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Figure 2 Angl induces trans-association of Tie2 at cell—ell contacts. (a)

In vitro binding of sTie2-HA to sTiel-Fc or sTie2-Fc. Binding in the presence
or absence of COMP-Ang1 was examined as described in Methods. Arrows
indicate co-precipitated sTie2-HA and COMP-Ang1 proteins. (b) The
association of sTie2-HA to sTie2—Fc by Angl, GCN4-Angl, MAT-Angl, or
COMP-Ang1 was similarly examined as in a. (c) Confluent HUVECs were
stimulated with vehicle (control), 200 ng mI-* GCN4-Angl, MAT-Ang1 or
COMP-Ang1 for 20 min, and stained with anti-Tie2 (upper panels) and anti-
VE-cadherin (lower panels) antibodies. The scale bars represent 20 pm. (d)
Aggregation of 293F cells in suspension expressing GFP, Tie2-GFP, Tie2Acyto—
GFP and Tie2KD-GFP was induced by vehicle (control; left of each panel)
and COMP-Ang]1 (right of each panel), as described in Methods. Upper and
lower images of each panel show the phase-contrast and GFP images. (e) To
quantify the cell aggregation observed in d, the number of cell aggregates per

fused with green fluorescent protein (GFP) (Tie2-GFP) (Supplementary
Information, Fig. S1g, h and Movie 1).

VEGFR?2 is known to associate with VE-cadherin at cell-cell con-
tacts?*?2, Thus, we assumed that VE-cadherin might be involved in
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field of view was counted. An aggregate was defined as cell mass consisting
of more than 4 cells. The number of aggregates for cells stimulated with
vehicle and COMP-Ang1 is shown as white and black columns, respectively.
Data are expressed as mean number + s.d. of, at least, 10 different fields. (f)
293F cells expressing Tie2Acyto-GFP were incubated with vehicle (control;
left column) and COMP-Ang1 (right column). Upper and lower panels show
the confocal GFP images merged without or with the DIC images, respectively.
The scale bars represent 10 pm. (g) 293F cells expressing Tie2Acyto-HA were
suspended with either those expressing Tie2Acyto-GFP or those expressing
GFP, and stimulated with 400 ng mI~* of COMP-Ang1 for 1 h. Cell lysates
were immunoprecipitated with anti-GFP antibody. Immunoprecipitates (IP)
and aliquots of cell lysate (TCL) were subjected to Western blot analysis (WB)
with anti-HA and anti-GFP antibodies. Uncropped images of a, b, and g are
shown in Supplementary Information, Fig. S8.

Tie2 relocation to cell-cell contacts. However, Tie2 relocation at cell-
cell contacts was still observed in VE-cadherin-depleted HUVECs,
while B-catenin disappeared from cell-cell contacts (Supplementary
Information, Fig. S2a, c). Tie2 staining at cell-cell contacts was slightly
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Figure 3 ECM-bound Angl anchors Tie2 to cell-substratum contacts in the
absence of cell—cell adhesions. (a) Sparse HUVECs were stimulated with
vehicle (control), COMP-Angl or Angl, and then immunostained with anti-
Tie2 and anti-vinculin antibodies. Images were obtained using a confocal
microscope. Stacked xy images (left), Tie2 (green), vinculin (red) and merged
(merge) images of the cell-substratum interface (basal surface) are shown.
The boxed areas in the merged images are enlarged (right panels). (b) Time
course (for the time indicated) of localization of Tie2-GFP and vinculin in
CHO cells expressing Tie2-GFP was examined similarly to a. Localization

of Tie2Acyto~GFP after stimulation for 30 min was also examined (left
column). (c) Localization of COMP-Ang1 (Flag, red) and Tie2-GFP (green)
after stimulation with COMP-Ang1 in CHO cells expressing Tie2-GFP was
examined similarly to a. Untransfected CHO cells were also stimulated with
COMP-Angl, and immunostained with anti-Flag antibody (right column). A
DIC image (top) is displayed at the top. (d) Binding of Angl and COMP-Angl
to ECM was examined by immunofluorescence analysis as described in
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Untrans
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Merged
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e Control
Tie2-GFP.
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Supplementary Methods. Glass-base dishes were coated with BSA (BSA),
fibronectin (Fn), collagen (Col), vitronectin (Vit), laminin (Lam), and
fibrinogen (Fib), and incubated with Ang1 (left panel) or COMP-Ang1 (right
panel). ECM-bound Angl and COMP-Ang1 were detected by staining with
anti-Flag antibody. Relative immunofluorescence intensity was expressed

as a percentage of that detected in a BSA-coated dish. Data are expressed
as mean + s.d. of the fluorescence intensity of 6 different fields. (e) Sparse
HUVECs expressing both Tie2-GFP and RFP-Crk and those expressing Tie2—
GFP were stimulated with COMP-Ang1 or vehicle (control). After stimulation
for 20 min, the cells were washed and treated with cytoskeleton stabilizing
buffer as described in Methods. The cells expressing Tie2-GFP were
immunostained with either anti-vinculin or anti-Flag antibody. GFP (Tie2—-
GFP), and RFP (RFP-Crk) or Alexa 546 (vinculin or COMP-Angl) confocal
images of the cell-substratum interface, and merged images (bottom) are
shown. The scale bars in merged (a, b, ¢, and e) and enlarged images

(a) represent 20 pm and 5 pm, respectively.
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diminished compared to the control cells. Consistently, we found that
Tie2 did not co-immunoprecipitate with VE-cadherin in the COMP-
Angl-stimulated HUVECs, although VEGFR2 co-immunoprecipi-
tated with VE-cadherin in those stimulated by VEGF (Supplementary
Information, Fig.S2d, e). Furthermore, depletion of platelet and
endothelial cell adhesion molecule-1 (PECAM-1) did not affect the
relocation of Tie2 to cell-cell contacts (Supplementary Information,
Fig. S2b, ¢). These results indicate that VE-cadherin and PECAM-1
are not essential for Tie2 localization at cell-cell contacts, although
cell adhesions by these molecules may affect the localization of Tie2
by stabilizing cell-cell contacts.

We hypothesized that the interaction of Tie2 expressed in adjoin-
ing cells might be required for the accumulation of Tie2 at cell-cell
contacts. We employed Chinese hamster ovary (CHO) cells that do
not express endogenous Tie2 and CHO cells expressing Tie2-GFP. By
monitoring Tie2-GFP upon COMP-Ang] stimulation, we could dis-
tinguish the dynamics of Tie2-GFP in the presence or absence of Tie2
expression between adjoining CHO cells. Tie2—~GFP was internalized
upon stimulation with COMP-Ang1 when a Tie2-GFP-expressing cell
was surrounded by wild-type CHO cells (Fig. 1b and Supplementary
Information, Movie2). In contrast, COMP-Ang] stimulation induced
Tie2-GFP translocation to the cell-cell borders between adjacent
cells expressing Tie2-GFP, although Tie2-GFP was homogeneously
expressed on the plasma membrane before the stimulation (Fig. 1c and
Supplementary Information, Fig. $2f and Movie3). Notably, Tie2-GFP
lacking the cytoplasmic domain of Tie2 (Tie2Acyto-GFP) relocated to
the borders between adjacent cells expressing Tie2Acyto-GFP (Fig. 1d
and Supplementary Information, Movie 4). To further test the effect of
the extracellular domain of Tie2 between adjoining cells on the accu-
mulation of Tie2 at cell-cell contacts, CHO cells expressing Tie2Acyto-
GFP and those expressing Tie2Acyto-HA (a mutant Tie2 lacking the
cytoplasmic domain tagged with HA) were co-plated and stimulated
with COMP-Angl. In the unstimulated cells, both Tie2Acyto-GFP and
Tie2Acyto-HA were broadly expressed on the plasma membrane with-
out any colocalization. Once stimulated with COMP-Angi, Tie2Acyto-
GFP and Tie2Acyto-HA colocalized at the cell-cell borders between
cells expressing Tie2Acyto-GFP and cells expressing Tie2Acyto-HA
(Fig. 1e). Interestingly, COMP-Angl was also detected at the cell-cell
borders where Tie2Acyto-GFP localized (Fig. 1f). Collectively, these
findings suggest that Angl induces trans-association of Tie2 at cell-cell
contacts independently of its intracellular signalling.

Internalization was further analysed by a confocal microscope. In
Tie2-GFP-expressing CHO cells surrounded by wild-type CHO cells,
Tie2-GFP was clearly internalized upon COMP-Angl stimulation,
while in either Tie2Acyto-GEP-expressing CHO cells or kinase-negative
Tie2-GFP (Tie2KD-GFP)-expressing CHO cells, Tie2 was not internal-
ized (Supplementary Information, Fig. $2g). These data indicate that
endocytosis of Tie2 is triggered by its intracellular signalling, and sug-
gest that Angl-induced localization of Tie2 at cell-cell contacts depends
upon the balance between frans-association of activated Tie2 and the
internalization of Tie2.

Trans-association of Tie2 induced by oligomerized Angl

To explore whether the trans-association of Tie2 is provoked by oligomer-
ized Angl, we first biochemically analysed the association of Tie2 using
recombinant Tie proteins. We tested the association of immunoglobulin
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Fc-domain tagged extracellular domain of either Tiel or Tie2 with the
HA-tagged extracellular domain of Tie2, as explained in Supplementary
Fig. 3aand 3b. HA-tagged Tie2 bound to sTie2-Fc but not sTiel-Fc in the
presence of COMP-Ang1 (Fig. 2a). We then tested the association of sTie2-
-HA with sTie2~Fc in the presence of various forms of Angl (GCN4-
Angl, dimer; native Angl and MAT-Angl, tetramer; COMP-Angl,
pentamer)'. The association of sTie2-HA with sTie2-Fc was induced by
native Angl, MAT-Angl, and COMP-Ang]l, which can form multimers
of Angl, but not by GCN4-Angl (Fig. 2b). Consistently, multimerized
Angl induced the relocation of Tie2 at cell-cell contacts (Fig. 2¢).

