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conjugated anti-CD31 antibody (1:300; BD Pharmingen). Stained cells
were photographed with inverted fluorescent microscopy. Eclipse TE2000-U
(Nikon) and digital camera system AxioCam HRc with the use of
AxioVision Seftware (Carl Zeiss), or confocal fuorescent microscopy
(TCS SP2; Leica).

Immunostaining for three-dimensional cuiture

Immunostaining for vascular structures in type 1 collagen gel was per-
formed after the whole-mount immunostaining procedure as described.”® In
brief, gels were fixed with 4% paraformaldehyde and blocked by 1% skim
milk/0.1% Triton X/phosphate-buffered saline solution and incubated with
anti-CD31 (BD Pharmingen) and anti~ce smooth muscle actin («aSMA;
Sigmu-Aldrich). or anti-NRP1 (R&D Systems) and anti-FIk1 antibodies
(1:200). Alexa Fluor 488-conjugated anti-mouse or anti-goat 1gG and
Alexa Fluor 567-conjugated anti-rat 1gG (1:500; Zymed) were used as
secondary antibodies. Alternatively. anti—rat 1gG conjugated with alkaline
phosphatase and anti-mouse 1gG conjugated with horseradish peroxidase
(Zymed) were used as secondary antibodies for enzymatic color
development.

Cross-section of three-dimensional culture and
immunostaining

Gel clots including vascular structure were fixed in 3.7% formaldehyde for
24 hours. Paraftin-embedded gel clots were sectioned at 3-pm thickness.
The sections were mounted on glass slides coated with 2% 3-aminopropyl
riethoxy silane (Tokyo Kasei). After depuraffinization and washing in
distilled water. hematoxylin-eosin or immunohistochemical staining was
performed.™ For double immunostaining for CD31 and SMA, CD31 was
first stained with whole-mount in-gel staining using anti-CD31 antibody
and anti-rat 1gG antibody conjugated with horseradish peroxidase. Subse-
quently, gel clots were subjected to paraffin embedding. Anti-SMA
antibody (1:100; DAKO) was applied to sectioned slides overnight at 4°C.
They were incubated with biotinylated horse anti~mouse serum diluted to
1:300 followed by streptavidin-alkaline phosphatase.

RNA isolation, RT-PCR, and quantitative RT-PCR

Total RNA was isolated from cells in Dox treatiment or Dox-free condition
at Flk-d3 using RNeasy (QIAGEN), according to the manufacturer's
instructions. Reverse-transcription was performed with the SuperScript 11
first-strand synthesis system (Invitrogen). Reverse-transcription (RT)-PCR
was ciried out as described?® using indicated primers (supplemental Table
1). Quantitative RT-PCR was performed using Power SYBR Green PCR
Master Mix (Applied Biosystems) and StepOnePlus system (Applied
Biosystems). The amount of target RNA was determined from the
appropriate standard curve and normalized relative to the amount of Gapdh
mRNA. Primer sequences are shown in suppiemental Table 2.

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were performed according to the
report by Pan et al.! In brief, FIk1' cells were incubated with vehicle,
anti-VEGF (5 pg/mL), or anti-NRP1 antibodies (5 pg/mL; R&D Systems)
in serum-free medium, SFO3 (Sanko Junyaku).” for 30 minutes at 37°C.
Cells were then cooled on ice for 15 minutes, and VEGF isoforms were
added, followed by 30-minute incubation at 4°C. Cells were stimulated for
7 minutes at 37°C and then washed with ice-cold phosphate-buffered saline
and lysed in lysis buffer. Cell lysates were subjected to immunoprecipita-
tion using Protein G HP SpinTrap (GE Healthcare) and anti-Flk 1 antibody,
and immunoblotted with antibodies specific for NRP1 (R&D Systems).
Samples were run on sedium dodecyl sulfate/polyacrylamide gel electro-
phoresis using gradient gel (Atto Co) followed by electrophoretic transfer
onto nitrocellulose membranes. After the blots were incubated for | hour in
blacking agents Blocking One (Nacalai Tesque), they were incubated
overnight with the respective NRP! antibodies (0.5 pg/mbL: R&D Sys-
tems). Horseradish peroxidase-conjugated anti-goat antibody (Zymed
Laboratories) was used as secondary antibody (1:1000). Can Get Signal
Immunoreaction Enhancer solution kit (Toyobo) was used for signal
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enhancement. Immunoreactivity was detected with the enhanced chemilu-
minescence kit Chemi-Lumi One (Naculai Tesque).

Ex vivo whole-embryo culture

Embryos were dissected out of the deciduum and placed in 500 pl
dimethyl ether containing 50% rat 1C serum (Charles River Laboratories).
5 mM nonessential amino acids. 50 mM sodium pyruvate, and 27.5 mM
2-mercaptoethanol. pre-equilibrated at 37°C with 5% CO,. Embryos were
cultured at 37°C with 3% CO; and analyzed. H89 (dissolved in dimethy!
sulfoxide) was used at 30 pM. The concentration of dimethyl sulfoxide was
set at 0.3% in all cultures.® Whole-mount staining of embryos and yolk
sacs was performed as described previously,™ and microscopy was
performed using a microscope (MZ6; Leica) with 53X objectives (Leica
10411589). Images were imported using Adobe Photoshop software, and
quantification of whole yolk sacs and CD31-stained areas was performed
using Imagel software (National Institutes of Health). Results of quantifica-
tion were expressed as ratio of CD31*/whole yolk sac area. which provides
an estimate of the proportion of the yolk sacs that were occupied by
CD3-stained vasculur structures. Animal experiments were done under the
approval of the Animal Research Committee of Kyoto University in
accordance with the guidelines for animal experiments in the Guide for the
Care and Use of Laboratory Animals in Japan.

