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FIG. 1. Obesity in HFD-fed apelm KO mu:e 'A: Body Welght of HFD-fed apelm KO and WT mice (N 7. Increased body welght (B), inguinal
subcutaneous fat weight (C), and mesenteric fat weight (D) in apelin KO mice after 17 weeks of HFD. E: Hematoxylin and eosin staining showed
a thickened subcutaneous fat layer in apelin KO mice. BODIPY (green) and Isolectin (red) staining revealed increased lipid droplet (green) size in
subcutaneous adipocytes in apelin KO mice (F). Morphometric analysis of adlpocyte size confirmed enlargement of adipocytes in apelin KO mice

(). Arrows show crown-like structures in obese fat pads. Hematoxylin and eosin staining of subcutaneous adipose tissue surrounding lymph
nodes (LN) (H) and of mesenteric fat tissue (). J: Morphomemc analysis of mesenteric adipocyte size. Bars indicate 200 pm except in (E ), which
shows 1 mm. Date are expressed as mean values = SD. K: Double immunofluorescence staining with Ki67 (green) and perilipin (red) in the

mesenteric fat of WT and apelin KO mice after HFD. Arrows show proliferating adipocytes. ***P < 0.001, **P < 0.01, *P < 0.05.

adipocytes. Subcutaneous adipocytes in HFD-fed apelin
KO mice were increased in size (Fig. 1F) and surrounded
by endothelial cells, which appeared to form crown-like
structures in obese fat pads, as described previously (14).
Morphometric analysis confirmed that adipocytes were
enlarged in the HFD-fed apelin KO mice (Fig. 1G). Sec-
tions of subcutaneous white adipose tissue around lymph
nodes and sections of mesenteric fat tissue showed in-
creased adipocyte size of apelin KO mice as compared
with ‘controls (Fig. 1H-J). Double immunofluorescence
staining using antibodies against proliferation marker
Ki67 and perilipin revealed no- significant difference of
proliferating adipocytes in mesenteric fat tissues between
apelin KO mice and WT mice after HFD (Fig. 1K). '
No major abnormality of food consumption or lipid
metabolism in apelin KO mice. Because apelin/APJ
signaling in the central nervous system contributes to body
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fluid homeostasis (18), we investigated the food con-
sumption of HFD-fed apelin KO mice to determine if the
obese phenotype of apelin KO mice was elicited by
abnormahty of hypothalamic function after HFD feed-
ing. There was no significant difference in the amount of
weekly food intake between apelm KO mice and their
WT littermates (Fig. 24). The plasma insulin level in
obese apelin KO mice was slightly, but not significantly,
decreased as compared with WT mice (Fig. 2B). How-
ever, the leptin concentration in apelin KO mice was
significantly increased, whereas the adiponectin level
was. significantly decreased (Fig. 2C, D). We also mea-
sured the levels of circulating glucose, HDL cholesterol,
triglycerides, and free fatty acids in the plasma of obese
apelin KO mice and their WT counterparts but found
no significant difference in any of these factors (Fig.

2E-H).

diabetes.diabetesjournals.org



M. SAWANE AND ASSOCIATES

Abnormal lymphatic dysfunction and inflammation in
skin of HFD-fed apelin KO mice. To examine infiltration
of macrophages in the adipose tissue, we used immuno-
histochemical staining for CD11b. The results demon-
strated an increase of infiltrating macrophages in the
subcutaneous adipose layer of HFD-fed apelin KO mice, as
compared with WT mice (Fig. 34). Morphometric analysis
confirmed an increased ‘number of infiltrating macro-
phages in the subcutaneous adipose tissue of apelin KO
mice (P < 0.01) (Fig. 3B). We have previously demon-
strated that apelin promotes lymphatic function during
inflammation (12). Therefore, to determine whether apelin
depletion could lead to vascular abnormality in obese
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FIG. 2. No significant difference was found in food consumption or lipid
metabolism between apelin KO and WT mice after HFD. A: Food intake
was similar in apelin KO mice and WT littermates. B: Obese apelin KO
mice had a lower plasma insulin level, but the difference was not sig-
nificant. C: Serum leptin levels were approximately two times higher in
apelin KO mice than in WT mice (**P < 0.01). D: Serum adiponectin
levels tended to be lower in apelin KO mice, but the difference was not
significant. There was no significant difference of plasma glucose (E),
HDL cholesterol (HDLC; F), triglyceride (@), or free fatty acid (FFA;
H) between apelin KO mice and WT mice. Data are expressed as mean
values = SD (N = 7; **P < 0.01, 1P < 0.1). N.S., not significant.
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mice, we examined the expression of the APJ in lymphatic
and blood vessels in vivo. Double immunofluorescence
staining for the lymphatic marker podoplanin or the vas-
cular marker meca-32 and APJ revealed weak APJ ex-
pression in cutaneous lymphatic vessels from mice fed RD,
whereas HFD-fed mice showed increased expression of
APJ in LECs (Fig. 3C). In contrast, APJ expression levels
were similar in blood vessels of RD-fed and HFD-fed mice
(Fig. 3D). Given these data, we speculated that disruption
of apelin signaling resulted in abnormal structure of lym-
phatic or blood vessels and increased their leakiness.
Lymphatic and blood vessels in dermis of HFD-fed apelin
KO mice were clearly enlarged (Fig. 3F), and the diameter
of lymphatic and blood vessels was increased compared
with those in WT controls (Fig. 3F). In addition, to analyze
the enlarged lymphatic structure in apelin KO mice, whole-
mount immunofluorescence for claudin-5 also was per-
formed. We confirmed that the large vessels stained for
claudin-b were lymphatic marker podoplanin-positive
vessels (Fig. 3G). Whole-mount immunofluorescence for
claudin-6 of ear skin from HFD-fed WT and apelin KO mice
also revealed dilation of lymphatic vessels in apelin KO
mice (Fig. 3G). Surprisingly, obese apelin-KO mice showed
not only angiogenesis but also lymphatic hyperplasia in the
subcutaneous fat layer, whereas this was not the case in
subcutaneous adipose tissue of HFD-fed WT mice (Fig.
3H). Functional analyses by means of intradermal in-
jection of Evans blue dye into mouse ears revealed lym-
phatic backflush and leakiness in HFD-fed apelin KO mice
as compared with WT mice (Fig. 31).

Dietary fatty acids cause hyperpermeability of lymphatic
and blood vessels and adipocyte hypertrophy. To un-
derstand the mechanism through which HFD-fed apelin
KO mice developed significant obesity, we investigated in
vitro the effects of dietary fatty acids on LECs. The 3T3-L1
preadipocytes were cocultured with confluent LECs on
Transwell inserts in the presence of plasma from HFD-fed
or RD-fed WT mice to mimic the lymphatic endothelial