We further tested the possibility of Angl-mediated bridging of Tie2
by using 293 cells in suspension (293F). Tie2-GFP-expressing 293F cells
but not GFP-expressing 293F cells aggregated upon COMP-Ang! and
native Angl stimulation (Fig. 2d, e and Supplementary Information,
Fig. S3¢, d). The number of aggregates in Tie2-GFP-expressing cells
increased more than in Tie2Acyto-GFP-expressing cells and Tie2KD-~
GFP-expressing cells that were resistant to internalization of Tie2
(Fig. 2e and Supplementary Information, Fig. $2g). In contrast, the size
of the aggregates was increased in Tie2 Acyto-GFP-expressing cells and
Tie2KD-GFP-expressing cells compared to Tie2-GFP-expressing cells
(Supplementary Information, Fig. S3e), suggesting that intracellular
signalling may affect Angl-mediated Tie2 trans-association probably
through Tie2 internalization.

In the aggregated cells, Tie2Acyto-GFP clearly localized at the sites
of cell-cell contacts (Fig. 2f). Similar localization of Tie2Acyto-GFP at
cell-cell contacts was observed in a murine pro-B cell line, BaF3 cells,
stably expressing Tie2 Acyto-GFP (BaF-Tie2 AcytoGFP) upon COMP-
Angl stimulation (Supplementary Information, Fig. $3h). VEGF did
not induce aggregation of 293F cells expressing VEGFR2, although
VEGFR2 is reported to localize to cell-cell contacts **(Supplementary
Information, Fig. S3f, g). When 293F cells expressing Tie2Acyto-~GFP
and those expressing Tie2 Acyto~HA were co-cultured in suspension and
stimulated with COMP-Ang]1, both Tie2 were co-immunoprecipitated
(Fig. 2g). Furthermore, when BaF-Tie2AcytoGFP cells and BaF3 cells
stably expressing Tie2Acyto-HA (BaF-Tie2AcytoHA) were mixed and
stimulated with COMP-Angl in suspension, both truncated forms of
Tie2 were also co-immunoprecipitated (Supplementary Information,
Fig. §3i). These results together with biochemical data and the co-lo-
calization of Tie2 lacking its cytoplasmic domain (Fig. le) indicate the
trans-association of Tie2 occurs at cell-cell contacts upon oligomerized
Ang]l stimulation.

Tie2 localizes to cell-substratum contacts in the absence of
cell-cell contacts

We next examined Angl-induced localization of Tie2 in sparse HUVECs.
In subconfluent HUVECs, Tie2 was preferentially recruited to cell-cell
contacts upon COMP-Ang]l stimulation (Supplementary Information,
Fig. S4a). However, when stimulated in the absence of cell-cell contacts,
Tie2 localized to the periphery of the extended membrane that was close
to but different from vinculin- and paxillin-positive focal complexes
(FCs) (Fig. 3a and Supplementary Information, Fig. S4b). We further
investigated COMP-Ang1-induced localization of Tie2-GFP in CHO
cells. Tie2-GFP was localized to the periphery at 15, 30 and 60 min after
stimulation. We noticed additional GFP-positive lines at cell-substra-
tum contacts in the cells stimulated for 30 min and 60 min, reflecting
the footprints of membrane extension during cell movement (Fig. 3b).
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Figure 4 Trans-association of Tie2 leads to the preferential activation of

Akt. (a) Sparse and confluent HUVECs were transfected with the plasmid
encoding Tie2-GFP, stimulated with either vehicle (control) or COMP-Angl,
and immunostained with an anti-phospho Tie2 (pTie2) antibody. Images of
Tie2-GFP (green), pTie2 (red), and the merged images (merge) are shown.
The boxed areas in the panels are enlarged at the bottom of each image. The
scale bars in the merged and the enlarged images represent 20 and 5 um,
respectively. (b) Sparse and confluent HUVECs were starved and stimulated
with COMP-Ang1 for the time (min) indicated at the top. Cell lysates were
immunoprecipitated with anti-Tie2 antibody. Immunoprecipitates and aliquots
of cell lysate were subjected to western blot analysis with anti-phosphotyrosine
(pTie2) and anti-Tie2 (Tie2) antibodies. (c) Phosphorylated Tie2 observed in

b was quantified. Tie2 phosphorylation represents the ratio of phosphorylated
Tie2 to total Tie2 as a percentage of the ratio in the sparse cells stimulated

for 15 min. Values are expressed as means + s.d. from five independent
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experiments. (d) HUVECs transfected with control siRNA (control) or with two
independent siRNAs targeting different sequences of 77e2 (Tie2 No.1 and Tie2
No.2) were starved and stimulated with vehicle (-) and COMP-Angl (+) for 15
min. Cell lysates were subjected to immunoblot analysis for analysing Erk and
Akt phosphorylation. (e) Sparse and confluent HUVECs were stimulated with
COMP-Ang1 for the time (min) indicated at the top. Activation of Erk and Akt
was analysed. Graphs at the bottom left and right panels show time course of
Erk and Akt activation of the sparse cells (open circle) and the confluent cells
(filled circle) in response to COMP-Angl. Erk or Akt activity represents the
ratio of phospho-Erk or phospho-Akt to total Erk or total Akt as a percentage of
the ratio observed in sparse cells stimulated for 10 min, respectively. Values
are expressed as means + s.d. from five independent experiments.

(f) Sparse (open circle) and confluent (filled circle) HUVECs were stimulated
with growth media and analysed. Uncropped images of b, d, e, f are shown in
Supplementary Information, Fig. S8.
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Likewise, in Tie2Acyto-GFP-expressing CHO cells, Tie2Acyto-GFP
was found at cell-substratum contacts, indicating the requirement of
the extracellular domain of Tie2 for this localization. These Tie2-GFP
positive structures at cell-substratum contacts were located close to, but
apparently different from, vinculin-marked FCs or focal adhesions (FAs)
(Supplementary Information, Fig. S4c). To identify the cell matrix junc-
tions where Tie2 localizes, we carefully compared Tie2-GFP with those
of various markers for FCs and FAs in HUVECs plated on fibronectin-
and collagen-coated dishes after COMP-Angl stimulation. Tie2-GFP at
cell-substratum contacts colocalized with none of these markers includ-
ing vinculin, paxillin, VASP, and talin {(Supplementary Information,
Fig. S5a~g). Collectively, these results indicate that upon stimulation with
Angl, Tie2 is recruited to the cell periphery and anchored to substratum
contacts that are different from FCs and FAs. This is further supported
by time-lapse imaging using HUVECs expressing Tie2-GFP and CHO
cells expressing either Tie2-GFP or Tie2Acyto-GFP upon COMP-Angl
stimulation (Supplementary Information, Movie 6 and 7).

B, integrin associates with fibronectin fibrils to form distinct adhe-
sive structures from FCs and FAs, namely fibrillar adhesions (FBs) where
fibrinogenesis occurs®”. Since Cascone et al. has reported that Tie2
constitutively associates with a B, integrin that binds to fibronectin®, we
examined whether Tie2 localizes at FBs. When Tie2-GFP- or HA-tagged
Tie2 (Tie2~HA)-expressing HUVECs plated on a fibronectin-coated
dish were stimulated with COMP-Ang1, Tie2 did not colocalize with
FB markers (a, integrin, assembled fibronectin fibrils and exogenously
expressed GFP-tensin) (Supplementary Information, Fig. S5h-j}. In
addition, depletion of a, integrin by siRNA did not affect COMP-Ang1-
induced Tie2 localization at cell-substratum contacts (Supplementary
Information, Fig. S6a~d). Depletion of another integrin, avﬁ3, did not
alter COMP-Angl-induced relocation of Tie2 to peripheral cell-sub-
stratum contacts (Supplementary Information, Fig. S6 a-c).

We assumed that Angl might anchor Tie2 to extracellular matrix
(ECM). When Tie2-GFP-expressing CHO cells were sparsely cultured
on collagen-coated dishes and stimulated with COMP-Angl, Tie2-GFP
and FLAG-tagged COMP-Angl were clearly colocalized at the periphery
and bottom of the cells at 5 min after stimulation, with the appearace of
a ring (Fig. 3¢). After 30 min, we noticed that Angl was detected not
only with Tie2-GFP but also on the dish surface where the cell was not
present {Fig. 3c and Supplementary Information, Fig. S6e), suggesting
that Angl can bind to ECM. Indeed, Angl and COMP-Angl, but not
control protein, could bind to fibronectin, collagen, and vitronectin with
high affinity, and bind weakly to laminin and fibrinogen as demonstrated
by an ECM~Ang1 binding assay (Fig. 3d and Supplementary Information,
Fig. S6f). Adhesive structures formed at cell-substratum contacts such as
FCs and FAs are resistant to detergent (0.5% Triton-X100)¥%, Whereas
Tie2~GFP but not RFP-Crk disappeared upon detergent addition without
pretreatment of COMP-Angl, pretreatment of COMP-Ang] preserved
Tie2~GFP at the bottom of cells as well as RFP-Crk and vinculin (Fig. 3e).
These results suggest that Tie2 is anchored by ECM-bound Angl to cell-
substratum contacts to form novel detergent-resistant adhesive struc-
tures, which are different from FCs, FAs and FBs.

Preferential activation of Erk and Akt in the absence and
presence of cell-cell contacts upon Angl stimulation

We investigated the biological significance of trans-associated Tie2 at
cell-cell contacts and cell-substratum contact-anchored Tie2 upon
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Angl stimulation. Tie2 under both conditions was phosphorylated at
either cell-cell contacts or cell-substratum contacts (Fig. 4a). The extent
of Tie2 phosphorylation in HUVECs by COMP-Ang1 did not depend
upon the presence of cell-cell contacts (Fig. 4b, ¢).