Statistical analysis

At least 3 independent experiments were performed. Statistical analysis of the
data was performed with the Student  test or analysis of variance. P values less than
05 was considered significant. Values are reported as means plus or minus SD.

Results

cAMP/PKA pathway plays a critical role in vascular
development

In our ES cell differentiation system, first we induced FIK1* progenitor
cells from unditferentiated ES cells. FIk| ' cells that appeared after 96 to
108 hours of differentiation of undifferentiated ES cells were negative
for EC markers, such as CD31 and VE-cadherin.*2® Then, purified
Fikl* progenitor cells were cultured for further differentiation to
vascular cells. As previously reported, whereas no CD31 1 ECs appeared
when Flk 1~ cells were cultured for 3 days with DM (*"Methods™) alone,
addition of VEGF to the FIk1* cell culture induced selective appearance
of CD31* ECs and SMA™ MCs (Figure 1A).3-¢ Almost all of CD31~
cells were also positive for other EC markers, VE-cadherin, claudin-5,
and eNOS (Figure 1A-B).>% SMA* MCs, which were reciprocally
negative for EC markers (Figure [B), expressed other smooth muscle’
cell markers, SM22a and calponin (Figure 1A). In this culture condi-
tion, only these 2 cell types (ie. ECs and MCs), and no blood cells such
as CD45™ cells, were specifically induced from Fik1 ™ cells (Figure 1C).20

Stimulation of ¢cAMP signaling by addition of 8bromo-cAMP,
an analog of cAMP, together with VEGF substantially enhanced
CD31* EC induction from FIk1* cells (Figure 2A-B). Similar to
ECs induced by VEGF alone (Figure 1). CD31 ' ECs that appeared
by treatment of 8bromo-cAMP and VEGF were also positive for
other EC markers, VE-cadherin, eNOS, and claudin5, but not
CD45 (supplemental Figure 2). Compared with VEGF alone,
VEGF with 8bromo-cAMP induced approximately 2-fold increase
in EC population (CD31' cells: 26.5% *+ 2.3% in VEGF alone vs
52.3% = 2.7% in VEGF with 8bromo-cAMP, n = 16; P < .001:,
Figure 2C). Total EC numbers induced from the same number of
FIkI™ cells were similarly increased approximately 2.3 times by
8bromo-cAMP treatment (CD317 cells: 9.4 %= 0.8 [X 10%] cells in
VEGF alone vs 21.8 = 0.9 [X 10*] cells in VEGF with 8bromo-
cAMP; n =4, P < .00}; Figure 2D), PKA inhibitors, PKI and
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Figure 1. Vascular endothelial growth factor induces endothelial cells from
vascular progenitors. (A-C) Cells after three-dimensional culture of FIk1- cells
(FIk-d3). (A-B) Exclusive induction of endothelial cells (ECs) and mural cells (MCs)
from FIk1~ cells. (A) Expression of EC and MC markers. (Top panels) Double
immunostaining of CD31 (green) and aSMA (red) cultured with differentiation
medium (DM) alone (control). Note that no CD31- cells appeared. (Other panels) Vas-
cular endothelial growth factor (VEGF) treatment (50 ng/mL). EC sheets appeared.
Double staining with pan-EC markers (CD31, VE-cadherin, Claudin5, or eNOS;
green) and MC markers («SMA, SM22«, or Calponin; red). (Bottom panels) Double
staining with eNOS (green) and CD31 (red). ECs and MCs were exclusively induced.
Nuclei are stained with DAPI (blue). Scale bar represents 50 um. (B) Flow cytometry.
x-axis: VE-cadherin; y-axis: CD31. Percentages of CD31/VE-cadherin® ECs in total
Flk1* cell-derived cells are indicated. (C) Flow cytometry. x-axis: CD45; y-axis:
CD31. Percentages of CD31 /CD45~ ECs and CD31'/CD45" blood cells in total
Flk1* cell-derived cells are indicated. Nole that almost no CD45* cells were induced
in this culture.

H89, but not many other kinase inhibitors (“Methods™), specifically
inhibited the cAMP effects on EC induction (Figure 2A-D). These
results indicated that the cAMP/PKA pathway specifically en-
hances the effect of VEGF on EC differentiation from FIkI'
progenitor cells.

