects Tie
receptor activities, we examined the same phenomenon in the
presence of the hypoxia mimetic iron chelator desferrioxamine
(DFX). We confirmed that both Tiel and Tie2 were activated after
10 min of Ang1 treatment (Fig. 1C). These results indicated that hy-
poxia increased both Tiel and Tie2 expression but attenuated
Angl-induced Tie2 phosphorylation.

Because the activation of mitogen-activated protein kinase (Erk1/
2) and phosphatidylinositol 3-kinase (PI3K) by Ang1 is a well-recog-
nized pathway in endothelial cells [17], we examined whether Ang1-
induced Erk1/2 and Akt signaling were also modified under hypoxic
conditions. When HUVECs were exposed to hypoxic conditions,
Ang1l-induced Erk1/2 and Akt phosphorylation were decreased com-
pared with those values in normoxic conditions (Fig. 1D).

We next examined whether the decreased activation of cellular
signaling pathways during hypoxic conditions was associated with
the decreased binding of Ang1 to the Tie2 receptor in endothelial
cells. Unexpectedly, the binding of Ang1 to HUVECs increased un-
der hypoxic conditions compared with the binding in normoxic
conditions (Fig. 1E), indicating that the diminished activation of
cellular signaling pathways by Ang1 after hypoxia was not related
to Ang1 binding to the Tie2 receptor.

3.2. Suppression of Tiel restores Ang1-induced Tie2 activity during
hypoxia

Based on these findings, we hypothesized that Tie2 and its
downstream cellular signaling activities were suppressed by hy-
poxia and that some negative regulator reduced agonist-induced
Tie2 activity. Because Tiel has the ability to inhibit Ang1/Tie2 sig-
naling [9], we examined whether Tiel was associated with the
hypoxic suppression of Angl/Tie2 signaling. Using HUVECs trans-
fected with a lentiviral shRNA construct to knockdown Tiel, we
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Fig. 1. Effects of hypoxia on Tiel and Tie2 receptor expression and their responsiveness to Ang1. (A) HUVECs were incubated under hypoxic conditions (1% O,) for 24 h. Cells
were lysed at the indicated times, and the expression of the indicated proteins was examined by Western blot analysis. Results are given as fold increases versus 0 h values
and plotted as mean + SEM. ** and * denote P< 0.01 and P < 0.05 versus 0 h values, respectively (n = 4). (B) After 12 h of incubation under normoxic and hypoxic conditions,
HUVECs were treated with Ang1 for 10 min. Cell lysates were subjected to immunoprecipitation with an anti-phosphotyrosine antibody. Tie receptor phosphorylation was
detected with anti-Tiel and Tie2 antibodies. Input indicates the Tie1l and Tie2 protein levels in the lysates used for immunoprecipitation. Results are given as fold increases
versus control values under normoxia and plotted as mean + SEM. ~and "~ denote P < 0.05 and P < 0.01 between the indicated groups, respectively (n = 4). (C) HUVECs were
treated with DFX for 12 h and followed by Ang1 treatment for the indicated times. Cell lysates were subjected to immunoprecipitation with anti-phosphotyrosine antibody
and blots were detected with anti-Tiel and Tie2 antibodies. (D) After 12 h of normoxia or hypoxia, HUVECs were treated with Angl for 10 min and lysed. The indicated
signaling proteins were detected by Western blot analysis. Results are given as fold increases versus control values under normoxia and plotted as mean + SEM. "and ~ denote
P <0.05 and P <0.01 between the indicated groups, respectively (n = 4). (E) After 12 h of normoxia (Norm.) or hypoxia (Hypo.), Ang1 binding to HUVECs was determined by
Ang1-stained flow cytometry. FL1-H indicates FITC fluorescence intensity, and counts indicate the number of cells. Data are representative of three independent experiments.



694 J.-H. Yun et al./Biochemical and Biophysical Research Communications 436 (2013) 691-697

found that Ang1 induced an increase in phosphorylated Tie2 and
its downstream signaling pathways (Erk1/2 and Akt) after hypoxia
when compared with phosphorylation levels after normoxia
(Fig. 2A). We also examined whether increased Tiel phosphoryla-
tion after hypoxia solely produced the aforementioned cellular sig-
naling. Utilizing a lentiviral shRNA knockdown construct targeting
Tie2 in HUVECs, we observed that Angl-induced phosphorylation
of Erk1/2 and Akt was completely abolished under both normoxic
and hypoxic conditions (Fig. 2B). Together, the results suggested
that Angl activated cellular signaling predominantly in a Tie2-
dependent manner but not in a Tiel-dependent manner.