Among Tie2-mediated signalling factors*?, Akt and Erk are suggested
to be important for cell survival, and cell migration and proliferation,
respectively®?1¢3! We therefore checked the requirement of Tie2
in Angl-induced Erk and Akt activation in HUVECs, because Angl
is known to mediate some biological functions through integrins **.
Angl-dependent phosphorylation of both Erk and Akt in confluent
and sparse HUVECs was abolished by depletion of Tie2 (Fig. 4d and
data not shown). Under either sparse or confluent culture conditions,
COMP-Angl induced Erk phosphorylation, which peaked at 10 min
after stimulation and declined to the basal level by 45 min (Fig. 4e).
However, the maximum level of Erk phosphorylation in the conflu-
ent cells was reduced to approximately 50% of that in the sparse cells
(Fig. 4e). In clear contrast, the maximum increase in Akt phosphoryla-
tion was significantly higher in the confluent cells than in the sparse
cells (Fig. 4e), indicating that endothelial cell-cell adhesions positively
regulate the Tie2-mediated Akt pathway. We noticed that this prefer-
ential activation of Akt was a Tie2-specific signal in the confluent cell
culture, because both Erk and Akt activation was suppressed when the
endothelial cells were stimulated with growth media in the presence of
cell-cell contacts (Fig. 4f).

Activation of Erk by Tie2 at cell-substratum contacts is

partly dependent upon focal adhesion kinase and involved in
endothelial cell migration

To further explore how Tie2-mediated signalling in isolated cells is influ-
enced by its targeting to cell-substratum contacts, HUVECs were stimu-
lated with COMP-Ang] under either suspended or substratum-attached
conditions. While Tie2 phosphorylation and subsequent Akt activation
were comparable between these conditions, Erk activation was higher
in substratum-attached cells (Fig. 5a). Similar results were obtained
using BaF3 cells stably expressing Tie2 (BaF-Tie2) (Supplementary
Information, Fig. S7a~c). These findings suggest that Erk activation by
Angl-Tie2 requires the contacts between cells and substratum, as previ-
ously reported for other receptor tyrosine kinases™*.

‘We hypothesized that Angl-Tie2 at cell-substratum contacts coop-
eratively function with integrin signalling complexes to induce Erk
activation, although Tie2 localized to cell-substratum contacts besides
FCs, FAs and FBs. To test this possibility, we examined whether ECM-
anchored Angl induces Tie2 signalling and modulates integrin adhe-
sions. In HUVECs adhering to a collagen-coated dish, Tie2 diffusely
localized at bottom surface of the cells. In clear contrast, Tie2 was found
to be punctate and phosphorylated at cell-substratum contacts when
the cells were attached to a collagen- and COMP-Angl-coated dish
(Supplementary Information, Fig. S7d, e), indicating the capability of
ECM-anchored Angl to stimulate Tie2. HUVECs adhering to colla-
gen- and COMP-Angl-coated substratum exhibited enhanced vinculin
accumulation at the most peripheral region of the cells, compared with
the cells attached to collagen, as analysed by line-scanning of immun-
ofluorescence intensity (Fig. 5b, c). Consistently, fewer stress fibres
and more lamellipodia were observed in the presence of COMP-Angl
(Supplementary Information, Fig. S7f). These data reveal that Angl-Tie2
signalling at cell-substratum contacts induces FC formation.
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Figure 5 Activation of Erk by Tie2 at cell-substratum contacts partly depends
upon FAK and is involved in endothelial cell migration. (a) Suspended
HUVECs and cells adhered on a as described in Supplementary Methods.
(b) HUVECs were placed on the COMP-Angl-unbound collagen-coated dish
(Col) or COMP-Ang1-bound collagen-coated dish (Col and COMP-Ang1) for
30 min, and immunostained with anti-vinculin antibody. Focal complexes
were analysed by line intensity scan using MetaMorph 6.1 software
(fluorescence intensity along the dotted line indicated, bottom panels).

(c) Quantification of the Results of b. Values are expressed as means + s.d.
of fluorescence intensity relative to vinculin at the cell periphery (Col, n=
60; Col & COMP-Angl, n=66). (d) Sparse HUVECs starved for 6 h were
stimulated with COMP-Ang1 for different times (min). Immunoprecipitates
and cell lysate were subjected to western blot analysis with anti-
phosphotyrosine (pFAK) and anti-FAK (FAK) antibodies, respectively. (e)
Localization of FAK was examined similarly to b. (f) Sparse HUVECs plated

on a collagen-coated dish were infected with adenovirus vector encoding
either GFP or GFP-FAT as described in Supplementary Information,
Methods. Cells stimulated with COMP-Ang1 for 20 min were analysed for
Erk and Akt activation. (g, h) Phosphorylation of Erk (g) and Akt (h) in f was
quantified. Values are expressed as means = s.d. from five independent
experiments. (i) Effect of knockdown of FAK on Erk activation was examined
in control siRNA (control) or FAK siRNA-treated HUVECs (FAK No.1).

(j) Quantification of the results of i. Values are expressed as means +

s.d. from 6 independent experiments. (k, I) MEK-Erk inhibition results

in decreased migration of sparse HUVECs stimulated with COMP-Angl.

20 uM U0126 (a MEK inhibitor) inhibits COMP-Ang1-induced Erk, but

not Akt activation (k). Migration of HUVECs was analysed as described in
Supplementary Methods (1). Values are expressed as the mean + s.d. from 5
independent experiments. The scale bars represent 20 um (b, e). Uncropped
images of a, d, f, i, k are shown in Supplementary Information, Fig. S8.
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Figure 6 The presence of cell-cell contacts determines the preferential
activation of Akt and subsequent phosphorylation of Foxol and eNOS.
{a) Sparse and confluent HUVECs were starved and stimulated with
COMP-Angl. Cell lysates were analysed for phosphorylation of Foxol,
eNOS, Akt, and Erk. Note that Foxol and eNOS are more phosphorylated
in the confluent cells than in the sparse cells. (b) COMP-Angl-induced
phosphorylation of Foxol observed in a was quantified. Foxol
phosphorylation represents the ratio of phosphorylated Foxol to total Erk
protein as a percentage of the ratio in the confluent cells stimulated for
20 min, Erk protein but not Foxol was used as normalization for protein
loading, because anti-Foxo1l antibody does not recognize phosphorylated
Foxol. Values are expressed as means + s.d. from seven independent
experiments. {¢) COMP-Angl-induced phosphorylation of eNOS observed
in a was quantified. eNOS phosphorylation represents the ratio of
phosphorylated eNOS to total eNOS as a percentage of the ratio in the
confluent cells stimulated for 20 min. Values are expressed as means + s.d.

Focal adhesion kinase (FAK) localizing at FCs and FAs medi-
ates signalling by integrins and growth factor receptors to activate
Erk**. Previously, it has been reported that Angl activates FAK to
induce endothelial cell sprouting'®. Thus, we tested the involvement
of FAK in Erk activation downstream of cell-substratum contact-
anchored Tie2 upon Angl stimulation. COMP-Angl induced
tyrosine phosphorylation and accumulation of FAK to FCs in
HUVECs (Fig. 5d and Supplementary Information, Fig. §7g) and
increased the FAK-positive FC assembly as well as vinculin (Fig
5b, e). Consistent with the idea that the focal-adhesion-targeting
domain of FAK (FAT) displaces FAK from FCs and FAs™, overex-
pression of RFP-tagged FAT (RFP-FAT) perturbed the localization
of FAK to FCs and FAs in HUVECs (Supplementary Information,
Fig. S7h). Tie2 localization at peripheral cell-substratum contacts

from seven independent experiments. (d) Sparse and confluent HUVECs
transfected with a plasmid encoding GFP-Foxo1 were starved for 6 h and
stimuiated with COMP-Ang1 for the time (min) as indicated. After fixation
in methanol, the number of cells with GFP-Foxo1l localized at nucleus
was counted and expressed as a percentage relative to total number of
cells. At least 100 GFP-positive cells were scored for each treatment.
Values are expressed as means + s.d. from three independent experiments.
Representative images of subcellular localization of GFP-Foxol in sparse
(left) and confluent (right) cells are shown on the bottom. Upper and lower
panels show the images in cells stimulated with vehicle or COMP-Ang1 for
20 min. (e, f} Confluent HUVECs were pre-treated with 20 uM LY294002
for 30 min (e) or 8 M Akt inhibitor for 5 min (f) and subsequently
stimulated with vehicle {~) or COMP-Ang1 (+) for 20 min. The effect of
both inhibitors on COMP-Angl-induced phosphorylation of Foxol, eNOS,
and Akt was examined. Uncropped images of a, e, and f are shown in
Supplementary Information, Fig. $8.