We further examined the role of PKA in vascular development
with ex vivo whole-embryo culture assay. Embryonic day 6.75
concepti were picked out from the uteri of pregnant mice and
cultured for 3 days, during which CD31* blood vessels were
formed in the yolk sac. Using this system, we could examine early
phase of EC differentiation ex vivo. In the presence of H89 during
ex vivo culture, formation of blood vessels, which were evaluated
by CD31 staining, in yolk sac was markedly disturbed, showing
malformation of vascular networks with decrease in the caliber size
and CD31" areas (Figure 2E). Indeed, CD31* area within whole

BLOOD, 22 OCTOBER 2009 - VOLUME 114, NUMBER 17

A VEGF + cAMP. VEGF + CAMP + PKI

B . VEGF VEGF + cAMP

(2]
ol
b B
2

»
a

S o

CD31* cell number (104 cells) U
o g

VEGF + cAMP
+PKI  +H89

VEGF VEGF + cAMP VEGF

+PKI +H83

14
o

o
>

e
P

o
»

o

Ratio of
CD31*/whole yolk sac area

Control H89

Figure 2. Cyclic adenosine monophosphate/protein kinase A pathway plays a
critical role in vascular development. (A-D) Enhancement of EC induction by
cyclic adenosine monophosphate (cAMP) through protein kinase A (PKA) at Flk-d3.
(A) Fluorescent staining for CD31 (green). (Left panel) VEGF treatment alone
(50 ng/mL). (Middle panel) VEGF with 8bromo-cAMP (0.5 mM). (Right panel) VEGF
with 8bromo-cAMP and PKA inhibitor, PKI (10 1M). Nuclei are stained with DAPI
(blue). Scale bars represent 250 um. (B) Flow cytometry. x-axis: CD31; y-axis: side
scatter (SSC). Percentages of CD31" ECs in total Flk1 cell-derived cells are
indicated. (C-D) Quantitative evaluation of the effect of PKA inhibitors on CD31* EC
induction from FIk1* cells by FACS. (C) Percentages of CD31 ' cell population in total
Flk1~ cell-derived cells. VEGF {50 ng/mL; n = 16); VEGF and 8bromo-cAMP
(0.5 mM; n = 16); VEGF, cAMP, and PKI (10 pM; n = 7); and VEGF, cAMP, and H89
(10 uM; n = 6) treatment are shown (**P < .01 vs VEGF and 8bromo-cAMP).
(D) CD31* cell number that appeared from 1.5 > 10° Flk1* cells. VEGF (50 ng/mL;
n = 4); VEGF and 8bromo-cAMP (0.5 mM; n = 4); VEGF, cAMP, and PKI (10 pM;
n = 4); and VEGF, cAMP, and H89 (10 pM; n = 4) treatment are shown (**P < .01 vs
VEGF and 8bromo-cAMP). (E-F) Role of PKA in vascular formation in the embryo.
(E) Representative results of ex vivo culture of mouse embryo. Isolated E6.75
concepti were cultured in the absence (control, left panels) or presence (right panels)
of H89 (30 pM) for 3 days. Vasculature in yolk sacs of concepli was immunostained
for CD31 (purple). Bottom panels correspond to boxed regions in control and H89,
respectively. Apparent reduction of CD31* vasculdr formation was induced by H89
treatment. Scale bar represents 1 mm. (F) Quantitative evaluation of CD31- vascula-
ture formation in yolk sacs of concepti. The ratio of CD31 */whole yolk sac area was
evaluated (n = 3; *P < .05 vs control).

yolk sac area was significantly decreased in H89-treated embryo to
approximately 59% of that in control (n = 3; P = .025; Figure 2F).
These results indicate that PKA also plays an important role in
early vascular development in vivo.

CA-PKA enhanced EC differentiation and vascular formation
from Flk1+ vascular progenitors

To dissect PKA function in EC differentiation, we generated ES cells
expressing CA-PKA by tetracycline-regulatable system (Tet-Off; sup-
plemental Figure 1). Although negative effects of high-dose Dox
(~ 25 pg/mL) on EC differentiation, proliferation. and survival were
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Figure 3. CA-PKA enhances EC differentiation from Flk1+ A ~ Dayo Day 4.5 (FIk-d0) Flk-d3  Flk-d5
vascular progenitors. (A) Experimental system for PKA Time : T—
activation. An embryonic stem (ES) cell line expressing ES cells EL':HS::;:" Erg;";s:;:::g
constitutive active (CA) form of PKA by tetracycline-inducible

] i LIF free Dox + MACS sortin Dox +
expression system (Tet-Off) was established. Doxycycline 9

(Dox) was added during the first 4.5-day culture of ES cell
differentiation to Flk1' cells. Flki' cells were sorted by
magnetic cell sorting (MACS) and subjected to two-
dimensional culture on collagen-coated dishes or three-
dimensional culture in collagen gel, and were cultured in the
presence or absence of Dox (1 pg/mL). (B-D) Two-dimen-
sional culture with DM, at FIk-d3. (B) Double immunostaining
for CD31 (purple) and «SMA (brown). (Left panel) Dox (1 g/
mL) treatment. (Right panel) Dox-free. Culture with DM alone.
Scale bar represents 100 pm. (C) Flow cytometry for EC

| CAPKA |

¥ recultur TRE-pCMV)|
< Dox- ;

markers, CD31 and VE-cadherin. Percentages of CD31 * /VE-
cadherin® ECs in total FIk1- cell-derived cells are indicated.
(D) Fluorescent staining for CD31 (green) and DAPI (blue).
(Left panels) Dox (1 pg/mL) treatment. (Right panels) Dox-

free. Flk1™ cells stimulated with vehicle (top panels) or VEGF
(50 ng/mL; bottom panels). Scale bars represent 250 um.