‘wall (Fig. 4A). Surprisingly, the amount of lipid droplets

was increased in the presence of plasma from HFD-fed
mice, whereas no major difference was found in the
presence or absence of plasma from RD-fed mice (Fig. 4B,
(). Because significant increases of oleic acid and stearic
acid were found in plasma of HFD-fed mice (M. Takagi,
unpublished observation), we speculated that the ele-
vated fatty acids in plasma of HFD-fed mice would induce
dysfunction of lymphatic and blood vessels via apelin
depletion, thereby promoting obesity. Treatment of LECs
with 20 and 100 pmol/L oleic acid resulted in hyper-
permeability of LECs compared with untreated cells (Fig.
4D). Moreover, we confirmed that these dietary fatty
acids promoted differentiation of human subcutane-
ous adipocytes (Fig. 4F). Preincubation with apelin-13
blocked the hyperpermeability of lymphatic and blood
vessel endothelial cells induced by oleic acid (Fig. 4F, G).
Moreover, whereas unstimulated endothelial cells were
stained evenly with VE-cadherin at sites of cell-cell
junctions, cells incubated with oleic acid displayed dis-
continuous staining with considerable gaps. Surprisingly,
cells pretreated with apelin-13 before incubation with
oleic acid retained the normal staining pattern of VE-
cadherin (Fig. 4H). These data indicate that the oleic acid
in HFD enhances the leakiness of lymphatic and vascular
structures via disruption of VE-cadherin, and that leakage
of dietary fatty acids from the vessels mediates adipocyte
hypertrophy.
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FIG. 3. Enhanced inflammation and vascular malformation in obese apelin KO mice. A: Increased CD11b* macrophages (green) in the subcutaneous
adipose layer of skin from apelin KO mice. B: Morphometric analysis showed that the number of CDllb* macrophages was significantly increased in
apelm KO mice. Double immunofluorescence. sta.mmg for podoplanin (C, red) or meca-32 (D, red) and for APJ (green) revealed upregu.lated ex-
pression of APJ in lymphatlcs of skin of HFD-fed mice. E: Double immunofluorescence staining of skin for LYVE-1 (green) and meca:32 (red) revealed
enlargement (arrowheads) and enhanced formation of LYVE-1* lymphatic vessels and meca-32* blood vessels'in apelin KO mice. F: Computer-assisted
morphometric analyses of lymphatic and blood vessels in skin. G: Immunofluorescence staining for claudin-5 in a whole-mount of ear skin. Lymphatic
vessels in apelin KO mice were partly dilated compared with controls. Double umnunoﬂuorescence stammg of clandin-5 (green) and podoplanin (red)
confirmed that the nonuniform vessels were podoplanin-positive lymphauc vessels. H: Immunofluorescence analysis of mouse skin for podoplanin
(red) revealed lymphatic hyperplasxa in the adipose layer of apelin KO mice. I: Intradermal uuectmn of Evans blue dye visualized enhanced leakiness
of enlarged lyraphatic v 1s and lymphatic backflush (arrowheads) in apelin KO mice at 1 and 5 min-after the injection. Scale bars indicate 200 pm
except in (G), which indicates 100 pm. Data are expressed as mean values = SD. **P < 0.01, ***P < 0.001.
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FIG. 4. Apelin inhibits vascular hyperpermeability induced by oleic acid, thereby blocking adipocyte differentiation. A: Schematic illustration of
coculture study of LECs with 3T3-L1 preadipocytes in the presence or absence of plasma. Confluent LECs were inserted with or without plasma on
day 2 after initiation of differentiation. B: 3T3-L1 preadipocytes were stained with Oil-red-O (red) on day 9 after initiation of differentiation. C:
Quantitative evaluation of lipid droplets of 3T3-L1 preadipocytes. D: Treatment with oleic acid increased the fluorescence intensity of permeated
FITC-dextran from LECs, as compared with the control. E: Human subcutaneous preadipocytes were stained with Oil-red-O (red) on day 9 after
initiation of differentiation with oleic acid or stearic acid. Fatty acid-exposed culture showed an increased amount of lipid droplets compared with
the control. The addition of apelin-13 blocked the hyperpermeability of LECs (F') and human umbilical vein endothelial cells (HUVECs; G) induced
by oleic acid. H: Immunohistochemistry of VE-cadherin (red) in LECs and HUVEC, showing discontinuous staining of VE-cadherin after incubation
with oleic acid. Apelin-13 blocked the discontinuity of staining of VE-cadherin and the gap formation induced by oleic acid. Scale bars indicate 200
pm (E) and 100 pm (B and H). Data are expressed as mean values = SD. *P < 0.05, P < 0.01, ***P < 0.001.
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A selective COX2 inhibitor blocked'the dismption of
apelin/APJ signaling. To determine how the lymphatic
and vascular systems affect HFD—mduced obesity in vivo,

we treated HFD-fed apelin KO mice with a selective COX2
inhibitor, CEL. It has been shown that COX2 inhibitors
block angiogenesis and lymaphangiogenesis during tumor
growth (19). The CEL-treated, HFD-fed, apelin KO mice
gained 30% less weight than HFD-fed apelin KO mice, and
showed differences in subcutaneous and mesenteric fat
accumulation (Fig. 54-D). Hematoxylin and eosin staining
of skin sections confirmed a decreased adipose layer in the
CEL-treated apelin KO mice, with a decreased adipocyte
diameter (Fig. 5E, F). However, no significant difference in

diabetes.diabetesjournals.org

weight gain or'fat accumulation was found between WT
mice fed with and without CEL (Fig. 54~D). Immunohis-
tochemical analyses revealed that CEL blocked enlarge-
ment of lymphatic and blood vessels in HFD-fed apelin
KO mice (Fig. 5G), and morphometric analysis confirmed
that the vessel size was decreased (Fig. 5H). Moreover, fat
pads from CEL-treated, HFD-fed, apelin KO mice showed
decreased CD11b* macrophages (Fig. 5I). CEL-treated,
HFD-fed, apelin KO mice showed a decreased number of
macrophages in subcutaneous adipose tissue (Fig. 5J).
Further, CEL blocked the lymphatic and blood vascular
hyperpermeability induced by oleic acid, like apelin-13
(Fig. 5K). In contrast, COX2 expression in LECs was
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FIG. 5. Obesity mduced by apelm depletxon after HFD was blocked by orally ‘administered selective COX2 inhibitor. A: Weight gain in WT and
apelin KO mice maintained on HFD or HFD containing CEL (N = 8-7). The change of body weight (B) and tissue weight of inguinal subcutaneous
(C) and mesenteric (D) fat after HFD or HFD with CEL. E: Histological analysis of skin and subcutaneous adipose tissue imaging usmg BODIPY
(green) and Isolectin (red) showed that hypertrophic ampocytes (green) were reduced in CEL-treated HFD fed apelin KO and WT mice. Arrows
show crown-like structures in obese fat pads. F: Mean adipocyte size in CEL treated, HFD-fed, apelin KO mice was smaller than in HFD-fed apelin
KO mice. G::Immunohistochemical ‘analyses for LYVE-1 (green) and meca-32 (red) revealed that enlargement of lymphatic and blood vessels
(arrowheads) .in the skin of HFD-fed apelin KO mice was inhibited by CEL. H: Morphometric analyses of lymphatic and blood vessels in CEL-
treated, HFD-fed, apelin KO mice and HFD-fed apelin KO mice. I: Double nnmunoﬁuorescence staining for CD11b (red) and FABP4 (green) showed
that macrophage infiltration in the subcutaneous fat layer from HFD-fed apelin KO mice was blocked by CEL. J: The number of infiltrated mac-
rophages was decreased in apelin KO mice fed HFD with CEL. K: Increased permeability in LECs and human umbilical vein endothelial cells
(HUVECSs) after the treatment with oleic acid was blocked by the addition of CEL. Bars indicate 1 mm (E, top) and 200 pm (E, bottom, G, and I).
Data are expressed as mean values * SD. L: COX2 expression after apelin treatment of LECs. ***P < 0.001, **P < 0.01, and *P < 0.05.
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similar in controls and apelin-treated cells (Fig. 5L). Taken
together, these results show that the selective COX2 in-
hibitor CEL ameliorated both inflammation and the dys-
function of lymphatic and blood vessels in HFD-fed apelin
KO mice, resulting in the inhibition of HFD-induced obesU:y
Resistance to obesity in apelin transgenic mice. To
examine whether the stabilization of lymphatic and blood
vessels by apelin inhibits the accumulation of fat tissue, we
used apelin transgenic mice under the control of K14 (K14-
apelin). Interestingly, HFD-fed Kl4-apelin mice showed
significant inhibition of weight gain and decreased accu-
mulation of subcutaneous adipose tissue as compared with
HFD-fed WT mice, although there was no significant dif-
ference of weekly food intake between the two groups
(Fig. 64, B). The adipose layer of skin and the amount of
subcutaneous adipose. tissue in HFD-fed K14-apelin mice
were decreased (Fig: 6C, D). Morphometric analysis also
confirmed a decrease of lipid droplets within adipocytes in
Kl14-apelin mice (Fig. 6F). Next, lymphatic function in the
mesenteric fat was analyzed by injecting dye into the
stomach, revea]ing the inhibition of lymphatic hyper-
permeability in Kl4-apelin mice as compared with WT
mice (Fig. 6F). To evaluate the structural change of lym-
phatic and blood vessels, we performed whole-mount
staining for LYVE-1 (green)/meca—SZ (red) in ears of mice.
Interestingly, both blood and lymphatic vessels of WT mice
were enlarged after HFD, whereas the diameters of blood
and lymphatic vessels were comparable between RD- and
HFD-fed Kl4-apelin mice (Fig. 6G). These results are
consistent with the idea that apelin regulates the accu-
mulation of adipose tissue by promoting vessel integrity.
Structural and functional change of vessels in the
adipose tissues of K14-apelin and KO mice after HFD.
Miles assay was performed to determine of the effect of
apelin on blood vessels in epididymal fat. We found that
leakiness was inhibited in K14-apelin mice and enhanced
in apelin KO mice after HFD (Fig. 7A). Quantitative anal-
ysis showed that HFD enhanced dye leakage in WT mice,
whereas the increase of dye leakage was inhibited in K14—
apelin mice. In contrast, dye leakage was strongly en-
hanced in apelin KO mice after HFD (Fig. 7B).
Immnofluorescence analysis was performed with anti-
bodies for blood vessels (Fig. 7C) and lymphatic vessels
(Fig. 7E). HFD induced enlargement of lymphatic and
blood vessels of WT mice as compared with RD-fed WT
mice. Moreover, lymphatic vessels as well as blood vessels
were markedly enlarged in HFD-fed apelin KO mice.
Morphometric analysis of lymphatic and blood vessels
confirmed an increase in the average size of lymphatic
vessels of HFD-fed WT mice as compared with RD-fed WT
mice. Importantly, HFD induced marked enlargement of
both blood and lymphatic vessels in apelin KO- mice. In
contrast, no significant difference of blood vessels was
found between RD- and HFD-fed WT mice (Fig. 7D, F).