upon COMP-Angl stimulation was not influenced by overexpres-
sion of FAT (Supplementary Information, Fig. S7i). We next inves-
tigated the effect of FAT on Tie2-mediated intracellular signalling.
Overexpression of GFP-tagged FAT (GFP-FAT) significantly but
not completely inhibited COMP-Angl-induced Erk activation
(Fig. 5f, g). In clear contrast, overexpression of FAT did not alter
COMP-Angl-induced Akt activation (Fig. 5f, h). Furthermore,
depletion of FAK by siRNAs partly inhibited COMP-Angl-induced
Erk activation (Fig. 5, j and Supplementary Information, Fig. S7j,
k). Collectively, these results indicate that Erk activation by Tie2
anchored to cell-substratum contacts is ascribed partly to FAK.
Erk signalling is known to be involved in endothelial cell migration®.
Thus, we examined the role of Erk in cell migration by Angl-Tie2 at
cell-substratum contacts. Cell motility was enhanced when HUVECs
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Figure 7 Ang1 stimulation leads to a distinct pattern of gene expression in
HUVECs in the presence or absence of cell—cell contacts. (a) Total RNA was

relative to that in sparse (b, ¢) or confluent {d-f) cells stimulated with vehicie.
Values are expressed as means + s.d. from more than three independent

purified from confluent and sparse HUVECs stimulated with vehicle (control)
or COMP-Angl for 1 h, and subjected to Affymetrix microarray analysis,

as described in Methods. Genes corresponding to the criteria described

in Methods were subjected to the cluster analysis. The results from two
independent microarray analyses are displayed. Red and green represent higher
and lower expression than the median for that particular gene, respectively.
Color intensity is related to the difference with the median (black). (b-f) Total
RNA was purified from confluent and sparse HUVECs stimulated with vehicle
() or COMP-Angl (+) for 1 h, and expression levels of KLF10(b), SOCS3 (c),
KLF2(d), TIS11d (e) and Cx40(f) were analysed by real-time RT-PCR analysis
as described in Supplementary Information, Methods. Bar graphs show relative
RNA levels of each gene normalized to GAPDH levels. RNA levels are expressed

were placed on collagen- and COMP-Angl-coated transwell filters,
compared with cells adhering to collagen-coated filters. This enhanced
cell motility was cancelled by inhibiting Erk using U0126, a MEK

experiments, {g) Total RNA was isolated from confluent HUVECs infected with
adenovirus vectors encoding either GFP (GFP) or a constitutively active mutant
of Foxol (Foxol1CA). Expression levels of Cx40 were analysed as described

for f, and expressed as a percentage relative to that in cells infected with
GFP-encoding adenovirus vector. (h) Confluent HUVECs were stimulated with
COMP-Angl in the presence (LY294002) or absence (control} of LY294002
as described in the legend of Fig. 6e. Expression levels of Cx40 were analysed
as described for f. Data are means + s.d. of triplicate samples, and similar
results were obtained in three independent experiments. (i) Confluent HUVECs
were stimulated with COMP-Ang]1 in the presence (Akt inhibitor) or absence
{control) of Akt inhibitor as described in the legend of Fig. 6f. Expression levels
of Cx40 were analysed and expressed as described for h.

inhibitor (Fig. 5k, 1). These findings suggest that Angl-Tie2 at cell-
substratum contacts regulates endothelial cell migration through the
Erk signalling pathway.
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Figure 8 Schematic representation of a proposed mode! for how Angl-
Tie2 signalling is involved in both vascular quiescence and angiogenesis.
{Upper panel) Under confluent conditions, oligomerized Angl bridges
Tie2 at celi~cell contacts, resulting in formation of frans-association of
Tie2, Trans-associated Tie2 at cell-cell contacts preferentially activates
Akt-Foxol and Akt-eNOS signalling pathways, which may contribute to
maintenance of vascuiar quiescence by enhancing endothelial survival
and integrity (dashed arrows). (Lower panel) In the absence of cell-cell
contacts, Tie2 forms a complex with ECM-bound Angl at cell-substratum

The presence of cell-cell contacts determines preferential
activation of Akt by Angl and subsequent phosphorylation of
eNOS and Foxol

Akt phosphorylates the forkhead transcription factor Foxol and
endothelial nitric oxide synthase (eNOS), which play critical roles in
endothelial functions**. To investigate the biological consequence of
preferential activation of Akt by trans-associated Tie2, we examined
Angl-induced phosphorylation of Foxol and eNOS in the absence
and presence of cell-cell contacts. Endothelial cell-cell contacts
significantly enhanced COMP-Angl-induced phosphorylation of
Foxol and eNOS in HUVECs (Fig. 6a—c). Akt-dependent phospho-
rylation negatively regulates transcriptional activity of Foxol by pro-
moting its nuclear exclusion. Consistently, nuclear export of Foxol
by COMP-Angl was more prominent in confluent HUVECs than in
sparse cells (Fig. 6d). Phosphatidylinositol-3 kinase (PI3K) inhibitor,
LY294002, and Akt inhibitor impeded COMP-Angl-induced phos-
phorylation of Foxol and eNOS (Fig. 6e, f). These findings indicate

¢ Angiogenesis 4 -~ - -

Migration
Proliferation

Angt
stimulation

Ang1-mediated Tie2 anchoring to ECM

Tie2 [ %‘ Activated Tie2

% Oligomerized Ang1

contacts, which is different from focal adhesions, focal complexes and
fibrillar adhesion. Angl-Tie2 anchored to cell-substratum contacts
preferentially activates the Erk pathway by inducing FAK-positive focal
complex assembly. Angl, therefore, seems to implicate FAK partly in the
activation of Erk. This preferential activation of the Erk pathway induced
by Angl-Tie2 anchored to cell-substratum contacts may contribute

to endothelial cell migration and proliferation, thereby promoting
angiogenesis (dashed arrows). FC and ECM indicate focal complex and
extracellular matrix, respectively.

that phosphorylation of Foxol and eNOS mediated by PI3K-Akt
are preferentially induced by trans-associated Tie2 compared to
substratum-anchored Tie2.

Distinct gene expression profile in HUVECs upon Angl
stimulation in the presence or absence of cell—cell contacts

To further clarify the consequence of Tie2 activation at cell-cell con-
tacts and at cell-substratum contacts, we employed DNA microarray
analyses. We carried out a global survey of mRNA in either confluent
or sparse HUVECs upon COMP-Ang] stimulation for 1 h. There was
a striking difference in the induction of genes between confluent and
sparse conditions (Fig. 7a). To confirm the microarray data, expres-
sion levels of several genes selectively induced under either sparse
or confluent conditions were examined by quantitative real-time
PCR analysis. Both basal expression and induction of Kriippel-like
factor (KLF) 10 and suppressor of cytokine signaling 3 (SOCS3) were
greater in sparse cells than in confluent cells (Fig. 7b, ¢). In contrast,
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KLF2, zinc finger protein 36, C3H type 2 (TIS11d), and connexind0
(Cx40) were induced by COMP-Angl selectively in confluent cells
(Fig. 7d, e, f). Cx40, the product of which is involved in intercellular
communication, is known to be repressed by Foxol in endothelial
cells ®. Indeed, overexpression of a constitutively active mutant of
Foxol decreased Cx40 expression (Fig. 7g). Thus, we investigated
whether a PI3K-Akt-Foxol signal axis is involved in COMP-Angl-
induced Cx40 expression. LY294002 and Akt inhibitor prevented
COMP-Angl-induced Cx40 induction in confluent cells (Fig. 7h, i).
Collectively, these microarray analyses and real-time PCR validation
clearly demonstrate a difference in induction of gene expression by
Angl in the presence or absence of cell-cell contacts, and indicate that
trans-associated Tie2 at cell-cell contacts regulates Foxol-dependent
gene expression through preferential activation of Akt.

DISCUSSION

Localization of Tie2 upon Angl stimulation depends upon the presence
or absence of cell-cell contacts (Figs 1a, 3a). Tie2 localization at cell-
cell contacts appears to be due to Angl-bridged Tie2 trans-association.
Tie2 activation at cell-cell contacts resulted in preferential activation of
Akt, which in turn led to inhibition of Foxol-mediated gene regulation
and phosphorylation of eNOS. The Akt-Foxol pathway is known to be
involved in Angl-induced endothelial cell survival and blood vessel sta-
bility™. It has been also reported that the Akt-eNOS pathway is required
for vascular maturation®. Thus, trans-associated Tie2 may contribute
to maintenance of vascular quiescence through the Akt-Foxol and
Akt-eNOS signalling pathways.

Angl also locates Tie2 to cell-substratum contacts that are dif-
ferent from FCs, FAs and FBs and preferentially activates Erk in the
absence of cell-cell contacts. This Tie2 localization was resistant to
detergent®”®, indicating Tie2 is anchored to cell-substratum con-
tacts. Moreover, Angl could bind to ECM such as fibronectin and
collagen, as previously reported*2. Upon being anchored to ECM
by Angl, Tie2 activated Erk partly through FAK. Formation of the
Angl-Tie2 complex at cell-substratum contacts accelerated FC for-
mation (Fig. 5b, ), and probably vice versa, resulting in the implicat-
ing FAK in Angl-induced Erk activation in isolated cells. This notion
is consistent with recent reports revealing a role for FAK in vascular
development***,

During angiogenesis, endothelial cells sprouting from the pre-
existing blood vessels lose cell-cell adhesion and need to proliferate
and migrate to form neovasculature. Erk is responsible for endothelial
proliferation and migration during angiogenesis****. Inhibition of Erk
resulted in decreased migration by substratum-anchored Angl. As sev-
eral lines of evidence suggest that Tie2 signalling mediates pathological
and physiological angiogenesis'*'*7-?, Angl-Tie2-ECM complexes
at cell-substratum contacts may accelerate angiogenesis by promot-
ing proliferation and migration of isolated endothelial cells. However,
regulation of angiogenesis by Angl-Tie2 might be more complex, since
it has been reported that Tie2 is expressed in stalk cells, but not in tip
cells, which proliferate and migrate during angiogenesis®. Thus, fur-
ther investigation is required to resolve this mechanism.

We propose that trans-associated Tie2 bridged by Angl and cell-
substratum contact-anchored Tie2 by Angl might be preferable for
vascular quiescence and for angiogenesis via Akt and Erk activation,
respectively (Fig. 8). O

Note added in proof: a related manuscript by Saharinen et al. (Nature Cell Biol. 10,
527-537; doi:10.1038/ncb1715; 2008) is also published in this issue.