(E-l) Three-dimensional culture of FIk1~ cell aggregates in

type | collagen gel with DM alone. (E) Phase-contrast images
after 5-day culture. (Left panel) Dox (1 pg/mL) treatment.
(Right panel) Dox-free. Scale bars represent 100 um. (F) In-
gel double immunostaining for CD31 (purple) and «SMA
(brown) in Dox-free condition. (Left panel) Gross appearance
of vascular structure. (Right panel) Higher magnification view.
aSMA' cells attached to CD31 EC tube structure are
observed (arrows). Scale bars represent 100 um. (G-H) Cross-
section of three-dimensional culture in Dox-free condition.
(G) Hematoxylin-eosin staining. (H) Double immunostaining
for CD31 (brown) and «SMA (red). Right panels correspond
to boxed regions. Scale bars represent 250 um. aSMA* cell
attached to CD31* EC tube structure is observed (arrow).
(1) Confocal microscopic analysis of vascular structure. Double
fluorescent staining for CD31 and «SMA in Dox-free condi-
tion. (Left panel) CD31 (green). (Middle panel) « SMA (red).
(Right panel) Merged image. «SMA~ cell attached to CD31~ |
EC tube structure is observed (arrow). CD31"' cells formed

true lumen (green) with attached mural cells (red) shown in xz

image. Dashed line indicates sliced position. Scale bars

represent 100 um.

reported,** lower concentration of Dox (1 pg/mL) did not affect EC
appearance in control ES cells (EStTA-ROSA; supplemental Figure 3).
We induced differentiation of ES cells in the presence of Dox for
4.5 days, and purified FIkI - cells were recultured on type TV collagen—
coated dishes with DM alone in the presence or absence of Dox (Figure
3A). In the presence of Dox (Dox *), only SMA™* mural cells, but not
ECs were induced (Figure 3B-C), compatible with our previous re-
sults® (Figure 1A-B). Surprisingly. considerable amounts of CD31-
ECs were generated even in the absence of VEGF when CA-PKA
expression was induced by the depletion of Dox (Dox™: Figure 3B;
supplemental Videos 1-2). Almost all of CA-PKA-induced CD31
cells on 2-dimensional culture condition were also positive for VE-
cadherin, eNOS, and claudin5 (Figure 2C, supplemental Figure 4).
CD317/VE-cadherin™ cells observed in CA-PKA—activated condition
were positive for SMA, SM22a, and calponin (supplemental Figure 4).
When we tested the effects of CA-PKA with VEGF, EC appearance
with VEGF in Dox* condition was further enhanced by expression of
CA-PKA (Figure 3D). These results indicate that PKA should enhance
EC differentiation from vascular progenitors.

We further examined vascular formation from Flk1* cells in
three-dimensional culture™ to investigate PKA function in vascular
development. When aggregates of Flk1* cells were cultured in type T

VEGF Dox +

—— -

collagen gel with DM alone, no sprouting of vessels was observed in
Dox™ condition. In contrast, CA-PKA expression (Dox~) induced
vascular-like structure formation even in the absence of VEGF (Figure
3E; supplemental Video 3). In-gel immunostaining showed the vascular-
like structure consisted of CD31% ECs with surrounding SMA* mural
cells (Figure 3F). Cross-sections revealed true lumens with CD31+ ECs
and attached SMA* MCs (Figure 3G-H). Confocal microscopic study
further showed vascular-like structure formation with EC tube and
mural cell attachment (Figure 3I). In addition, PKA activation induced
CD457 blood cells within the vascular lumen (supplemental Figure 5A).
Occasionally, beating cardiomyocytes, which were positive for cardiac
troponin T, were observed along with vascular structures (supplemental
Figure 5B: supplemental Video 4). PKA, thus, should play an important
role in vascular development through enhancement of EC differentiation.

Dual up-regulation of FIk1 and NRP1 was induced by PKA

Next, we investigated the molecular mechanism of the PKA effects
in EC differentiation and vascular development. First we examined
PKA activity in vascular progenitor cells. Whereas PKA activity
was significantly increased by addition of 8bromo-cAMP, VEGF
treatment did not induce PKA activation (supplemental Figure 6),
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Figure 4. Dual up-regulation of Flk1 and NRP1 by PKA
activation. (A-D) Two-dimensional culture of Flk1~ cells.
1 (A) RT-PCR showing mRNA expression of VEGF 65, VEGF 120,
l Flk1, NRP1, ephrinB2 (arterial marker), and COUP-TF I
| (venous marker) after 1 (Flk-d1) and 3 (FIk-d3) days of culture
of FIk1~ cells with DM alone in the presence or absence of

Flk-d1 FIk-d3 Dox (1 pg/mL). (B) Quantitative RT-PCR showing mRNA
VEGF120 = Dox + expression of Flk1, NRP1, VEGF s, and VEGF 2, at Flk-d1
D and Flk-d3 in the presence or absence of Dox. mRNA

= Dox -

i expression at Flk-d1 with Dox was set as 1.0. (C) Time course
of FIk1* cell appearance evaluated by FACS. Flk1* cell
appearance was examined on differentiation day 4.5 before
and after sorting, and at Flk-d1, Flk-d2, and Flk-d3 cultured
with DM alone in the presence or absence of Dox (1 ug/mL).