DISCUSSION

Our results indicate that apelin/APJ signaling plays a cru-
cial role in the control of fat accumulation by enhancing
the integrity of lymphatic and blood vessels. It is well-
established that fat intake is associated with the growth of
adipose tissue vasculature. This, in turn, suggests that in-
hibition of angiogenesis in adipose tissue could be an ap-
proach to treat obesity, but this idea is controversial
because of the physiological importance of angiogenesis. It
was reported that partial blockade of the VEGFR pathway
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had no effect on diet-induced obesity (5). Additionally,
recent reports indicated that blocking the VEGFR-3 path-
way in skin resulted in an increase of subcutaneous adipose
tissue (20), and that Proxl heterozygous mice showed
obesity and abnormal lymphatic function, particularly at the
mesentery and thoracic duct (7). These results suggest that
there is a link between lymphatic function and adipose
tissue accumulation. Here, we propose that a strategy of
enhancing the integrity of lymphatic and blood vessels
could be a novel approach to antiobesity therapy.
Although HFD-fed apelin KO mice showed a markedly
obese phenotype accompanied by dysfunction of lym-
phatic and blood vessels, it was also found that there was

no significant difference of either vessel function or fat

accumulation between apelin KO and WT mice fed a nor-
mal diet. These results led us to hypothesize that dietary
fatty acids accelerate vascular damage via apelin de-
pletion, because fatty acids are absorbed by lymphatic
vessels and transported to peripheral tissues by blood
vessels. Our in vitro study demonstrated that plasma from
HFD-fed mice increased the amount of lipid droplets of
3T3-L1 preadipocytes by disrupting lymphatic integrity
and that oleic acid, a dietary fatty acid, directly mediates
hyperpermeability of endothelial cells by disrupting
adherens junctions. Apelin is required for the assembly of
functional vasculature during angiogenesis (11). Inter-
estingly, apelin inhibited oleic ‘acid-induced vascular
hyperpermeability by modulating VE-cadherin in vitro.
Taken together, these results indicate that HFD-fed apelin
KO mice develop abnormal vascular leakiness and struc-
ture as a result of the synergistic effects of apelin depletion
and increase of oleic acid. Importantly, lymphatic back-
flush and abnormal leakiness were found in the ear skin of
HFD-fed apehn KO mice. In vitro, lymphatic permeability
was induced in the presence of fatty acids, whereas apelin
attenuated the fatty acid-induced hyperpermeabmty Be-
cause leakiness and structural abnormalities of skin ly'm-
phatic vessels are seen in apolipoprotein E~deficient mice
(21), these results suggest that abnormal transportation
and lymphatic absorbance of fatty acids from peripheral
tissues like skin could be involved in the development of
obesity. Moreover, lymphatic hyperplasia was found in the
subcutaneous fat layer from extremely obese apelin KO
mice in contrast to normal and obese WT mice. In inflamed
skin, increased interstitial fluid pressure caused by in-
creased leakage from blood vessels may increase fluid
drainage through lymphatic vessels, but this may impair
lymphatic function (22). Thus, an increase of lymphatic
vessels could facilitate lymphatic drainage and resolution
of the related inflammation (23,24). Therefore lym-
phangiogenesis in adipose tissue could be a significant
therapeutic target, although further study is needed to
determine whether infiltrated macrophages in obese adi-
pose tissue or mature adipocyte-derived VEGF-C are in-
volved in the promotion of lymphangiogenesis in adipose
tissue.

What is the role of apelin in obesity? In vivo, an orally
administered COX2 inhibitor rescued apelin KO mice from
HFD-induced obesity. A COX2 inhibitor directly affects
vascular function, suppressing angiogenesis and lym-
phangiogenesis associated with tumor growth (19). The
COX2 inhibitor, CEL, blocked angiogenesis and blood/
lymphatic vessel enlargement in HFD-fed apelin KO mice.
In vitro, we found that CEL treatment blocked oleic acid—
induced hyperpermeability of lymphatic and blood vessel
endothelial cells. Taken together with the fact that several
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FIG. 6. Resistance to obesity in K14-apelin mice. A: Change in body weight of HFD-fed K14-apelm and WT mice (N = 4—7) B: Average weekly food
intake of each genotype. C: Hematoxylm and eosin 'staining of skin sections from HFD-fed, K14-apelin, and 'WT mice. A reduced subcutaneous
adipose layer was found in K14-apelin mice. D: BODIPY (green) and Isolectin (red) stammg revealed decreased size of subcutaneous adipocytes
(green) in K14-apelin mice after HFD feeding. E: Morphometric analysis of adipocyte size confirmed that adipocytes were smaller in HFD-fed K14-
apelin mice. Data are expressed as mean values & SD. F: Inhibition of lymphatic dye leakage in mesenteric fat of K14-apelin mice after HFD. G:
Whole-mount staining of mouse ears using antibodies against LYVE-1 (green) and CD31 (red) revealed that HFD induced enlargement of both
lymphatic and blood vessels, whereas no significant difference was found between RD- and HFD- fed K14-apehn mice. Two parallel yellow lines as

indicated in (G) show vascular size. Bars indicate 1 mm (C) and 200 pm (D, G). **P < 0.01, *P < 0.05.

dietary fatty acids increased the expression level of tran- found after apelin treatment in endothelial cells, this is
scription factors associated with adipocyte differentiation, consistent with the idea that a selective COX2 inhibitor
including peroxisome proliferator-activated receptors could directly block the development of vascular hyper-
(2b), leakage of dietary fatty acids, possibly from hyper- permeability in HFD-fed apelin KO mice, leading to in-
permeable vessels, could accelerate adipocyte differenti- hibition of obesity. The increased leakage of fatty acids
ation. In addition, a selective COX2 inhibitor did not affect attributable to the disruption of lymphatic and vascular
fat accumulation of WT mice, although the number of function could trigger adipocyte hypertrophy. Recently, it
blood vessels in skin was decreased. Taking into account has been reported that overexpression of COX2 in skin
the fact that no significant change of COX2 expression was increased energy expenditure via recruitment of brown
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FIG. 7. Structural and functional changes of vessels in the adipose tissues of K14-apelin and apelin KO mice after HFD. A: Miles assay revealed
increased Evans blue leakage in epididymal fat of apelin KO mice and decreased leakage in that of K14-apelin mice as compared with WT mice after
feeding of HFD. B: Quantitative analysis of dye leakage in the epididymal fat showed that HFD enhanced dye leakage in WT and apelin KO mice,
whereas dye leakage was blocked in K14-apelin mice. Immunofiuorescence analysis using antibodies against meca-32 (C) and LYVE-1 (E) in
mesenteric fat. Arrowheads show enlarged blood vessels (C) and lymphatic vessels (E). Quantitative analysis of blood vessels (D) and lymphatic
vessels (F') in mesenteric fat of WT, K14-apelin, and apelin KO mice. Bars indicate 200 pm. **P < 0.01, *P < 0.05.

adipocytes (26). Therefore, further investigation of the role
of apelin in COX2-overexpressing brown adipose tissue is
needed. : ,

In conclusion, our results indicate that apelin/APJ sig-
naling promotes lymphatic and blood vessel integrity and
blocks the increase of permeability induced by dietary
fatty acids, resulting in inhibition of fat accumulation.
Apelin might be a novel target for prevention of obesity
and obesity-related diseases via enhancement of vascular
integrity.
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Background: Tie2 is essential for angiogenesis and vascular stabilization.

Results: Tie2, but not Tiel, forms ligand-independent dimers on the cell surface.

Conclusion: The inactive monomer mutant Tie2YIA/LAS decreases Angl/Tie2 signaling,

Significance: The Tie2 ligand-independent dimer induces strong phosphorylation upon high dose Angl binding.