METHODS

Immunocytochemistry and fluorescence imaging, HUVECs and CHO cells
grown on a collagen-coated glass-base dish (Asahi Techno Glass Corporation,
Chiba, Japan) were transfected with expression plasmids encoding Tie2-GFP,
Tie2Acyto-GFP, Tie2Acyto-HA, RFP-Crk, GFP-tensin and RFP-FAT as indi-
cated in the figures. HUVECs starved for 3 h in medium 199 containing 0.5% BSA
and CHO cells in Dulbecco’s modified Eagle’s medium (DMEM)/F12 nutrient
mixture (Sigma-Aldrich, St. Louis, MO) were stimulated for the time periods as
indicated in the figures. After stimulation, the cells were fixed in PBS containing
2% formaldehyde for 30 min at 4 °C, washed with PBS, and permeabilized with
0.05% Triton X-100 for 30 min at 4 °C. To examine the detergent insolubility of
Tie2-GFP anchoring to the substratum, the cells were washed with PBS, and
extracted in 0.5% Triton X-100 in cytoskeleton stabilizing buffer containing 10
mM PIPES at pH 6.8, 300 mM sucrose, 100 mM NaCl, 3mM MgClL,, 1 mM EGTA
and 1 x protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) for
3 min at room temperature (RT). After washing with PBS, the cells were fixed
with 2% formaldehyde in PBS for 30 min at 4 °C. Cells were blocked with PBS
containing 4% BSA for 1 h at RT and immunostained with anti-Tie2, anti-VE-
cadherin, anti-HA, anti-FLAG, anti-vinculin, anti-a5 integrin, anti-B3 integrin,
anti-PECAM-1, anti-VASP, anti-talin, anti-fibronectin, anti-phosphoTie2, and
anti-FAK antibodies for 1 h at RT and with rhodamine-phalloidin for 20 min at
RT. Protein reacting with antibody was visualized with species-matched Alexa
488- or Alexa 546-labelled secondary antibodies. Fluorescence images of GFP,
RFP, rhodamine, Alexa 488 and Alexa 546 were recorded with an Olympus IX-81
inverted fluorescence microscope {Olympus Corporation, Tokyo, Japan) with a
cooled CCD camera CoolSNAP-HQ (Roper Scientific, Tucson, AZ), and appro-
priate filter sets for GFP, Alexa 488 and Alexa 546, and with a FluoView FV1000
confocal microscope (Olympus Corporation) with a 60x oil immersion objective
lens. HUVECs and CHO cells transfected with plasmids expressing fluorescently
tagged proteins (GFP, HcRed, and RFP) were time-lapse imaged on an Olympus
IX-81 inverted fluorescence microscope as described previously 7.

Invitro Angl-bridged Tie2 association assay. To produce recombinant sTie2-HA
protein (extracellular domain of Tie2 tagged with HA), 293F cells were transfected
with pcDNA3.1-sTie2-HA vector, and cultured in Free Style 293 expression media
for 7 days. sTie2-HA protein secreted into the medium was collected every 2 days,
and incubated with ProBond resin (Invitrogen Corp., Carlsbad, CA) overnight
at 4 °C. sTie2-HA protein bound to the beads was eluted with 500 mM imida-
zole, concentrated with Amicon Centriplus (Millipore, Billerica, MA), and buffer
exchanged into PBS by dialysis.

Angl-bridged Tie2 association was analysed as described in Supplementary
Information Fig. S3a. Initially, protein G sepharose beads (GE Healthcare Life
Science, Piscataway, NJ) were incubated with 0.1 ug of Fc, sTiel-Fc or sTie2-Fc
protein in binding buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 0.02% Triton
X-100) for 2 h at 4 °C, washed three times with binding buffer, and incubated with
1 pg of Angl or its variants (COMP-Angl, GCN4-Angl and MAT-Ang1) for
2 h at 4 °C. The beads were extensively washed with binding buffer four times,
and subsequently incubated with 3 pg of sTie2~HA protein for 2 h at 4°C. After
washing, the precipitates were subjected to Western blot analysis with anti-Flag
and anti-HA antibodies to quantify the co-precipitated Angl and its variants
and sTie2-HA protein, respectively. Proteins reacting with primary antibodies
were visualized by the ECL system (GE Healthcare Life Science) for detecting
peroxidase-conjugated secondary antibodies and analysed with an LAS-1000
system (Fuji Film, Tokyo, Japan).

Cell aggregation and in vivo Tie2 trans-association assays. Suspension 293F
cells transfected with the plasmids expressing GFP, Tie2-GFP, Tie2Acyto-GFP,
Tie2KD-GFP, or VEGFR2 plus IRES-driven GFP were suspended in Free Style
293 expression media and placed on 6 well-plates ina density of 5.0 x 10° cells
per well (1 mi per well). Then, the cells were agitated for 4 h using a gyra-
tory shaker in the presence of vehicle, Angl, COMP-Angl or VEGE After the
incubation, the phase-contrast and the fluorescence images were recorded by
Olympus IX-81 inverted fluorescence microscope. The differential interference
contrast (DIC) and the fluorescence images were also obtained with a FluoView
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FV1000 confocal microscope. The numbers of cell aggregates including more
than 4 cells were counted in, at least, 10 different fields. The size of cell aggre-
gates was measured using MetaMorph 6.1 software.

For the in vivo Tie2 trans-association assay, 293F cells transfected with
the vectors encoding either GFP, Tie2Acyto-GFP, or Tie2Acyto-HA were
washed and resuspended in DMEM in a density of 10¢ cells per ml. The
cells expressing Tie2Acyto-HA were mixed with either those expressing
Tie2Acyto-GFP or those expressing GFP in a 6 well-plate (2 x 10° cells
well-*). The cell suspensions were agitated for 1 h in the presence or absence
of 400 ng ml-* COMP-Angl. After the incubation, the cells were collected
in a 15 ml-conical tube, washed with ice-cold PBS and lysed at 4°C in lysis
buffer containing 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5% Triton
X-100 and 1 x protease inhibitor cocktail. BaF-Tie2Acyto-HA cells (1.5
x 109 cells) were also mixed with either BaF3 cells (1.5 x 10° cells) or BaF-
Tie2Acyto-GFP cells (1.5 x 10° cells) in RPMI1640 (Nissui, Tokyo, Japan)
supplemented with 2 ng mi~" murine IL3, and stimulated with or without
400 ng mi~* COMP-Ang]1 for 5 h. After the incubation, the cells were washed
with ice-cold PBS and lysed as described above. Precleared cell lysates were
subjected to immunoprecipitaion with anti-GFP antibody followed by immu-
noblot analysis with anti-HA antibody.

Microarray analysis. Confluent and sparse HUVECs on a collagen-coated dish
were starved in HuMedia-EB2 medium (Kurabo, Kurashiki, Japan) containing
0.5% fetal calf serum (FCS) for 15 h, and stimulated with vehicle or COMP-
Angl (200 ng m!™) for 1 h. After the stimulation, total RNAs were purified from
the pooled RNA of triplicate samples using Trizol reagent (Invitrogen Corp.) and
reverse-transcribed to cDNAs. Biotin-labelled RNAs derived from cDNAs were
fragmented according to the manufacturer’s instructions (Affymetrix, Santa
Clara, CA). Labelled cRNA probes were hybridized to Affymerix U133plus
2.0 array (Affymetrix). The microarray data scanned through an Affymetrix
GeneChip scanner 3000 7G were globally normalized by Affymetrix Microarray
Suite 5.0 software and were scaled to a target intensity of 100. Microarray analy-
sis was performed in duplicate from independent RNA preparations. Data were
analysed according to the minimum information about a microarray experi-
ment (MIAME) rule. To identify the genes regulated by Angl-Tie2 signal, we
picked up the genes which fulfill the two criteria: (1) the hybridization signal
after COMP-Ang] stimulation was higher than 80 in duplicate experiments
and (2) the induction was greater than 1.5-fold under either confluent or sparse
conditions upon COMP-Ang] stimulation in duplicate experiments. The genes
that conformed to the two criteria were further clustered on the basis of similar
regulation patterns using Gene cluster (created by M. B. Eisen, University od
California, Berkeley, CA) and Java Tree View software according to the manual
on the default settings. The complete microarray data sets are available from
the Gene Expression Omnibus (GSE9677).

Note: Supplementary Information is available on the Nature Cell Biology website.
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Angiopoietin-1 alters tumor growth by stabilizing
blood vessels or by promoting angiogenesis
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The maturation of blood vessels requires mural cell adhesion to
endothelial cells. Angiopoietin-1 (Ang1), a ligand for Tie2 receptor
expressed on endothelial cells, plays a critical role in cell adhesion
between mural cells and endothelial cells and in endothelial cell
sprouting from preexisting vessels in the absence of mural cells. Much
information has been amassed on the Tie2-Ang1 system in physio-
logical blood vessel formation during embryogenesis; however, the
role of Ang1in the tumor environment and its interaction with mural
cells has not been well documented. Here we studied how Ang1
regulates maturation of blood vessels using the human colon cancer
cellline HT29 and the human prostate cancer cell line PC3, and studied
how Ang1 affects tumor growth. In a xenograft tumor model using
female nude mice, we found that Ang1 enhanced angiogenesis and
resulted in tumor growth in the case of PC3 tumors but suppressed
tumor growth in the case of HT29 tumors. In PC3 tumors, the number
of mural cells adhering to endothelial cells was less than that in
HT29 tumors. Ang1 induced sprouting angiogenesis in PC3 tumors
although there was little maturation of blood vessels. On the other
hand, there was abundant mural cell adhesion to endothelial cells in
HT29 tumors and Ang1 did not induce angiogenesis. These results
suggest that Ang1 alters tumor growth in a manner that is dependent
on the adhesion of mural cells and their localization in the tumor
environment. {(Cancer Sci 2008; 99: 2373-2379)

B lood vessel formation commences by assembly and tube
formation of endothelial cells (EC), or EC progenitors. This
process is termed vasculogenesis and is followed by angiogenesis,
which results in the emergence of new vessels through the
sprouting and elongation from, or the remodeling of, preexisting
vessels.! In both processes, the structural stability of the tube
made of EC is derived from mural cells (MC), such as smooth
muscle cells and pericytes, that are recruited around EC forming
the tube and adhere to them. Many growth factors are involved
in these processes.®? Vascular endothelial growth factor (VEGF)
plays an important role in the development of EC and tube
formation. Platelet-derived growth factor (PDGF)-BB produced
from EC induces recruitment of MC to the proximity of EC forming
the tube."? Subsequently, MC adhere to EC for the formation of
a structurally stable blood vessel. It has been reported that this
cell adhesion between EC and MC occurs when angiopoietin-1
(Angl), produced from MC, stimulates Tie2, a receptor tyrosine
kinase on EC.!!-3) Therefore, Ang1 is involved in the maturation
process of blood vessels.