Flk-d1 Flk-d3 Flk-d1 Flk-d3 (Top panels) Dox treatment. (Bottom panels) Dox-free. Per-
Flk-d2 Flk-d3 centages of Flk1' cells are indicated. (D) Double fluorescent

3 : {* staining for CD31 and NRP1 at Flk-d3. (Left 6 panels) Dox

3.0 % treatment. (Right 6 panels) Dox-free. FIk1' cells stimulated

with vehicle (top panels), VEGF (50 ng/mL; middle panels), or
VEGF and 8bromo-cAMP (0.5 mM; bottom panels). Scale
bars represent 100 um. (E) Vascular formation from Flk1*
cell aggregates in three-dimensional culture in Dox-free

condition at Flk-d5. In-gel double fluorescent staining for Flk1
and NRP1. (Left panel) Flk1 (red). (Right panel) NRP1 (green).
Scale bars represent 100 um.

VEGF

indicating that PKA pathway did not work downstream of VEGF
signaling in vascular progenitor cells. In addition, activation of
PKA by induction of CA-PKA in Flkl* cells did not increase
VEGF mRNA expression (Figure 4A-B). These results indicate
that PKA signaling did not enhance VEGF signaling through the
formation of a positive feedback loop between VEGF and PKA. In
contrast, overexpression of CA-PKA up-regulated Flk1 and NRP1
mRNA expression from the early stage of Flk1* cell culture (ie, at
days | and 3 after FIkl sorting; Figure 4A). Arterial EC marker,
ephrinB2,% and venous EC marker, COUP-TF 113" were not
affected by CA-PKA expression (Figure 4A). Quantitative RT-PCR
analysis revealed that PKA activation induced approximately 5- to
7-fold increase in Flk1 and NRPI mRNA expression in total cells at
FIk-d1 and FIk-d3 (Figure 4B). Similar significant up-regulation of
Flk1 and NRP1 mRNA expression was observed in 8bromo-cAMP-
treated FIk1* cells (supplemental Figure 7A). We further con-
firmed the time course of Flk1 protein expression in the early stage
of FIk1* cell culture by FACS. When purified FIk1* progenitor
cells were cultured in the absence of VEGF. FlkI expression was
rapidly decreased and lost within 3 days, compatible with our

previous results® (Figure 4C top panels). On the other hand, when
CA-PKA was induced in purified FIk1* cells, Flkl expression was
essentially maintained, even in the absence of VEGF. At Flk-dI,
almost all FIk1* cells were still negative for EC markers, CD3 | and
VE-cadherin (supplemental Figure 8), indicating that PKA should
work at the progenitor stage to enhance EC appearance from Flk [ *
progenitor cells. As for NRP1 protein expression. whereas clear
up-regulation of NRPI expression was observed only in VEGF
with 8bromo-cAMP treatment in Dox ' condition, CA-PKA activa-
tion (Dox~) induced NRPI expression even in the absence of
VEGF at Flk-d3 (Figure 4D). Furthermore, FlkI and NRPI were
also coexpressed in vascular structure in vitro induced with
CA-PKA expression (Figure 4E). These results suggest that PKA
pathway should enhance EC differentiation and vascular formation
through dual induction of FIk1 and NRPI.

Sensitivity of VEGF signaling is markedly enhanced by PKA

To precisely define the biologic function of up-regulated FlklI
and NRP1 by PKA activation, we tested dose-response effects of
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Figure 5. Sensitivity of VEGF signaling is enhanced by
PKA. Serum-free culture of Flk1* cells on two-dimensional
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sion in the presence {Dox*; 1 pg/ml} or absence {Dox™) of
Dox. x-axis: CD31; y-axis: SSC. Fik1' cells were incubated
with various concentrations of VEGF 5 or VEGF 5 in serum-
free medium, SFO3. Percentages of CD31' ECs in total
Fik1* celi-derived cells are indicated. {B) Quantitative evalu-
ation of effects of PKA activation on EC differentiation.
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VEGF,¢s and VEGFy»; on Flkl* cells using serum-free culture
with a defined medium, SFO3 (including insulin, transferrin,
sodium selenite, and ethanolamine).?® In the serum-free condi-
tion, CD31" ECs were not induced from FIk1* progenitors in
the absence of VEGF,¢s. In the control condition (Dox~), 5 to
50 ng/mL VEGF 45 induced CD317* ECs. Surprisingly, although
almost no ECs were induced in the absence of VEGF 45 even
with CA-PKA activation (Dox™), CA-PKA expression induced
distinct EC appearance in much lower concentration of VEGF 45
(ie, 0.5-5 ng/mL; Figure SA-B). Similar or higher amounts of
ECs were induced by 10 times lower concentration of VEGF 45
in Dox™ condition compared with those in Dox~ condition
(CD317 cells: 18.1% = 5.1% [Dox™, 0.5 ng/mL. VEGF¢s] vs
14.2% = 4.8% [Dox*, 5ng/mL VEGF ] 34.6% * 2.4%
[Dox~, 5 ng/mL VEGF 5] vs 25.2% * 4.8% [Dox*, 50 ng/mL
VEGF 45]; Figure 5B). There was no difference observed in the
total cell number that appeared from FIkI = cells between Dox’
and Dox ™ treatment (Figure 5C), suggesting that PKA activation
should enhance EC differentiation but not proliferation, Further-
more, the potent enhancement of EC differentiation was ob-
served specifically by VEGF 45 treatment, and not by VEGF,
which does not bind to NRP1 (Figure 5A).% Significant increase
in EC appearance with 50 ng/mL VEGF,,; (Figure 5B) should