We next determined whether Tiel was involved in Ang1 bind-
ing to HUVECs. Employing the same shRNAs to knockdown Tiel in
HUVECs, we found that the binding of Ang1 to HUVECs under hyp-
oxic conditions was similar to the binding under normoxic condi-
tions (Fig. 2C). These results suggested that Tiel did not affect
the Ang1 binding to HUVECs but modified Ang1/Tie2 activity.

3.3. Suppression of Tiel restores Angl1-induced tube formation under
hypoxic conditions

We next employed an in vitro model of endothelial tube forma-
tion to address the biological significance of our biochemical obser-
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vations. When HUVECs were exposed to hypoxic conditions, Ang1-
induced tube formation in HUVECs was suppressed compared with
tube formation under normoxic conditions (Fig. 3). In contrast,
upon knockdown of Tiel with lentiviral shRNA particles, the hyp-
oxic suppression of Angl-induced tube formation in HUVECs was
abolished. Image analyses showed that both the tube length and
tube area were significantly reduced in HUVECs under hypoxic
conditions but restored or increased after Tiel knockdown
(Fig. 3B and C).

3.4. Tiel-mediated suppression of Ang1/Tie2 signaling is not
dependent on phosphatase activity

We next wondered how Tie2 activity was inhibited by Tiel. Be-
cause Tie2 activity can be negatively modulated by tyrosine phos-
phatases [18,19], we investigated the possibility of the
involvement of tyrosine phosphatases in Tiel-induced suppression
of Ang1/Tie2 signaling. When HUVECs were treated with the non-
selective tyrosine phosphatase inhibitor pervanadate, Erk1/2 and
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Fig. 2. Effect of Tiel knockdown on Ang1-induced Tie2 activity. (A) ShRNA constructs targeting Tiel (shTiel) or a control ShRNA (shCon) were transfected into HUVECs, and
the cells were incubated for 12 h of normoxia or hypoxia and followed by a 10 min Ang1 treatment. Cell lysates were subjected to immunoprecipitation with an anti-
phosphotyrosine antibody. Tie2 phosphorylation was detected with an anti-Tie2 antibody. The indicated signaling proteins were also detected in the cell lysates. (B) An
shRNA knockdown of Tie2 (shTie2) was transfected into HUVECs, and cells were analyzed to determine Tiel activity and the effect of Tie2-knockdown on signaling pathways.
(C) ShTiel-transfected HUVECs were incubated under normoxic (Norm.) and hypoxic (Hypo.) conditions. Ang1 binding to HUVECs was determined by Angl-stained flow
cytometry. FL1-H indicates FITC fluorescence intensity, and counts indicate the number of cells. Data are representative of three independent experiments.



J.-H. Yun et al./ Biochemical and Biophysical Research Communications 436 (2013) 691-697 695

A shCon
Control Ang1
5
X
(o)
£
o
O
P4
lg ..
X
o
Q.
>
I
B *
40- 3 Control *I

Hl Ang1 *

= )

[2]
[=]
1

Tube length (mm)
s 8

Normoxia Hypoxia Normoxia Hypoxia

shTie1

shCon

shTie1
Control Ang1
Cc
4o B3 Control *
El Ang1 * I
*

*

[

Tube area
(% of total area)
e T b
ﬁ- )

Normoxia Hypoxia Normoxia Hypoxia

shTie1

shCon

Fig. 3. Effect of Tiel knockdown on Angl-induced endothelial tube formation. (A) HUVECs were transfected with a control shRNA (shCon) or an shRNA knockdown of Tiel
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diminished to similar levels as with Ang1 treatment under hypoxic
conditions (Fig. 4A). In addition, the potentiating effect of Tiel
knockdown on Erk1/2 and Akt phosphorylation under hypoxic con-
ditions was synergistically enhanced by the phosphatase inhibitor
(Fig. 4B). These results suggested that Tiel-mediated inhibition of
Ang1/Tie2 signaling was not associated with tyrosine phosphatase
activity.

4. Discussion

In the present study, we found that hypoxia suppressed Ang1-
induced signaling pathways and responses in HUVECs through
the increase of Tiel expression independent of tyrosine phospha-
tase activity, even though hypoxia increased Tie2 receptor expres-
sion and Ang1 binding on HUVECs. These results suggested that
Tiel was critical for attenuating Angl-induced Tie2 activity and
angiogenesis under hypoxic conditions (Fig. 4C).