So far four types of Tie2 ligands (Angl to Ang4) have been
isolated.™ Angl binds to Tie2 and activates it by inducing dimeri-
zation of Tie2, which results in phosphorylation of the kinase
domain of Tie2. Ang2 also binds to Tie2; however, Ang2 does
not induce phosphorylation of Tie2 at physiological concentra-
tion. Therefore, Ang2 has been suggested to work as a naturally
occurring antagonist of Angl. Tie2 activation by Angl induces
cell adhesion to the extracellular matrix via integrin activation,!!¥
and disruption of the interaction between EC and MC by targeted
mutation of Tie2'1? or overexpression of Ang2 in EC inhibits

doi: 10.1111/.1349-7006.2008.00961.x
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angiogenesis.!'® Ang2 expression is induced in EC under condi-
tions of tissue hypoxia. However, Angl expression is not altered
by hypoxia and it is expressed constitutively in MC. Therefore,
it has been suggested that Angl induces cell adhesion between
EC and MC, resulting in the stabilization of blood vessel structure
and silencing of angiogenesis. In contrast, Ang2 induces sprouting
angiogenesis by the inhibition of cell adhesion between EC and
MC.

It is widely accepted that high-level Ang2 expression in tumors
both induces hypervascularity by promoting sprouting angiogenesis
and enhances tumor growth; this was confirmed in clinical samples
of tumors and studies of Ang2 overexpression in tumor xenograft
models.'” However, the role of Angl in tumor angiogenesis is
less clear. In a xenograft model using Hela cells, knockdown of
the Angl gene led to decreased tumor growth and angiogenesis™®
and overexpression of Angl promoted angiogenesis, resulting in
enhanced tumor growth." Therefore, in this case, Angl seems
to stimulate angiogenesis. In contrast, overexpression of Angl
in breast® and colon cancer cells®? results in decreased tumor
growth and angiogenesis. We hypothesized that these controversial
results may have arisen from differences relating to whether MC
occur in proximity to blood vessels or not. Angl induces cell-to-
cell adhesion between MC and EC for the structural stabilization
of blood vessels and also induces spreading of EC.?2?% In the
former function sprouting angiogenesis must be restricted, and
in the latter function sprouting angiogenesis is induced. To test
whether Angl has the ability to alter tumor growth affected by
the abundance of MC in the tumor environment, in the present
study we examined blood vessel formation in two different types
of xenograft tumor model: the colon cancer cell line HT29 and
the prostate cancer cell line PC3.

Materials and Methods

Mice, cell lines, and tumors. The HT29 (human colon cancer) and
PC3 (human prostate cancer) cell lines were cultured in RPMI-
1640 (Sigma, St Louis, MO, USA) supplemented with 10% fetal
bovine serum (Sigma), 100 U/mL penicillin, 100 pg/mL strepto-
mycin, and 4 pg/mL v-glutamine (only for HT29 cells) at 37 °C
in 5% CO,, 95% air. Colon26 (mouse colon cancer), B16 (mouse
melanoma), and LL.C (mouse lung cancer) cell lines were cultured
in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in an atmosphere of 5% CO,, 95% air.

The mouse Angl (mAngl) expression plasmid was constructed
by replacing the coding region of enhanced green fluorescent
protein (EGFP) in the pEGFP-N1 vector (Clonetech, Palo Alto,
CA, USA) with the mAngl-FLLAG gene. It was transfected into
each cell line using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA). After transfection, the cells were cultured
in medium supplemented with G418 (Gibco, Rockville, MD, USA;
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1000 pg/mL for HT29 cells; 800 pg/mL for PC3 cells) to obtain
cells stably expressing mAngl (HT29~Angl and PC3-Angl).
Mock vector was used for obtaining control cells (HT29-mock
and PC3-mock). The mAngl gene was transduced into colon26,
B16, and LLC cells as described above and cells stably expressing
mAngl were selected with G418 (800 (tg/mL). Expression of the
mAngl gene was confirmed by real-time polymerase chain reac-
tion (PCR) and reverse transcription (RT)-PCR.

KSN female nude mice (7-8 weeks of age), C57BL/6 female
mice (7-8 weeks of age), and BALB/c female mice (7-8 weeks of
age) were purchased from Japan SLC (Shizuoka, Japan). Subcu-
taneous xenografts were established by injecting 3.6 x 10 cells
into the flanks of mice. Tumor dimensions were measured using
a caliper and volume was calculated according to the formula
V = (short side)? x (long side)/2. The mice were killed using
ethyl ether anesthesia. Immediately after removal, tumors were
fixed for 2 h at 4 °C in 4% paraformaldehyde—phosphate-buffered
saline (pH 7.5) (PBS) and washed with PBS. Subsequently, sam-
ples were soaked in 20% sucrose~PBS until sinking. Then, samples
were frozen in optimal cutting temperature (OCT) compound
(Sakura Finetechnical, Tokyo, Japan) in preparation for subsequent
immunohistochemical analyses.

Reverse transcription-polymerase chain reaction and quantitative
real-time polymerase chain reaction. Total RNA was isolated from
cultured cells with ISOGEN (Nippon Gene, Tokyo, Japan) following
the manufacturer’s instructions and 1 g of the RNA was reverse
transcribed using Advantage RT supplied with the PCR kit (Clone-
tech) using the manufacturer’s instruction.

c¢DNA was quantified by real-time PCR on a Mx3000P (Strat-
agene, La Jolla, CA, USA). Real-time PCR was carried out using
Platinum SYBR Green gPCR SuperMix-UDG (Invitrogen) accord-
ing to manufacturer’s instructions. The amplification step
consisted of 40 cycles at 95°C for 15 s and 60°C for 30 s. The
relative mRNA expression level was calculated by the compara-
tive threshold cycle (Ct) method, and mouse glyceraldehyde-3-
phosphate dehydrogenase (mGAPDH) was used as an internal
normalization control. Specific oligonucleotide primers were as
follows: mAngl, sense 5-CTC GTC AGA CAT TCA TCA TCC AG-
3’ and antisense 5-CAC CTT CTT TAG TGC AAA GGC T-3';
for mGAPDH, sense 5'-AGG TCG GTG TGA ACG GAT TTG-3’
and antisense 5’-TGT AGA CCA TCT AGT TGA GGT CA-3".

Immunohistological analysis. Tissue fixation and immunohisto-
logical analyses of tissue sections were carried out as described
previously.®?9 Briefly, the fixed specimens were embedded in
OCT compound and sectioned at 20 pm. For the immunofluores-
cence analyses for counting the number of MC, Cy3-conjugated
mouse anti-i-smooth muscle actin (SMA) monoclonal antibody
(Sigma) was used for staining MC and nuclei were counterstained
with TOPRO3 (Invitrogen). Nuclei of a-SMA-stained cells were
counted (at X400 magnification) in five different fields (0.0531 mm?)
of the core and peripheral regions in each tumor.

For the immunohistochemical analyses of tumor vessel density,
rat antimouse CD31 antibody (BD Biosciences, San Diego, CA,
USA) and horseradish peroxidase (HRP)-conjugated mouse anti-
human 0-SMA antibody (Dako, Carpinteria, CA, USA) were used
for primary antibodies. As a secondary antibody for anti-CD31,
alkaline phosphatase (AP)-conjugated goat antirat Ig (BioSource,
Camarillo, CA, USA) was used. For the visualization of AP and
HRP, a 5-bromo-4-chloro-3-indoxyl phosphate and nitro blue
tetrazolium chloride (BCIP/NBT) substrate system (Dako) and
diaminobenzidine (Dojindo, Kumamoto, Japan) were used,
respectively. CD31-stained vessels were counted (at X50 magnifi-
cation) in a 5.73-mm? field of the core and peripheral regions of
three different tumors.

For the immunofluorescence analyses of tumor vessels covered
with MC, rat antimouse CD31 monoclonal antibody and Cy3-
conjugated antihuman o-SMA antibody were used as primary
antibodies. For anti-CD31 antibody, Alexa488-conjugated antirat

2374

was used as a secondary antibody (Invitrogen). Nuclear staining
was carried out using TOPRO3. The degree to which MC adhered
to and covered the EC in the blood vessels was evaluated in five
fields (0.0531 mm?) at the core and peripheral regions of three
different tumors. Blood vessels were divided into three groups
according to the degree that MC covered the EC (0-33%, 33—
67%, and 67-100%). The average percentage of counted vessels
at each degree relative to the total counted vessels was calculated
for each tumor.

For all experiments, pictures of fluorescence-stained sections
were taken by confocal microscopy (1L.SM510; Carl Zeiss Micro-
Imaging, Oberkochen, Germany). Pictures of immunohistochemical-
stained sections were taken by digital microscopy (DM5500B;
Leica Microsystems, Nussloch, Germany). Images were processed
using Adobe Photoshop 7.0 software (Adobe Systems, San Jose,
CA, USA).

Analyses of tumor vessel permeability. Tumor vessel permeability
was analyzed by detecting leakage of an injected antibody. Rat
anti-B220 antibody (250 g) was injected into the tail vein of the
subcutaneous xenograft model mouse (on day 14 after inoculation
of PC3 or PC3-Ang]1 cells, or on day 28 after inoculation of HT29
or HT29-Angl cells). One hour after injection, tumors were
removed and sections were prepared. For detection of leaked
B220 antibody, HRP-conjugated antirat IgG (BioSource; diluted
1:1000) was used.