Tie2 is a receptor tyrosine kinase expressed on vascular endo-

thelial cells (ECs). It has dual roles in promoting angiogenesis -

and stabilizing blood vessels, and it has been suggested that Tie2
forms dimers and/or oligomers in the absence of angiopoietin-1
(Angl); however, the mechanism of ligand-independent di-
merization of Tie2 and its biological significance have not been
clarified. Using a bimolecular fluorescence complementation
assay and a kinase-inactive Tie2 mutant, we show here that
ligand-independent Tie2 dimerization is induced without Tie2
phosphorylation. Moreover, based on the fact that Tiel never
forms heterodimers with Tie2 in the absence of Angl despite
having high amino acid sequence homology with Tie2, we
searched for ligand-independent dimerization domains of Tie2
by reference to the difference with Tiel. We found that the YIA
sequence of the intracellular domain of Tie2 corresponding to
the LAS sequence in Tiel is essential for this dimerization.
When the YIA sequence was replaced by LAS in Tie2 (Tie2YIA/
LAS), ligand-independent dimer was not formed in the absence
of Angl. When activation of Tie2YIA/LAS was induced by a
high dose of Angl, phosphorylation of Tie2 was limited com-
pared with wild-type Tie2, resulting in retardation of activation
of Erk downstream of Tie2. Therefore, these data suggest that
ligand-independent dimerization of Tie2 is essential for a strong
response upon stimulation with high dose Angl.

The functions of angiopoietin-1 (Angl),? a ligand for recep-
tor tyrosine kinase Tie2 expressed on endothelial cells (ECs), in
both EC-to-EC and EC-to-mural cell adhesion are well estab-
lished (1—4). Although Angl-Tie2 signaling is involved in pro-
moting maturation and quiescence of blood vessels mainly reg-
ulated by Akt signal transduction via the p85 subunit of PI3K,
Tie2 also has proangiogenic activity mediated by MAPK signal-
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ing (5-7). Because Tie2 possesses both anti-angiogenic as
well as proangiogenic properties, it is important to investi-
gate how Tie2 activation is altered during angiogenesis. The
Tie receptor family consists of Tie2 and Tiel (8 —10). Recent
studies show that Angl activates Tiel indirectly by interac-
tions with Tie2 (1 1). When Tiel expression is silenced, Tie2
signaling especially via the MAPK pathway is enhanced;
accordingly, Tiel-deficient mice show hyperproliferative
vascular formation and vascular abnormalities (12, 13). This
suggests that Tiel may negatively regulate angiogenic signal-
ing by Tie2.

Tie2 is composed of an extracellular domain, one transmem-
brane domain, and an intracellular tyrosine kinase domain split
into two by a non-kinase sequence. Tiel has high amino acid
sequence homology with Tie2 (76 and 33% identity in intracel-
lular and extracellular domains, respectively). Based on the iso-
lation of Tie2 ligands and analysis of signal transduction
through Tie2, it is widely accepted that Ang1 activates Tie2, but
Ang? binding inhibits its signaling. Thus, with certain excep-
tions Ang2 acts as an Angl antagonist (4, 13-18).

Itis known that Tie2 is present on the EC surface in the form
of dimers and higher order oligomers, as established by electron
microscopy (19). It has been reported that EGF receptor, eryth-
ropoietin receptor, and TNF receptor also dimerize in a ligand-
independent manner (20-25). Ligand-independent dimeriza-
tion of EGF receptor does not lead to tyrosine phosphorylation
of EGF receptor. It has been suggested that a conformational
change of the EGF receptor induces kinase activity on ligand
binding. Therefore, ligand-independent dimers may mediate
rapid signal transduction responses. Although Tie2 also forms
ligand-independent dimers, the importance of this has not yet
been determined.

In the present study, we established a system for visualiza-
tion of Tie2 dimers using bimolecular fluorescence comple-
mentation (BiFC) assays in living cells (26). Using this sys-
tem, we sought Angl-independent Tie2-Tie2 dimerization
domains. We generated a Tie2 mutant that does not form
dimers in the absence of Angl. We investigated the biologi-
cal significance of ligand-independent Tie2 dimerization
using this mutant.
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EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human Angl was
purchased from R&D Systems. In Western blot analysis, mouse
anti-phosphotyrosine (4G10) and anti-Tie2 (Ab33) antibodies
(Abs) (Upstate), anti-HA.11 mAb (COVANCE), anti-c-Myc
(9E10) and Tiel (C-18) mAbs (Santa Cruz Biotechnology, Inc.),
anti-HA-tag rabbit serum (Medical & Biological Laboratories
Co., Ltd.), p44/42, phospho-p44/42 (Thr*®?/Tyr***), phospho-
Tie2 (Tyr®®?) Abs (Cell Signaling Technology, Inc.) and mouse
anti-HA (12CA5) mAb (Roche Diagnostics) were used as the
first Abs. Anti-phospho-Tie2 (Tyr’®?) and anti-phosphoty-
rosine Abs were diluted 1:500, and others were diluted 1:1000.
HRP-conjugated anti-rabbit and anti-mouse IgG (Jackson
ImmunoResearch Laboratories) was used as the secondary
antibody (dilution: 1:1000). For the immunofluorescence anal-
ysis, HA and Myc were used as the first Abs (dilution, 1:100).
Alexa Fluor 546-conjugated goat anti-rabbit Igs and Alexa
Fluor 647-conjugated goat anti-mouse Igs were used as the sec-
ondary Abs (Invitrogen) (dilution, 1:200).

Plasmid Construction—Mouse Tie2 and Tiel were fused to
sequences encoding full-length Venus and Venus residues
1-173 amino acids (VN) or 155-238 amino acids (VC). The
coding regions were connected with linker sequences encod-
ing RSAIT (Arg-Ser-Ala-Ile-Thr). RSAIT is a non-adhesion
sequence (26). HA or Myc epitopes were inserted as tags
between linker and fluorescent genes. Genes were inserted at
the multicloning site in pEGFPN1 vector or pMRX virus vector.
Basing the work on the pE-Tie2-linker-Myc-Venus, pE-Tie2-
linker-HA-VN and pE-Tie2-linker-Myc-VC, we cut between
the BamHI and Mlul sites and the Tie2 mutant (Tie2K854R,
Tie2R848W) was created. Tie2 kinase-dead (Tie2K854R) or Tie2
constitutive-active (Tie2R848W) mutants were amplified from
wild-type Tie2 using Tie2K854R-N, -C primers or Tie2R848W-N,
-C primers, respectively (supplemental Table S1).

For the generation of Tiel* the signal sequence of Tie2 was
amplified from the Tie2 plasmid using oligonucleotide primers
(forward primer, 5'-GTA GGC GTG TAC GGT GGG AGG
TCT-3' and reverse primer, 5'-GTT AAG TCA ACA GAG
CCT TCT ACT ACT CC-3') and 5'-Tiel core sequence
excluding signal sequence was amplified from Tiel using oligo-
nucleotide primers (forward primer, 5'-GGA GTA GTA GAA
GGCTCT GTT GAC TTA AC-3’ and reverse primer, 5'-CCA
CTT CTG AGC TTC ACA GCC TCG CAC GAT-3'). These
two products were amplified with the forward primer for Tie2
and the reverse primer for Tiel. This PCR product was placed
into EcoRI and Agel sites of the Tiel plasmid. For the genera-
tion of Tie2/Tiel chimeric plasmids, mutagenesis was per-
formed on Tie2 and Tiel plasmids as templates by using spe-
cific primer sets (supplemental Table S1). For generation of 1-3
amino acid mutants of each Tie2 plasmid, mutagenesis was
performed using specific primers (supplemental Table S1).

Retroviral Infection—Plat-E cells were transfected with
pMRX-Tie2-linker-Myc-Venus, pMRX-Tie2YIA/LAS-linker-
Myc-Venus, pMRX-Tie2-linker-HA-VN173 and pMRX-Tie2-
linker-Myc-VC155, pMRX-Tie2YIA/LAS-linker-HA-VN173
and pMRX-Tie2YIA/LAS-linker-Myc-VC155 vectors as indi-
cated in each experiment (1.0 ug each) using Lipofectamine

12470 JOURNAL OF BIOLOGICAL CHEMISTRY

2000 (Invitrogen) and then incubated for 24 h at 37 °C after
which the medium was changed. After 12 (36 h from transfec-
tion) and 24 h (48 h from transfection), conditioned medium
was harvested, sterilized by filtration, and used to infect
NIH3TS3 cells. 8 ug/ml polybrene was added for enhancement of
infection. Stable cell lines were selected by culture in medium con-
taining puromycin (5 pg/mi) or blasticidin (10 ug/ml) (27, 28).
Cell Culture—HEK293T and NIH3T3 lines were grown in
DMEM supplemented with 10% FBS. Platinum-E cells (Plat-E;

“packaging cells) and stable cell lines transfected by pMRX virus

vector were cultured in 10% FBS containing DMEM.