be induced by binding of VEGF,; to up-regulated FlkI.
Similarly, addition of 8bromo-cAMP in Dox* condition also
enhanced response of FIkl* progenitor differentiation to VEGF
(supplemental Figure 9). These results indicate that dual activa-
tion of Flki and NRPI by PKA activation markedly enhanced
sensitivity of FIk1* progenitors to VEGF y4s.

PKA activation induces Fik1-VEGF-NRP1 complex formation

Finally, we confirmed the formation and function of FlkI-
VEGF;¢s-NRP1 complex by PKA activation. One day after
Flk 17 cell culture in serum-free conditions (Fik-dl), cells were
collected and protein interaction of Flk I, NRPI, and VEGF was
examined by immunoprecipitation assay.’! Western blot analysis
for NRPI using total cell lysates clearly revealed increase in
NRPI protein by CA-PKA expression (Dox ") at Fik-d! (Figure
6Aii). Total NRPI expression was increased approximately
4.3-fold by PKA activation (n =6, P << .001). In various
conditions that we tested, only when added together with
CA-PKA expression (Dox ™), VEGF 45 formied a distinct protein
complex with Fikl and NRPI (Figure 6Ai lane 7). The protein
complex was not formed in the control conditions (Dox') or
Dox~ conditions with the addition of VEGF,. Similarly,
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Figure 6. PKA enhanced to form Flk1-VEGF-NRP1 complexes. (A) Immunoprecipi-
tation assay. Formation of Flk1-VEGF-NRP1 complex was examined at Flk-d1
cultured with serum-free medium, SFO3. Immunoblot with anti-NRP1 antibody for cell
lysates immunoprecipitated with anti-Flk1 antibody (Ai) and total cell lysates (Aii).
(Ai) Note that a distinct band was observed only when VEGFigs was added to
PKA-activated (Dox~) condition (lane 7), which was inhibited by addition of anti-
VEGF or anti-NRP1 antibodies. (Aii) Total NRP1 expression was markedly increased
in PKA-activated condition. (B) Two-dimensional culture of FIk1' cells with DM, at
Flk-d3. Fluorescent staining for CD31 (green). Nuclei are stained with DAPI (blue).
(Top left panel) Dox treatment. (Other panels) Dox-free. (Bottom left panel) Dox-free
with neutralizing antibody for VEGF. (Bottom right panel) Dox-free with neutralizing
antibody for NRP1. Scale bars represent 250 pm. (C) Vascular formation from Flk1*
cell aggregates in three-dimensional culture. (Top left panel) Dox treatment. (Other
panels) Dox-free. (Bottom left panel) Dox-free with neutralizing antibody for VEGF.
(Bottom right panel) Dox-free with neutralizing antibody for NRP1. Scale bars
represent 100 pm.

8bromo-cAMP treatment also induced formation of a protein
complex with Flk1, NRPI, and VEGF 45 (supplemental Figure
7B). These results clearly indicated that PKA activation induced
both Flkl and NRPI expression in vascular progenitors, and
VEGF s in turn specifically induced the protein complex
formation of FlkI-VEGF,s-NRP1. The formation of FIkI-
VEGF,¢s-NRP1 complex was completely blocked by the addi-
tion of anti-VEGF or anti-NRPI neutralizing antibodies (Figure
6Ai lanes 8-9). Parallel to the FlkI-VEGF,¢s-NRP1 complex
formation, the CA-PKA-induced EC differentiation as well as
vascular formation in three-dimensional culture were drastically
inhibited by the addition of anti-VEGF or NRPI neutralizing
antibodies, suggesting a functional significance of the FIkI-
VEGF 45-NRPI complex (Figure 6B-C). These results indicate
that PKA regulates sensitivity of vascular progenitors to VEGF
by dual induction of Flkl and NRPI, which forms the FlIkI-
VEGF,s-NRP1 complex enhancing VEGF signaling to effi-
ciently induce EC differentiation and vascular formation.
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Discussion

Here, we showed a novel regulatory mechanism of EC differentia-
tion and vascular formation through the modulation of progenitor
properties to be endothelial competent. PKA activation increased
both Flkl and NRPI expression in vascular progenitors and
markedly enhanced the “sensitivity™ of the progenitors to VEGF 45
by inducing Flk1-VEGF,¢s-NRP1 complex formation. This new-
mode regulatory system would provide insights in vascular devel-
opment and offer options for various therapeutic strategies with
vascular manipulation.