Statistical analysis. Results are expressed as the mean + SD.
Student’s r-test was used for statistical analysis. Differences were
considered statistically significant if the P-value was less than 0.05.

Results

Localization of mural cells in the xenograft model using colon
cancer and prostate cancer cell lines. It is widely accepted that lack
of MC adhesion to EC induces endothelial hyperplasia, resulting
in abnormal vascular morphogenesis and leakiness, especially in
the core region of tumors.®” In a xenograft model using the human
prostate cancer cell line PC3, we confirmed that there are fewer
MC in the core region (center) of a tumor compared with the
peripheral region (edge) (Fig. 1Aa,b,B). In contrast, when the
human colon cancer cell line HT29 was used for this xenograft
model, we found that MC were equally distributed in the core
and peripheral regions of the tumor (Fig. 1Ac.d,B). Moreover,
the number of MC in the tumors formed by HT29 cells was higher
than that in tumors formed by PC3 cells. As reported previously,
ectopic overexpression of Angl in HT29 celis results in decreased
tumor growth.®” Based on that previous report and our present
finding, it may be inferred that the abundance of MC localizing
to the tumor alters tumor growth, affecting blood vessel formation
by Angl. Therefore, to test this possibility, we tried to induce
mAngl in both PC3 and HT29 tumor cells (Fig. 2a; PC3-Angl
and HT29-Angl) and to observe the proliferation of MC in a
tumor xenograft model (Figs 1B,2b). Our results indicated that
Angl did not affect the number of MC in either tumor by PC3
or HT29 cells.

Angiopoietin-1 alters tumor growth. To examine the effect of Angl
on tumor growth, we investigated whether PC3 and HT29 cells
express human Angl endogenously. However, we could not detect
human Angl in PC3 or HI29 cells cultured in vitro. It is possible
that tumor cells inoculated into mice express human Angl by
receiving stimuli present in their environment, but we could not
detect human Angl in the peripheral or core regions of PC3 and
HT29 tumors (data not shown).

Transfection of HT29 cells with Angl expression vector signifi-
cantly reduced the growth of tumors derived from HT29-Angl
cells compared with HT29 parental cells or HT29 cells transduced
with mock vector (HT29-mock) (Fig. 3a), confirming a previous
report.®Y In contrast, when Angl was expressed in PC3 cells by
transfection with Angl expression vector, the growth of tumors
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Fig. 1. Localization of mural cells in the tumor environment. (A) Tissue
sections from (a,b) PC3 and (c,d) HT29 tumors from the (a,c) peripheral
and (b,d) core regions were stained with anti-o-smooth muscle actin
antibody (red). Nuclei were counterstained with TOPRO3 (blue). Scale
bar = 50 um. (B) Statistical evaluations of the number of mural cells in
the core and peripheral regions of individual tumors are indicated.
Data show the means + SD from five random fields. *P < 0.01. mAng1,
mouse angiopoietin-1.

derived from the cells was enhanced significantly compared to
that of PC3 parental cells or PC3 cells transduced with mock
vector (PC3—-mock). We evaluated tumor growth using several
Angl-induced subclones derived from HT29 and PC3 cells and
obtained similar results (Fig. 3).

Angiopoietin-1 enhances angiogenesis in the core region of PC3
tumors. As noted, Angl expression in the tumor enhanced tumor
growth derived from PC3 cells but inhibited the growth of tumors
derived from HT29 cells. We therefore hypothesized that Angl
enhanced tumor angiogenesis in PC3 tumors but suppressed it in
HT29 tumors. As such, we evaluated the number of blood vessels
in tumors derived from PC3, PC3—-Angl, HT29, and HT29-Ang|
cells. The number of blood vessels in the peripheral region of
tumors was comparable between tumors derived from PC3 and
PC3-Angl (data not shown). As expected, blood vessel formation
was enhanced in tumors from PC3—-Ang] cells in the core region
of tumors (Fig. 4Aa,b,B). However, an unexpected finding was
that the number of blood vessels in tumors derived from HT29
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Fig. 2. Effect of the overexpression of angiopoietin-1 (Ang1) in tumor
cells on the prevalence of mural cells in tumors. (A) Relative expression of
mouse Ang1 (mAng1) mRNA in PC3 and HT29 cells, PC3 and HT29 cells
transfected with mock vector (PC3-mock and HT29-mock, respectively),
and PC3 and HT29 cells transfected with a vector containing the mouse
Ang1 gene (PC3-Ang1 and HT29-Ang1, respectively) detected by real-time
polymerase chain reaction analysis (upper) and further confirmed by
reverse transcription-polymerase chain reaction analysis (lower).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control. (B) Tissue sections from (a,b) PC3-Ang1 and (c,d) HT29-
Ang1 tumors from the (a,c) peripheral and (b,d) core regions were stained
with anti-a-smooth muscle actin antibody (red). Nuclei were counterstained
with TOPRO3 (blue). Scale bar =50 um.

and HT29-Angl cells was not different in the core (Fig. 4Ac,d.B)
and peripheral regions of tumors (data not shown). The numbers
of blood vessels in PC3 tumors compared with PC3—mock tumors,
and in HT29 tumors compared with HT29-mock tumors were not
greatly different. Therefore, Angl-mediated suppression of tumor
growth was not induced by the inhibition of tumor angiogenesis
in HT29 cells.
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Fig. 3. Effect of angiopoietin-1 (Ang1) overexpression in tumor cells on
tumor growth. (a) Tumor growth was evaluated by measuring tumor
volume on days 21, 28, and 35 after inoculation of tumor cells as indicated.
*P < 0.03 (n = 3). (b) Tumor growth was evaluated by measuring tumor
volume on days 7, 14, and 21 after inoculation of tumor cefls as indicated.
*P < 0.03 (n=3).

Angiopoietin-1-induced mural cell adhesion to endothelial cells in
tumor vessels. Finally, we determined the effect of Angl on MC
adhesion to EC in tumors. For this purpose, we divided blood
vessels into three groups according to the percentage of MC that
adhered to and covered the EC (0-33%, poorly matured; 33-67%,
moderately matured; and 67-100%, highly matured) and evaluated
the maturation of blood vessels in tumors. In the case of PC3
tumors, half of the blood vessels were highly matured in the
peripheral region of tumors (Fig. 5Aa.e) and Angl overexpression
slightly enhanced blood vessel maturation (Fig. 5Ac.e). However,
in the core region of PC3 tumors, most blood vessels were poorly
matured (Fig. SAb,f). Angl overexpression induced blood vessel
maturation in the core region of PC3—-Angl tumors: however,
compared to the peripheral region, most of the blood vessels
were in the poorly and moderately matured part (Fig. SAd,f). In
case of HT29 tumors, most blood vessels in the peripheral region
of the tumors were highly matured (Fig. 5Ba,e) and Angl over-
expression in HT29 cells enhanced blood vessel maturation in
the peripheral region of the tumors (Fig. 5Bc.e). Compared to
PC3 tumors, half of the blood vessels in the core region of HT29
tumors were highly matured originally (Fig. 5Bb,f) and Angl in
HT?29 cells enhanced maturation of the blood vessels (Fig. 5Bd.f).
Therefore, a large difference was observed between PC3 tumors
and HT29 tumors in the extent of adhesion of MC to EC in the
core region of tumors: that is, lack of MC adhesion to EC was
broadly observed in the core region of PC3 tumors, which is a
well-known characteristic of most of tumors. On the other hand,
in the case of HT29 tumors, blood vessels were well matured in
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Fig. 4. Effect of angiopoietin-1 (Ang1) overexpression in tumor cells on
the number of blood vessels. (A) Tissue sections from the core region of
tumors derived from (a) PC3, (b) PC3-AngHt, (¢) HT29, and (d) HT29-Ang1
were stained with anti-o-smooth muscle actin antibody (brown) and anti-
CD31 antibody (dark blue). Tumors were dissected from mice on day 14
after the inoculation of tumor cells inte mice in the case of PC3 and P(3-
Ang1 tumors, and on day 28 after inoculation in the case of HT29 and
HT29-Ang1 tumors. Scale bar = 500 um. (B) Statistical evaluations of the
number of biood vessels in the core region of individual tumors are
indicated. Data show means = SD from three different tumors. *P < 0.03
(n=3).

the core region as well as the peripheral region of the tumors.
The maturation of blood vessels in PC3 compared with PC3-mock
tumors, and in HT29 compared with HT29-mock tumors was not
notably different. Therefore, we concluded that the mechanism
whereby Angl alters tumor growth depends on the proportion of
mature blood vessels in the tumors.