Transfection and Bimolecular Fluorescence Complementa-
tion Analysis—To carry out BiFC in living cells, cells were co-
transfected with the expression vectors indicated in each exper-
iment (1.0 g each) using Lipofectamine 2000. The
fluorescence emissions were acquired in living cells 2248 h
after transfection using a fluorescence microscope with a
cooled CCD camera, or by flow cytometry. Protein expression
levels were assessed by Western blotting.

Cell Lysis, Immunoprecipitation, SDS-PAGE, and Western
Blotting—Cells were washed with ice-cold PBS and lysed with
radioimmune precipitation assay lysis buffer (50 mm Tris-HCl,
pH 7.5, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS). The cells were incubated on ice for 10 min
followed by centrifugation at 15,000 rpm for 5 min at 4 °C. Cells
were immunoprecipitated from the supernatant using 1-2 ug
of anti-Myc Ab that had been precoupled to 20 ul of protein
A-Sepharose 4 Fast Flow (GE Healthcare).

Proteins electrophoretically separated using 7.5% SDS gels
were transferred to nylon membranes (Amersham Biosciences)
by a wet blotting procedure (140 V, 200 mA, 120 min). The
membrane was blocked with 5% skim milk/TBST for 60 min,
subsequently incubated with the Abs as indicated in the figures
and processed for chemiluminescence detection with ECL
solution. Densitometry was performed with NIH Image] soft-
ware (version 1.43u).

FACS Analysis—BiFC was analyzed by flow cytometry. After
fluorescence complementation, cells were washed with PBS
and resuspended in PBS. FACS analysis was performed with a
FACSCalibur (BD Biosciences) using the 488 nm laser for exci-
tation and a 515-545 nm band pass filter for detection. For
quantitative evaluation of BiFC fluorescence, we used % Gated
(fluorescent cells) X X Geo Mean (average of fluorescent inten-
sity) as arbitrary fluorescence units.

Confocal Laser Scanning Microscopy— Transfected cells on
0.1% gelatin-coated glass dishes (Sigma Aldrich) were rinsed,
fixed for 10 min in 4% paraformaldehyde-PBS (pH 7.5), and
washed with PBS. Subsequently, the cells were permeabilized
with 0.1% Triton X-100 for 10 min. After washing with PBS,
cells were blocked with PBS containing 5% normal goat serum
and 1% BSA for 30 min and immunostained with first Ab
(1:100) for 1 h. Protein reacting with Ab was visualized with
secondary Abs (1:200). HA or Myc epitopes were inserted as
tags between Tie2 or Tie2YIA/LAS and the BiFC tag (VN or
VC). HA-VN fused with Tie2 or Tie2YIA/LAS was stained by
rabbit anti-HA Ab (Medical & Biological Laboratories Co.,
Ltd.) and Alexa Fluor 546 (red)-conjugated anti-rabbit Igs.
Myc-VC fused with Tie2 or Tie2YIA/LAS was stained with
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FIGURE 1. BiFC analysis of Tle2 receptor homodlmerlzatlon inliving cells. A and B schemat[c representat:on of Tie2 tagged with either the N- or C-terminal
of the Venus fragment (VN or VQ). SP, signal pept:de, ECD, extracellular domain; 1D, intracellular domain. When Tie2 dimerizes, fluorescence should reconsti-
tute. G, HEK293T cells expressing Tie2-HAVN (red) and Tie2-MycVC (blue) observed by confocal microscopy. Cells were co-transefected with Tie2-HAVN and
Tie2-MycVC expression vectors. Note that'cells- expressing Tie2-HAVN alone (red arrowhead) or Tie2-MycVC alone (blue arrowhead) develop no Venus
fluorescence. Bar indicates 20 um. D, flow cytometric analysis for evaluatlon of receptor dimerization as indicated. £, quantitative evaluation of Tie2
homodimerization in BiFC as observed in D (¥, p < 0.05; n = 3). Protein expression level of each receptor was assessed by immunoblotting with anti-HA

or anti-Myc Ab.

mouse anti-Myc Ab and Alexa Fluor 647 (blue)-conjugated
anti-mouse Igs. BiFC fluorescence was detected using a filter
for Alexa Fluor 488 (green). The slides were observed under a
Leica TCS SP5 Verl.6 (Leica Microsystems) using HCX PL
APO lambda blue 63 X 1.4 oil. Images were processed using
Adobe Photoshop CS5 Extended software (Adobe Systems).

Statistical Analysis—All data are dlsplayed as the mean =
S.D. and were analyzed by two-tailed Student £ test. A probabil-
ity value of < 0.05 was considered statistically significant.

RESULTS

Establishment of Imaging Methods for Investigating the
Dimerization of Tie2 Receptors—It has been reported that Tie2
is present in the form of dimers and/or oligomers on the cell
surface (19). We also detected ligand-independent dimers of
endogenous Tie2 in human umbilical vein endothelial cells
(supplemental Fig. S14). To assess Tie2 dimerization in the
absence of Angl, we utilized the BiFC assay (26). First, we pre-
pared amino (N)-terminal (1-173: VN173) and carboxyl (C)-
terminal (155-238: VC155) components of Venus fluorescent
protein, a modifier of yellow fluorescent protein, fused with the
C-terminal domain of wild-type (WT) mouse Tie2 with an HA
or Myc tag linked to the molecule (Fig. 14). When Tie2 (Tie2-
HAVN, Tie2-MycVC) dimerizes, the fluorescent complex
should be reconstituted (Fig. 1B). As expected, when Tie2-
HAVN and Tie2-MycVC were cotransfected into HEK293T
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cells, cells expressing both HA and Myc developed fluorescence
(Fig. 1C). Flow cytometry showed that transfection with both
Tie2-HAVN and" Tie2-MycVC vectors, but not with either
alone, resulted in cells having high FITC intensity (Fig. 1, D and
E). We confirmed that these co-transfectants developed BiFC
fluorescence in cells expressing physiological levels of Tie2 as
observed in ECs (supplemental Fig. S1, B and C).

Analysis of the Dimerization of Tie2-Tiel using BiFC Assays—
Angl activates Tiel in’directly, mediated by its interaction with
Tie2 (11, 12). Tt has been suggested that co- -localization of Tie2
and Tiel is induced upon activation of Tie2 by Angl (6). We
investigated whether Tie2 and Tiel also form heterodimersina
ligand-independent manner. Relative to Tie2, we found that the
Tiel protein was difficult to express in HEK293T cells following
transfection of full-length Tiel cDNA. However, when the orig-
inal native signal sequence of Tiel was excised and replaced
with the Tie2 signal sequence (designated Tiel*), Tiel expres-
sion was easily induced (Fig. 24). Using this Tiel* construct, we
evaluated Tie2-Tiel and Tiel-Tiel associations by BiFC.
Although it has recently been reported that Tie2 and Tiel asso-
ciate following Angl stimulation and on cell-cell contact, we
failed to detect any Tie2-Tiel or Tiel-Tiel associations (Fig. 2,
B-D). This suggests that a Tie2 and Tiel interaction is required
for Angl binding to Tie2 and Tiel and that Tiel never givesrise
to inactive dimers and/or oligomers in the absence of Angl.
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FIGURE 2. BiFC analysis comparing Tie2 and Tie1*. A, signal peptide of Tie1 was replaced with that of Tie2 (Tie1*). All receptors were C-terminally tagged with
Myc. The levels of Tie2, Tiel, and Tie1* protein were analyzed with Myc or 4G10 Ab. B-D, HEK293T cells were transiently transfected in combination with
Tie2-HAVN and Tie2-MycVC, Tie2-HAVN and Tie1*-MycVC, or Tie1*-HAVN and Tie1*-MycVC. B, cells were analyzed by confocal microscopy. Bar indicates 20 um.
C, flow cytometric analysis for evaluation of receptor dimerization as indicated. D, quantitative evaluation of receptor dimerization in BiFCas shownin C(*, p <

0.05; n = 3). Protein expression level of each receptor was assessed by immunoblotting with anti-HA or anti-Myc Ab.
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FIGURE 3. BiFC analysis comparing Tie2 and Tie2 mutant. A, detection of Tie2, kinase-dead mutant Tie2K854R (K/R) and constitutively active mutant
Tie2R848W (R/W) phosphorylation. Band C, HEK293T cells were transiently transfected in combination with Tie2-HAVN and Tie2-MycVC, Tie2K854R-HAVN and
Tie2K854R-MycVC, or Tie2R848W-HAVN and Tie2R848W-MycVC. B, cells were analyzed by confocal microscopy. Bar indicates 20 um. C, quantitative evaluation
of receptor dimerization in BiFC as shown in B.(*, p < 0.05; n = 3). Protein expression level of each receptor was assessed by immunoblotting with anti-HA or
anti-Myc Ab. D, quantitative evaluation of receptor dimerization in BiFC of Tie2 and Tie2R848W (*, p < 0.05; n = 3). Protein expression level of each receptor was

assessed by immunoblotting with anti-Tie2. N.S., not significant.