A classical response of cells to hypoxia is a delay of proliferation
or growth arrest. To combat these phenomena, cells or tissues need
to trigger a series of events to induce angiogenesis to supply oxy-
gen. Thus, endothelial cells need to proliferate to form blood ves-
sels under hypoxic conditions. Two possible mechanisms enable
endothelial cells to survive or proliferate during hypoxic conditions

to promote angiogenesis. The first is the hypoxic induction of
growth factors by the HIF-1, which stimulates endothelial prolifer-
ation [20]. Vascular endothelial growth factor (VEGF) is the canon-
ical angiogenic growth factor, which is strongly up-regulated by
hypoxia and induces endothelial proliferation [21]. During hypox-
ia, VEGF also induces proper vascular development requiring the
coordination with the expression of angiopoietin and Tie2 [22].
In the context of hypoxia, increased expression of Tiel [15] and
Tie2 in endothelial cells [23] and Ang1 in pericytes [24] contributes
to growth factor-induced angiogenesis. However, it is not clear that
the increased expression of Tie2 under hypoxic conditions reflects
whether Tie2 activity is also increased. Here, we found that Tie2
expression was consistently increased and that Angl binding to
HUVECs was also increased under hypoxic conditions (Fig. 1C).
Nonetheless, hypoxia blunted the Angl-induced Tie2 phosphoryla-
tion, Tie2 downstream signaling pathways, and endothelial tube
formation (Figs. 1 and 3), suggesting that although hypoxia initi-
ated angiogenesis, proper angiogenesis could not be fully sup-
ported due to decreased Ang1/Tie2 activity.

Along with VEGF induction, the second possible mechanism
could be a direct induction of endothelial proliferation by hypoxia
itself [25]. Whether hypoxia alone induces endothelial prolifera-
tion remains controversial. It has been reported that hypoxic stim-
ulation of endothelial proliferation was not dependent on VEGF
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suppress the Angl-induced Akt and Erk1/2 signaling and tube formation.

[26,27]. Moreover, a later study showed that hypoxia-induced
endothelial proliferation was related to the mammalian target of
rapamycin (mTOR) signaling pathway [28]. Conversely, other stud-
ies have suggested that persistent hypoxia alters the endothelial
cell cycle to induce cell growth arrest and apoptosis [29,30]. In
our experimental settings, we found that hypoxia alone induced
neither Erk1/2 and Akt activation nor endothelial tube formation
(Figs. 1A and 3). Moreover, when we examined cell cycle after hy-
poxia by staining DNA content, we found that hypoxia reduced the
percentage of endothelial cells entering S phase (Supplement
Fig. 1), suggesting that hypoxia led to endothelial cell cycle arrest.
Therefore, growth factors induced by hypoxia may be critical for
stimulating endothelial proliferation and angiogenesis during hyp-
oxic conditions.

The mechanism responsible for the inhibition of Ang1/Tie2
activity under hypoxic conditions was associated with the in-
creased expression of Tiel (Fig. 2). Similar to Tie2 expression,
Tiel expression was also up-regulated under hypoxic conditions
[15]. In addition, Tiel down-regulation in endothelial cells is
known to potentiate Ang1/Tie2 signaling pathways [9]. The inhib-

itory role of Tiel in Tie2 signaling is in part associated with Tiel
phosphorylation, which is mediated by Ang1-induced Tie2 phos-
phorylation [8,9] (Fig. 2). A more detailed mechanism of how
Tiel activation inhibits Tie2 activity remains unknown. There are
two possible explanations for a detailed mechanism. One possible
explanation is that Tiel interferes with Angl binding to Tie2,
which decreases Tie2 activity. Another possible explanation is that
Tiel activation affects Tie2 downstream signaling pathways. Our
results showing unchanged Angl binding to HUVECs in hypoxic
conditions after Tiel depletion ruled out the former possibility
(Fig. 2C). As for the latter possibility, we hypothesized that Tiel-
mediated Tie2 inhibition was associated with negative regulators
of Tie2 activity. Tie2 is known to interact with tyrosine phospha-
tases, such as the vascular endothelial protein tyrosine phospha-
tase (VE-PTP) [18] and the tyrosine phosphatase SHP-2 [19], and
both phosphatases are negative regulators of Tie2 phosphorylation.
We found that treatment with a tyrosine phosphatase inhibitor,
pervanadate, increased Tie2 phosphorylation (Fig. 4A). Moreover,
we also found that Angl-induced Tie2 activity was further poten-
tiated after Tiel suppression in the presence of pervanadate
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(Fig. 4B), suggesting that Tiel-mediated Tie2 inhibition was inde-
pendent of phosphatase activity. Therefore, how activated Tiel
inhibits Tie2 activity remains to be explored.

In summary, our results demonstrate that hypoxia increases
Tiel and Tie2 receptor expression, but reduces Angl-induced
Tie2 activation and tube formation. We also demonstrate that the
induction of Tiel expression impairs Ang1/Tie2 activity under hyp-
oxic conditions in a tyrosine phosphatase-independent manner.
Therefore, targeting Tiel in hypoxic conditions could contribute
to the control of vascular cell proliferation and angiogenesis in
physiologic and pathologic environments.
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