Discussion

In the present study, we evaluated the function of Angl for tumor
growth and found that Angl alters tumor growth depending on
whether blood vessels in tumors are mature or not. Angl has
paradoxical roles in angiogenesis: Tie2 activation on EC by
Angl induces cell adhesion between EC and MC,!'M*! resulting
in the silencing of angiogenesis, and Tie2 activation induces
spreading of EC***¥ in the absence of MC adhesion to EC,
resulting in the promotion of angiogenesis. In the case of PC3
tumors, there was a notable lack of MC adhesion in the core
region of tumors. Although Angl overexpression induced a small
degree of maturation of blood vessels in this region, most of the
blood vessels were immature. Therefore, Angl induced sprouting
of EC, resulting in enhanced angiogenesis and tumor growth
(type A in Fig. 6). However, in the case of HT29 tumors, blood
vessels were well matured in both the peripheral and core regions
of the tumors and MC not adhering to EC were also observed

doi: 10.1111/.1349-7006.2008.00961.x
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Fig. 5. Effect of angiopoietin-1 (Ang1) overexpression in tumor cells on the maturation of blood vessels. {A) Tissue sections from (a,b) PC3 and (c,d)
PC3-Ang1 tumors from the (a,c) peripheral and (b,d) core regions were stained with anti-o-smooth muscle actin (SMA) antibody (red) and anti-CD31
antibody (green). Nuclei were counterstained with TOPRO3 (blue). Tumors were dissected from mice on day 14 after inoculation of tumor cells into
mice in the case of PC3 and PC3-Ang1 tumors, and on day 28 in the case of HT29 and HT29-Ang1 tumors. Scale bar = 50 um. (e,f) Statistical evaluations
of the maturation of blood vessels from the (e) peripheral and (f) core regions of tumors. Data show means = SD from five random fields. *P < 0.03
(n = 5). (B) Tissue sections from (a,b) HT29 and {(c,d) HT29-Ang1 tumors from the (a,c) peripheral and {(b,d) core regions were stained with anti-o-SMA
(red) and anti-CD31 (green) antibodies. Nuclei were counterstained with TOPRO3 (blue). (e,f) Statistical evaluations of the maturation of blood vessels
in the (e) peripheral and (f) core regions of tumors. Data show means + SD from five random fields. *P < 0.03 (n = 5).

Table 1. Effect of angiopoietin-1 (Ang1) on tumor growth in association with mural cell {MC) incidence

MC incidence

Effect of Ang1 Angt expression
Tumor ,
Periphery Core on tumor growth fold increase’
Human
PC3 Observed frequently Not observed frequently Enhanced
HT29 Observed frequently Observed frequently Suppressed
Mouse
Colon26 (colon cancer) Observed frequently Not observed frequently Enhanced 114.5
B16 (melanoma) Observed frequently Observed frequently Suppressed 110.7
LLC (lung cancer) Observed frequently Observed frequently Suppressed 92.4

Fold increase of mouse Ang1 mRNA expression in tumor cells transfected with Ang1 expression vector compared with Ang-1 expression vector
non-induced tumor cells. Data are representative of three independent real-time polymerase chain reaction analyses.

near the blood vessels (Fig. 5Bb). In this situation, overexpression ~ growth with the inhibition of angiogenesis.®?” However, another
of Angl enhanced the formation of highly mature blood vessels  report showed that Angl inhibits squamous cell carcinoma growth,
(type B in Fig. 6). As seen with human tumor cell lines, when  not by affecting vascular density but by enhancing blood vessel
mouse tumor cell lines were used for the tumor xenograft model,  maturation.”® Our result is comparable to that of the latter report.

Angl altered tumor growth depending on the incidence of MC in
the core region of the tumor (Table 1).

In theory, MC adhesion to EC may inhibit angiogenesis: how-
ever, our results indicated that enhancement of blood vessel matu-
ration by Angl did not alter the number of blood vessels in
HT29-Ang!l tumors compared with HT29 tumors. The reason
why enhancement of blood vessel maturation inhibited tumor
growth without suppression of angiogenesis is not clear in the
present study. A previous report showed that transduction of Angl
into colon carcinoma cells resulted in the suppression of tumor

Satoh et al.

How blood vessel maturation inhibits tumor growth is not clearly
understood at present and further analysis is required. However,
a functional change in permeability from blood vessels for the
penetration of oxygen and nutrients into deep sites of tumors””
may be critical for regulating tumor growth by Angl. Indeed,
when permeability was compared in taumors, Angl inhibited
permeability in the core region of HT29 tumors and, conversely,
Ang! enhanced permeability in the core region of PC3 tumors
(Fig. 7). However, Angl did not affect permeability in the periph-
eral region of tumors in either HT29 or PC3 tumors (data not
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Fig. 6. Summary of angiopoietin-1 (Ang1) function in two types of
tumors. In a type A tumor, for example PC3, the incidence of mural cells
(MCQ) is very low and blood vessels are not highly mature, especially in the
core region of the tumor. In this type of tumor, Ang1 induced sprouting
angiogenesis rather than maturation of blood vessels, resulting in enhance-
ment of tumor growth. On the other hand, in a type B tumor, for example
HT29, the blood vessels are highly mature in both the core and peripheral
regions. In this type of tumor, Ang1 enhanced maturation of blood vessels
rather than sprouting angiogenesis. In this case, suppression of perme-
ability may be one of the reasons for the inhibition of tumor growth.

shown). These findings suggested that maturation of blood vessels
in the core region brought about by Angl resulted in the sup-
pression of tumor growth in the case of HT29 tumors and that
induction of abundant immature blood vessel formation in the
core region by Angl resulted in enhancement of tumor growth
in the case of PC3 tumors.

It is widely accepted that an imbalance of proangiogenic and
antiangiogenic factors, especially a dominance of proangiogenic
factors, in the tumor environment induces abnormal blood vessel
formation.”® This abnormality in blood vessels includes leakiness,
tortuousness, and dilation, which are caused mainly by loss of
MC adhesion to EC.?" These abnormalities contribute to the
heterogeneity of tumor blood tlow, resulting in hypoxia with
interstitial hypertension.”> Hypoxia induces angiogenesis, which
leads to continuing proliferation of tumor cells. Therefore, anti-
tumor therapies targeting angiogenesis have been developed to
destroy the tumor vasculature. However, recently, new concepts
have emerged that are based on normalization of abnormal blood
vessels in the tumor environment by inducing MC adhesion to
EC to more effectively deliver oxygen and drugs.” This idea came
from evidence that administration of a single antiangiogenic
inhibitor is not effective for cancer therapy®” but a combination
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Mdrl is a multi-drug-resistance protein, a member of the adenosine triphosphate-
binding cassette family of drug transporters. Mdrl is expressed in wide variety
of cells and limits absorption of toxicants into the body or tissue; however, it is
also expressed in many cancer cells and can render tumour cells resistant to many
anti-cancer drugs. Mdrl is well studied as a multi-drug resistance transporter, but
little is known regarding its other role in tumour cells. In the present study, we
investigated mdrl function in tumour cell proliferation. We silenced the mdrl gene
in tumour cells by using an RNA interference method that employed short hairpin
RNA. The result showed that knockdown of mdrl gene suppressed tumour cell
proliferation in vitro, and induced the passage of the cell cycle into the G1/G0O phase.
Furthermore, in a mice xenograft tumour formation assay, mdrl knockdown of
tumour cells inhibited tumour expansion. These results suggest that Mdrl plays a
role in regulation of tumour cells proliferation.

Key words: Mdrl, tumour, proliferation, RNAi, drug resistance.

Abbreviations: ABC transporter, ATP-binding cassette transporter; CyA, cyclosporine A; DXR, doxorubicin;
BrdU, bromodeoxyuridine; ERK1/2, extracellular signal-regulated kinase Y%; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; MDR, multi-drug resistance; MEFs, mouse embryonic fibroblasts; Mrp,
multi-drug resistance associated protein; MTT, 3-[4,5-dimethylthiazol-2-yl}- 2,5-diphenyl-tetrazolium
bromide; PI, propidium iodide; RNAi, RNA interference; Rs, reserpine; RT-PCR, reverse transcription-

polymerase chain reaction; shRNA, short hairpin RNA.

The expression of multi-drug resistance (MDR) in
tumour cells remains one of the most significant causes
of failure in anti-tumour chemotherapy (I). It has been
widely accepted that the mechanisms leading to che-
moresistance of tumour cells is the increased activity of
transporter proteins (2). MDR1/P-glycoprotein (p-gp) is a
well-characterized transporter protein and various types
of compounds and techniques for its inhibition have been
developed (3-5). For this purpose, knowledge of the
physiological function of MDR1 should provide a means
for the suppression of MDR1 without side effects.

MDR1 belongs to a superfamily of ATP-binding cas-
sette (ABC) transporters and is widely expressed in
tissues and cells, including the blood-brain barrier,
proximal tubular renal epithelium, gut, liver, adrenal
glands, lymphocytes, haematopoietic stem cells and
cancer stem cells (6-8). The physiological role of MDR1
is in cellular detoxification of bacterial products, hor-
mone secretion and transport of some metabolites (9-11).
This phenomenon is due to the ability of MDR1 to pump
several types of molecules from the inside of the cell to
the extracellular space (5).

Mice express two genes encoding Mdrl, mdrla (also
called mdr3) and mdrlb (also called mdrl) (12). In
humans, a single MDR1 product displays both functions
of murine Mdrla and Mdrlb (13). Therefore, the
physiclogical function of MDR1 in human has been
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deduced from the phenotype of mice in mdrie and
mdrlb gene knockout studies. Based on the analysis of
mice with a genetic disruption of mdria, mdrib or both
mdrla and mdrlb, it has been suggested that these
genes are not essential for organ development but play
important roles for drug transport (14-16).

In cancer, MDR1 activity appears to be the major
reason for failure of chemotherapy; therefore, research
has focused on the mechanism of drug resistance.
However, recently, MDR1 has been suggested to directly
associate with malignant proliferation of cells. One line
of data showed involvement of Mdrl in intestinal
tumourigenesis through association with the tumour
suppressor APC pathway (17). Therefore, MDR1 may
regulate cell proliferation in tumours, although lack
of MDR1 did not affect normal cell development in
gene knockout studies (14, 15). In this study, we
report suppression of tumour cell proliferation by down-
regulation of Mdrl in cancer cell lines.

MATERIALS AND METHODS

Cells—Mouse rectum carcinoma cell line Colon 26 cells
were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS; Sigma,
St Louis, MO, USA). Mouse skin melanoma cell line B16
cells were cultured in DMEM medium supplemented
with 10% heat-inactivated FBS. Fibroblast-like cell line
OP9 derived from mouse calvaria was cultured in «eMEM
medium supplemented with 20% heat inactivated FBS.
Mouse embryonic fibroblasts (MEFs) were prepared from
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