Analysis of the Dimerization of Tie2 Mutants Using BiFC
Assays—Phosphorylation of overexpressed Tiel and Tie2 was
observed, but only Tie2 and not Tiel was autophosphorylated
in the absence of Angl stimulation (Fig. 24). To test whether
phosphorylation of Tie2 affects Tie2-Tie2 dimerization, we
generated a kinase-inactive Tie2 mutant (Tie2K854R) (Fig. 34).
However, loss of phosphorylation did not affect Tie2 dimeriza-
tion (Fig. 3, B and C, and supplemental Fig. S2A). We further
confirmed that it was not until Angl bound Tie2 that dimerized
Tie2 was internalized (supplemental Fig. S2B). Although

12472 JOURNAL OF BIOLOGICAL CHEMISTRY

dimerized WT Tie2 was observed in the cytoplasm, dimerized
kinase-inactivated Tie2 did not internalize from the cell
surface into the cytoplasm (Fig. 3B). Next, we constructed a
constitutively active mutant of Tie2 (Tie2R848W) (Fig. 3A)
(29). In HEK293T cells overexpressing Tie2R848W-HAVN and
Tie2R848W-MycVC, more abundant Venus fluorescence was
observed in the cytoplasm than in wt Tie2 or Tie2K854R (Fig. 3,
B and C). Interestingly, Tie2R848W can dimerize with WT
Tie2, resulting in BiFC intensity enhanced compared with
Tie2-Tie2 dimers (Fig. 3D). These results suggest that our BiFC
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transiently transfected in combination with Tie2, Tie2(1088)Tie1*, Tie2(975)Tie1*, Tie2(932)Tie1*, Tie2(745)Tie1*, Tie2(212)Tie1*, or Tie1* C-terminally fused
with' MycVC, and close associations of receptors assessed by BiFC and flow cytometry (*, p' < 0.05; n = 3). The protein expression level of each receptor was
confirmed by xmmunoblo‘ctmg with anti-HA or anti-Myc Ab (inset). C, comparison of amino acid sequences of Tie1 and Tie2 C terminus from different species.
Pink, different amino acids; blue, same amino acids (aa). D and E,in HEK293T cells, Tie2-HAVN was transiently transfected in combination with Tie2, Tie2YIA/LAS,
Tie2Q988E, Tie2N1017K, Tie2Y1023F, Tie2LEK/MEQ, Tie2L1060R, Tie2D1068E, Tie2EK/DR, Tie251083P, or Tie1* C-terminally fused with MycVC (D) or Tie2,
Tie2Y975L, Tie2I976A, Tie2A977S; Tie2YIA/LAS, or Tie1* C-terminally fused with MycVC (E), and close associations of receptors assessed by BiFC and ﬂow
cytometry. Protein expression level of each receptor was confirmed by immunoblotting with anti-HA or anti-Myc Ab (inset) (¥, p < 0.05; n = 3). F, YIA domain
of Tie2 was replaced by LAS sequence (Tie2YIA/LAS). Association of Tie2-Tie2, Tie2-Tie2YIA/LAS, and Tie2YIA/LAS-Tie2YIA/LAS was observed by BiFC as
described above, Protein expression level of each receptor was confirmed by immunoblotting with antl HA or anti-Myc Ab (mset) ,p <0.05;n=3).

system mimics canonical receptor down-modulation only after
activation of the receptor.

Identification of the Domain That Induces Ligand- mdepen-
dent Tie2 Homodimerization—We found that Tie2, but not
Tiel, forms homodimers in a ligand-independent manner.
Hence, we attempted to isolate the Tie2 ligand-independent

MAY 3,2013+VOLUME 288-NUMBER 18

dimerizing region.“ First, we sought domains responsible for
Tie2-Tie2 association by replacing part of Tie2 with the Tiel
homologous domain (Fig. 44). We found that lack of the extra-
cellular domain of Tie2 did not affect BiFC (supplemental Fig.
S3), suggesting that BiFC caused by Tie2-Tie2 interaction is
mainly induced by the intracellular domain of Tie2 in our
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Roles of Ligand-independent Tie2 Dimerization

model. Therefore, we focused on the intracellular domain of
Tie2 for dimerization in our next experiments.

We transfected Tie2-HAVN and Tie2/Tiel* chimeric genes
fused with Myc-tagged VC155 into HEK293T cells. When the
C-terminal of Tie2 (from 975 to 1088 amino acids) was replaced
by the Tiel sequence, BiFC was significantly attenuated (Fig.
4B). There are differences in 13 amino acids between Tie2 and
Tiel (Fig. 4C). Therefore, we mutated Tie2 where its sequence
is different from Tiel domain by domain and observed Tie2-
Tie2/mutant dimerization. We found that a YIA sequence
within Tie2 (975-977) is critical for dimerization (Fig. 4D).
Next, we introduced point mutations into this YIA domain. We
found that no single mutation was responsible for reducing
Tie2 dimerization, but rather the whole YIA tandem sequence
was involved (Fig. 4E). We generated mutant Tie2 (Tie2YIA/
LAS) in which the YIA domain of Tie2 was replaced by LAS.
Tie2-Tie2YIA/LAS and Tie2YIA/LAS-Tie2YIA/LAS dimeriza-
tion was not significantly different, suggesting that both Tie2
YIA domains in the cytoplasmic region are required for
dimerization (Fig. 4F). When phosphorylation of Tie2YIA/LAS
was assessed, it was found that mere overexpression did not
induce it (supplemental Fig. S4).

Tie2YIA/LAS Monomer Mutants Can Be Dimerized and
Phosphorylated by Ligand Binding—Tie2 can form ligand-in-
dependent inactive dimers; it has therefore been suggested that
receptor dimerization and activation are mechanistically dis-
tinct and separable events (19, 30). Next, we analyzed whether
Angl binding to the inactive monomer mutant Tie2YIA/LAS
induced dimerization and activation of Tie2. Phosphorylation
of WT Tie2 by exogenous Angl did not increase the intensity of
BiFC developed by either Tie2-Tie2 (Fig. 54). On the contrary,
Ang] stimulation decreased BiFC intensity after 30 min. This
suggests that internalization and degradation of Tie2 was
induced after Tie2 phosphorylation (30). Interestingly, we
found that Tie2ZYIA/LAS prominently enhanced BiFC intensity
under Angl stimulation for 1 h (Fig. 5B). Microscopy showed
that Tie2 formed ligand-independent dimers and was internal-
ized upon Angl stimulation (Fig. 6A). In contrast, Tie2YIA/
LAS dimerization was not detected in the absence of Angl.
However, BiFC signals due to dimerization did occur upon
stimulation with Angl, although to a lesser extent than in WT
Tie2. This suggests that YIA mutations in Tie2 did not com-
pletely prevent Tie2 dimerization (Fig. 6B).

Finally, we investigated how the lack of Tie2 ligand-indepen-
dent dimerization affected its phosphorylation and down-
stream Erk signaling. When the time course of Tie2 phosphor-
ylation was recorded in the presence of a fixed dose of Angl
(200 ng/ml), no significant differences between wild-type Tie2
and Tie2YIA/LAS were observed (Fig. 7A). However, when
phosphorylation was measured after stimulation for 10 min
with different doses of Angl, Tie2 and Erk phosphorylation by
Tie2YIA/LAS decreased at a high dose (350~500 ng/ml) of
Angl compared with wild-type Tie2 (Fig. 7, B and C). These
findings suggest that the YIA domain of Tie2 is not indispensa-
ble for dimerization of Tie2 but is used for forming non-ligand-
mediated dimerization of Tie2 to effectively react to a higher
dose of Angl.
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FIGURE 5. BiFC analysis of ligand-dependent dimerization of Tie2. A,
dimerization of Tie2 was observed in Tie2-VN- and Tie2-VC-coexpressing
NIH3T3 cells in the presence or absence of Ang1 stimulation. At each time
point, cell lysates were analyzed for Tie2-HAVN and Tie2-MycVC as well as the
degree of Tie2 phosphorylation (lower panel). Note that Ang1 stimulation did
not enhance BiFC level but rather attenuated it 30 min after stimulation with
Ang1. B, time course of dimerization of Tie2YIA/LAS (Tie2LAS) was observed
in Tie2 YIA/LAS-VN- and Tie2 YIA/LAS -VC-coexpressing HEK293T cells in the
presence or absence of Ang1 stimulation (*, p < 0.05; n = 3). DMSO, dimethyl
sulfoxide; N.S., not significant.