Vascular formation is regulated by appropriate intensity, space, and
timing of VEGF signaling. This study showed that PKA is involved in
vascular formation process through its novel function regulating VEGF
signal intensity. Various factors, such as adrenomedullin® prostaglan-
dins,* adiponectin,® ghrelin;*' klotho,** and mechanical stress, espe-
cially fluid shear stress,* have been reported to activate PKA in ECs. We
previously demonstrated that adrenomedullin could enhance EC differ-
entiation from Flk 1% cells through cAMP signaling.”® Fluid shear stress
was reported to enhance EC differentiation from FIkI™ cells by
up-regulating VEGF receptors,* and to induce FIk I gene expression in
EC cell lines.* These multiple PKA-activating signals should
be involved in vascular development to modulate the progenitor
sensitivity in vivo.

We previously reported that adrenomedullin/cAMP pathway in-
duced differentiation of arterial ECs.* We also examined involvement
of PKA in arterial-venous specification. Whereas addition of PKI, PKA
inhibitor, to FIk1™ cell culture with VEGF and 8bromo-cAMP signifi-
cantly decreased total CD31" EC appearance (Figure 2A-D), PKI did
not inhibit ephrinB2- or CXCR4-positive arterial EC differentiation
(supplemental Figure 10). Moreover, expression of CA-PKA with
VEGEF did not induce arterial ECs from Flk1* vascular progenitors
(supplemental Figure 11). These results indicated that PKA is not
involved in arterial-venous specification. Activation of PKA in FIk1*
cells did not induce proxl- or podoplanin-positive lymphatic ECs
(supplemental Figure 11), further suggesting that PKA pathway is
involved in common EC differentiation but not in EC specification
processes.

Some studies have reported the roles of downstream molecules of
Flk1 signaling in EC proliferation and differentiation. Tyrosine residue
1173 of Flk1 (Y1173, corresponding to Y1175 in human Flk1, KDR) is
essential for FIkI function in vasculogenesis.*® Y1175 of KDR is a
binding site of PLCy and is important for VEGF-dependent EC
proliferation.*” Furthermore, Ras signaling acting downstream of Flk1
signaling plays a critical role in EC differentiation.*? Indeed, PLC
inhibitor, U73122, or H-Ras inhibitor, FTI-277, showed an inhibitory
effect on EC differentiation from Flk1* cells (supplemental Figure 12),
indicating that PLC and Ras pathway are both downstream molecules of
Flk1 signaling. Enhanced VEGF signaling in vascular progenitors by
PKA should be mediated by these molecules to induce basal EC
differentiation.

Molecular mechanisms of PKA to induce and/or maintain Flk|I
and NRP1 expression in vascular progenitors are largely unknown.
NRP1 expression was reported to be up-regulated by cAMP/PKA
pathway in olfactory neuron guidance.* Some other reports have
shown that PKA pathway enhances differentiation of neuronal
progenitor cells,* hippocampal progenitor cells,™ and oligodendro-
cyte progenitor cells.’' Recently, evidence is accumulating to
suggest that blood vessels and nerves share a similar molecular
machinery to form their networks.’> Blood vessels and nerves may
use PKA as common regulatory cues for their differentiation and
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development. Further elucidation of molecular interaction among
PKA, FIk{, and NRPI should providé a novel molecular frame-
work for tissue development.

Very recently, Cimato et al reported that NRPI was largely coex-
pressed with Flkl to identify endothelial precursors in human and
mouse ES cells.™® We confirmed that low-level expression of NRP1 was
observed in FIk 1™ progenitors and was increased in ECs (supplemental
Figure 13). These 2 functional markers for EC progenitors, Flk1 and
NRPI, were, thus, commonly regulated by PKA to efficiently enhance
their progenitor potentials responding to VEGF signaling.

We have succeeded in uncovering novel roles of PKA in EC
differentiation and vascular development using our unique ES cell
differentiation system. Elucidation of the new-mode cell fate
determination mechanisms by modulation of progenitor potentials
would provide novel insights in developmental biology, stem cell
biology, and regenerative medicine.
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Summary

Vascular endethelial growth factor receptor 2 (VEGFR2) plays
crucial roles in vasculogenesis, a process involving cell
proliferation, migration and differentiation, However, the
molecular mechanism by which VEGFR2 signaling directs
vascular endothelial differentiation of VEGFR2" mesodermal
progenitors is not well understood. In this study, we examined
the signal transduction pathway downstream of VEGFR2 for
endothelial differentiation using an in vitro differentiation
system of mouse embryonic stem-cell-derived VEGFR2" cells.
Using chimeric receptors composed of VEGFR2 and VEGFR3,

_ the third member of the VEGFR family, we found that signaling

through tyrosine 1175 (Y1175, corresponding to mouse Y1173)
of VEGFR2 is crucial for two processes of endothelial
differentiation: endothelial specification of VEGFR2*
progenitors, and subsequent survival of endothelial cells (ECs).
Furthermore, we found that phospholipase Cyl (PL.Cy1), which

interacts with VEGFR2 through phosphorylated Y1175, is an
inducer of endothelial specification. In contrast to VEGFR2,
VEGFR3 does not transmit a signal for endothelial
differentiation of VEGFR2" cells. We found that VEGFR3 does
not activate PLCyl, although VEGFR3 has the ability to
support endothelial cell survival. Taken together, these findings
indicate that VEGFR2-PLCyl signal relay gives rise to the
unique function of VEGFR2, thus enabling endothelial
differentiation from vascular progenitors.