DISCUSSION

In the present study, we visualized Tie2 dimerization by the
BiFC method and sought ligand-independent dimerization
domains of Tie2. A previous report showed that Tie2 clusters
are expressed on the apical and basolateral plasma membranes
(19). However, it was not clear whether Tie2 phosphorylation
results in dimer formation. Here, we showed that kinase-inac-
tive Tie2 mutants also form dimers in the absence of Angl.
Thus, Tie2 can indeed form dimers without Angl. To analyze
the role of ligand-independent dimerization of Tie2, a mutant
that cannot form dimers in the absence of Angl is required.
In the present study, we utilized a mutant with no evidence of
Tiel-Tiel dimerization even when overexpressed. Based on the
amino acid sequence difference between Tie2 and Tiel, we
found that YIA in the Tie2 cytoplasmic domain is important for
ligand-independent Tie2 dimerization.

We show that the YIA domain required to form ligand-inde-
pendent Tie2 dimers is situated between the catalytic and acti-
vation loops in the intracellular region of the molecule. Previ-
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FIGURE 6. Tie2YIA/LAS cannot form ligand-independent dimers but is
dimerized and phosphorylated upon stimulation with Ang1. A, dimeriza-
tion and localization of Tie2 were observed in Tie2-VN- and Tie2-VC-coex-
pressing NIH3T3 cells in the presence or absence of Ang1. Wild-type Tie2 can
form dimers irrespective of Ang1 stimulation, as confirmed by BiFC. However,
this dimerized Tie2 forms cluster-like aggregations and is internalized upon
stimulation with Angl. B, similar to A, dimerization and localization of
Tie2YIA/LAS (Tie2LAS) is observed in Tie2Y|A/LAS-VN- and Tie2YIA/LAS-VC-
coexpressing NIH3T3 cells. In the absence of Ang1, Tie2LAS did not dimerize
but formed cluster-like aggregations upon stimulation with Ang1. Bar indi-
cates 20 um.

ous reports show that the Tie2 C-terminal tail has a negative
regulatory role in Tie2 signaling and function (31, 32). To acti-
vate Tie2, conformational changes in the intracellular loop
structure and C-terminal tail are required for ATP and sub-
strate binding. Therefore, it is possible that YIA domains con-
trol the movement of these loop and C-terminal tails. Further
structural analysis of Tie2 will be necessary to assess how the
YIA domain controls ligand-independent dimerization of Tie2
for folding and Tie2-Tie2 associations.

Unlike Tie2 homodimer formation, the BiFC method reveals
that Tie2 and Tiel scarcely interact. Recently, it has been
reported that Tie2-Tiel heterodimer formation is induced in
the extracellular domain of Tie2 and Tiel, respectively, and that
this occurs in the absence of angiopoietin ligation (33). Het-
erodimerization was observed using Tie receptors lacking
intracellular domains. At present, it is difficult to explain this
discrepancy, but it may simply be due to the absence of receptor
cytoplasmic regions in the previous report. Indeed, when
endogenous Tie2 and Tiel localization in human umbilical vein
endothelial cells was observed in the absence of Angl, we found
that Tie2 and Tiel did not co-localize on the cell surface (sup-
plemental Fig. S5). However, as previously reported, upon Angl
stimulation, co-localization of these receptors does occur.
In contrast, when NIH3T3 cells expressing Tie2-VN and
Tiel*-VC were stimulated with Angl, BiFC intensity was not
enhanced (supplemental Fig. S6A4). In addition, Angl activates
both Tie2 and Tiel, but we did not observe a strong physical
association between Tie2 and Tiel in the immunoprecipitation
analysis (supplemental Fig. S6, B and C). It has been reported
that shedding of Tiel extracellular domain itself induces Tie2
activation and that Ang2 acts asa Tie2 agonist upon Tiel shed-
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FIGURE 7. Phosphorylation of Tie2 and Tie2 downstream molecule Erk. 4,
Ang1 reactivity of Tie2 and Tie2YIA/LAS. After exposure to 200 ng/miof Ang1,
Tie2 and Tie2YIA/LAS phosphorylation was detected in a time-dependent
fashion between 0 and 60 min. B, Ang1 reactivity of Tie2 and Tie2YIA/LAS.
Ang1-mediated Tie2, Tie2YIA/LAS, and Erk phosphorylation was detectedina
dose-dependent fashion between 0 and 500 ng/mi for 10 min. C, Tie2 and Erk
phosphorylation on stimulation with 500 ng/ml Ang1 was quantified. The
ratio of pTie2/Tie2 or pErk/Erk in cells on stimulation with Ang1 was com-
pared with Ang1-untreated cells. (¥, p < 0.05;n = 3).

ding (34-36). This suggests that Tiel ectodomain shedding
plays important roles in promoting Tie2 conformation changes
and activation. Therefore, we cannot completely exclude the
possibility that full-length Tie2 and Tiel may heterodimerize
under certain specific conditions in ECs.

It has been reported that Tie2 forms oligomers on the cell
membrane (19); however, the function of such forms of Tie2
has not been elucidated. We found that a lack of ligand-inde-
pendent dimerization of Tie2 led to attenuation of high dose
Angl-mediated activation of Tie2. This suggests that ligand-
independent Tie2 dimerization plays a role in the rapid cluster-
ing of Tie2 upon activation with higher doses of Ang1 or in the
preformation of Tie2 oligomers to respond to higher doses of
Angl. Further precise analysis of how ligand-independent
dimerization of Tie2 relates to the extent of Tie2 phosphoryla-
tion at higher Angl doses is still required, including elucidation
of the biological significance of Tie2 oligomers.

In humans, an amino acid substitution of tryptophan for
arginine at residue (Tie2R849W) leads to ligand-independent
constitutive activation; it is associated with familial venous mal-
formations and causes thickness or lack of smooth muscle cells
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in the veins systemically (14, 29, 37). In the present study, we
showed that the intensity of BiFC signals from Tie2R848W-
Tie2R848W was enhanced. Interestingly, Tie2R848W interac-
tions with WT Tie2 were stronger than Tie2-Tie2 interactions.
This suggests that Tie2R848W may heterodimerize with
WT Tie2 and induce constitutive phosphorylation of WT Tie2.
Therefore, analysis of regulatory mechanisms in ligand-inde-
pendent dimerization domains may be useful for developing
therapeutic strategies to inhibit Tie2 activation in patients suf-
fering from venous malformation.
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Purrose. The neovascular form of age-related macular degeneration (AMD) is characterized by
the growth of abnormal new blood vessels from the choroid, termed choroidal
neovascularization (CNV). The origin of the new vessels in CNV, however, has not been
elucidated fully to our knowledge. The purpose of this study is to identify vascular endothelial
side population (SP) cells in the preemstmg choroidal vessels, and investigate their potential
role in AMD.

MersOoDs. We made single cell suspensions of freshly isolated mouse choroidal, retinal, and
brain tissue by enzymatic digestion. Vascular endothelial SP cells were isolated using flow
cytometry based on the ability to efflux the DNA-binding dye, Hoechst 33342, via ATP-binding
cassette (ABC) transporters.

Resurrs. In the choroid, 2.8% of CD317CD45~ vascular endothelial cells (ECs) showed a
typical SP staining pattern. They were not bone marrow-derived and possessed high colony-
forming capacity in vitro. They proliferated during laser-induced CNV in vivo. In contrast,
stereotypic SP staining pattern was not observed in retinal and brain ECs. Retinal and brain
EC-SP cells included increased SP populations with less colony-forming capacity within the SP
compartment, because they contained-cells ‘with -and without proliferative potential. The
latter still could efflux the dye due to high levels of ABC transporters, such as ABCBla,
ABCC4, and ABCCG.

Concrusions. The EC-SP cells in the choroid may represent vessel-residing endothelial stem/
progenitor cells contributing mainly to angiogenesis, and may be useful for augmenting
vascular regeneration or for develqping new antiangiogenic therapy in AMD.

Keywords: angiogenesis, endothelial cell, stem cell, side population, choroid

cular neovascular diseases, including diabetic retinopathy

and the neovascular form of age-related macular degener-
ation (AMD), are the most common cause of severe vision loss
worldwide.!-3 Diabetic retinopathy is characterized by retinal
ischemia accompanied by abnormal neovessel growth from the
retinal vessels (retinal neovascularization),! whereas neovascu-
lar AMD is attributed to abnormal neovessel growth from the
choroidal vessels (choroidal neovascularization [CNV]).23
Retinal neovascularization and CNV are caused either by
angiogenesis, a process involving new vascular endothelial cell
(EC) sprouting from preexisting blood vessels,*
involving bone marrow (BM)-derived circulating
endothelial progenitor cells (EPCs) contributing to the neo-
vasculature.’~8 However, recent studies have suggested that the
contribution of EPCs to neovessel formation is not as marked as
reported previously.®-1? Therefore, the main cellular origin of
new ECs seems to be the vascular ECs residing in the
preexisting blood vessels during anglogene&s-based neovessel

genesis,

formation.**

Vascula;' ECs residing in the preexisting blood vessels have
been regarded'_as cells possessing equal potential to produce

ECs in response to the angiogenic stimuli VEGF and bFGE
However, we reccntly identified a small population of vascular
endothelial stem/progenitor cells in the preexxstmg blood
vessels, which may be a source of new ECs during angiogen-
esis.!® These cells were isolated using flow cytometry based on
the side population (SP) phenotype, a common feature of adult
stem cells, including hematopoietic, epidermal, and muscle
stem cells characterized by the ability to. efflux the DNA-
binding fluorescent dye, Hoechst 33342, via ATP-binding
cassette (ABC) transporters.'4"1¢ In contrast to the majority of
cells that accumulate Hoechst 33342, termed main population
(MP) cells, SP cells appear as a-discrete unstained population to
the side of the MP cells in a flow cytometry density dot plot. An
SP cell population within the vascular ECs (EC-SPs) has been
isolated from blood vessels in limb muscle.!> Compared to
non-EC-SP cells, EC-SP cells possess high proliferative potential
in vivo and in vitro, consistent with their stem cell properties.
However, EC-SPs in the retinal and choroidal vessels, and their
role in angiogenesis have not been identified to our knowledge.
In addition, EC-SP cells in the brain also have not been
investigated in detail. In our study, we compared EC-SP cells in

or by vasculo-
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the choroidal, retinal, and brain vessels to identify the origin of
angiogenesis in those vessels.

MATERIALS AND METHODS
Mice

The C57BL/6 mice and C57BL/6-Tg (CAG-EGFP) mice (EGFP
mice) that express green fluorescent protein (GFP) in all
tissues were purchased from Japan SLC (Shizuoka, Japan). Mice
8 to 12 weeks of age were used for experiments. All anjmal
experiments were conducted in accordance with the ARVO
Animal Statement for the Use of Animals in Ophthalmic and
Vision Research.

Cell Preparation

Mice were euthanized and eyes were extracted. Retinal tissue
was removed gently from the RPE-choroid-sclera complex.
Choroidal tissue subsequently was scraped off the sclera. The
whole brain also was extracted from the same mice. Respective
tissue was excised, minced, and digested with Dispase II (Godo
Shusei Corp., Chiba, Japan), collagenase (Wako, Osaka, Japan),
and type I collagenase (Worthington Biochemical Corp.,
Lakewood, NJ) at 37°C.}7 The digested tissue was passed
through 40-um filters to vyield single cell suspensions.
Erythrocytes were lysed with ACK buffer (0.15 M NHCI, 10
mM KHCO3, and 0.1 mM Na,-EDTA).

Flow Cytometry

Hoechst staining was performed as described previously.'*
Briefly, cell surface antigen staining was performed, and cell
suspensions were incubated with Hoechst 33342 (5 pg/mL;
Sigma, St. Louis, MO) at 37°C for 90 minutes in Dulbecco’s
modified Eagle’s medium (DMEM, 2% fetal calf serum, 1 mM
HEPES; Sigma) at a concentration of 10 nucleated cells/mL in
the presence or absence of verapamil (50 umol/L; Sigma). Cell
surface antigen staining was performed as described previous-
1y.'® The monoclonal antibodies (mAbs) used in immunofiuo-
rescence staining were anti-CD45 and anti-CD31 mAbs
(eBiosciences, San Diego, CA). Respective isotype controls
(eBiosciences) were used as negative controls. Propidium
iodide (PI, 2 pg/mlL; Sigma) was added before fluorescence-
activated cell sorting (FACS) analysis to exclude dead cells. The
stained cells were analyzed and sorted by a SORP FACSAria (BD
Biosciences, San Diego, CA), and data were analyzed using
FlowJo Software (Treestar Software, San Carlos, CA).

EC Colony-Forming Assay

The 10® EC-SP or MP cells were seeded on 24-well plates and
cocultured on OP9 stromal cells in RPMI (Sigma), supplement-
ed with 10% fetal calf serum (FCS) and 105M 2-ME (Gibco,
Grand Island, NY).!? Cells were cultured for 10 days and the
number of colonies counted after immunostaining.

Immunofluorescence

The procedure for staining was as reported previously.?® For
immunofluorescence, anti-CD31 mAb (BD Biosciences) was
used for staining, and anti-rat IgG Alexa Fluor 488 (Invitrogen,
Carlsbad, CA) and biotin-conjugated polyclonal antirat Ig
(Dako, Glostrup, Denmark) were used as the secondary
antibodies. Biotinylated secondary antibodies were developed
using ABC kits (Vector Laboratories, Burlingame, CA). Cell
nuclei were visualized with Hoechst dye (Sigma). Samples
were visualized using an Olympus IX-70 equipped with
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UPlanFI X4/0.13 and LCPlanFI X20/0.04 dry objectives
(Olympus Corporation, Tokyo, Japan). Images were acquired
and processed with Adobe Photoshop CS3 software (Adobe
Systems, Inc., San Jose, CA). All images shown are represen-
tative of more than four independent experiments.

Quantitative RT-PCR (qRT-PCR)

RNA was extracted from CD317CD45~ EC cells, CD317CD45~
EC-SP cells, and CD317CD45~ EC-MP cells from the brain,
retina, and choroid, respectively, using an RNeasy Mini Kit
(Qiagen, Hilden, Germany), and cDNA was generated using
reverse transcriptase from the ExScript RT reagent Kit (Takara,
Otsu, Japan) as described previously.?® Real-time PCR was
performed using a Stratagene Mx3000P (Stratagene, La Jolla,
CA). The polymerase chain reaction was performed on cDNA
using specific primers (Supplementary Table S1). Expression
level of the target gene was normalized to the GAPDH level in
each sample.

Laser-Induced CNV

The C57BL/6 mice were anesthetized as described previous-
ly.22 A total of 20 photocoagulation lesions was made with a
diode laser (150 mW, 0.05 seconds, 75 pm; Ultima 2000 SE;
Lumenis, Santa Clara, CA) between the retinal vessels in a
peripapillary distribution in each fundus. Production of a
subretinal bubble at the time of laser treatment confirmed the
disruption of Bruch’s membrane. The CD317CD45~ ECs from
the choroid were obtained 6 days after the laser procedure.
Proportions and numbers of EC-SP celis per choroid were
analyzed and calculated. Controls were the choroid from the
untreated eye, or choroid from normal wild-type mice.

Murine BM Transplantation Model

The 8- to 12-week-old C57BL/6 mice underwent BM transplan-
tation from same-aged EGFP donors. Briefly, BM cells were
obtained by flushing the tibias and femurs of age-matched
donor EGFP mice. The transplantation was performed into
C57BL/6 mice lethally irradiated with 10.0 Gy, by intravenous
infusion of approximately 1 X 107 donor whole BM cells. At 24
weeks after transplantation, by which time BM of recipient
mice was reconstituted, the mice were used for the
experiments. The percent reconstitution of the BM was
confirmed in all mice at the time of experiments.

Statistical Analysis

All data are presented as mean * SEM. For statistical analysis,
SigmaStat software (SPSS, Inc., Chicago, IL) was used. When
two groups were compared, a 2-sided Student’s #-test was used.
A probability value of less than 0.05 was considered
statistically significant.

RESULTS

Identification of Endothelial SP Cells in the
Choroid, Retina, and Brain

We performed Hoechst 33342 staining and flow cytometric
analysis of cells isolated from normal mouse choroid, retina,
and brain to identify EC-SP cells. In the choroid, among cells
positive for the EC marker CD31 and negative for the
hematopoietic cell (HC) marker CD45 (CD317CD45~ ECs,
Fig. 1A), 2.8 £ 0.14% showed a typical SP staining pattern (i.e.,
Hoechst 33342 dye efflux properties, lost in the presence of
the drug efflux pump inhibitor, verapamil, Fig. 1B). They were