Supplementary material available online at
http://jes.biologists.org/cgi/content/full/122/18/3303/DC1

Key words: VEGFR2, Endothelial differentiation, PLCyl, Embryonic
stem celis

Introduction
Blood vessel formation is one of the initial events of organogenesis.
Vascular progenitor cells emerge in the posterior primitive streak
as vascular endothelial growth factor receptor 2 (VEGFR2)-positive
mesodermal cells, and migrate into the extra-embryonic yolk sac
in response to vascular endothelial growth factor (VEGF)-A (Huber
et al., 2004; Hiratsuka et al., 2005). These mesodermal precursor
cells, the hemangioblasts, form a cell mass referred to as the blood
islands, followed by in situ differentiation into endothelial cells
(ECs) and hematopoietic cells (HCs). Outer cells lining the blood
islands differentiate into ECs to generate the primitive vascular
plexus (vasculogenesis), whereas inner cells develop into HCs (Choi
et al, 1998). Following vasculogenesis, remodeling of the
vasculature (angiogenesis) occurs. New capillaries are formed
from pre-existing vessels through proliferation and migration of ECs
and subsequently undergo maturation, accompanied by recruitment
of mural cells (MCs) such as vascular smooth muscle cells and
pericytes (Yancopoulos et al., 2000; Coultas et al., 2005).
VEGFR2 plays crucial roles in vasculogenesis and hematopoiesis,
as indicated by the results of analysis of VEGFR2-null mice
(Shalaby et al., 1995; Shalaby et al., 1997). These mice die between
embryonic days (E) 8.5 and 9.5 due to lack of organized blood
vessels and reduced HCs, because of the absence of blood islands.
Tyrosine-1173 (Y1173) of mouse VEGFR?2 is known to play an
essential role in blood vessel formation in vive. Sakurai et al.
reported that VEGFR2 Y1173F knock-in mice died between E8.5
and E9.5 because VEGFR2" cells failed to migrate and form blood
islands. These phenotypes are very similar to those of VEGFR2-

null mice (Sakurai et al., 2005). Although these in vivo findings

indicate the importance of VEGFR2 Y1173 in the formation of
blood islands, the developmental events following the formation of
blood islands, including endothelial specification, have not yet been
fully elucidated. ‘

For study of signal transduction in lineage specification, it is
advantageous to use differentiating embryonic stem cells (ESCs)
because migration of progenitor cells to the correct
microenvironment is not required. An in vitro system for analysis
of ligand-dependent endothelial differentiation has been established,
using mouse VEGFR2" vascular progenitor cells derived from ESC
(Hirashima et al., 1999; Yamashita et al., 2000; Ema et al., 2003;
Watabe et al., 2003). In this system, ESC-derived VEGFR2" cells
differentiate into platelet-endothelial cell adhesion molecule-1-
positive (PECAM1™) ECs upon stimulation with VEGF-A, or o
smooth muscle actin-positive (¢SMA™) MCs in the presence of
serum or platelet-derived growth factor-BB. Endothelial
differentiation of ESC-derived VEGFR2" cells offers a model for
endothelial developmental events in the outer cells that line blood
islands (Yamashita et al., 2000). VEGFR2 appears to transmit a
specific signal for endothelial differentiation of vascular progenitor
cells, because signaling from either VEGFR 1 or VEGFR3 fails to
induce endothelial differentiation (Yamashita et al., 2000; Suzuki
et al., 2005). However, the VEGFR2 signaling pathways directing
endothelial specification remain largely unknown, although we
recently demonstrated the involvement of Ras signaling in these
pathways (Kawasaki et al., 2008).

In this study, we employed an expression system of chimeric
receptors in mouse ESC-derived VEGFR2" vascular progenitor cells
to examine the VEGFR2 signaling involved in endothelial
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differentiation of VEGFR2™ progenitor cells. We found that human
VEGFR2 Y1175 is essential for induction of endothelial
differentiation of VEGFR2™ cells, through specification of
VEGFR2" cells into ECs as well as subsequent survival of ECs.
We also demonstrated that PLCyl, which binds to phosphorylated
Y1175 (Y1175-P) of VEGFR2, is an inducer of endothelial
specification.

Results ’
Construction of a VEGFR3-VEGFR2 chimeric receptor

We previously found that ESC-derived VEGFR2” cells differentiate
into endothelial cells upon signaling from VEGFR2 but not upon
signaling from VEGFR3 (Suzuki et al., 2005). Further, VEGF-
C(C1528), a selective ligand for VEGFR3 (Joukov et al., 1998),
failed to induce endothelial differentiation of ESC-derived
VEGFR2" cells (Suzuki et al., 2005). We therefore constructed a
chimeric receptor (denoted R32) containing the extracellular domain
of VEGFR3 fused with the transtnembrane and intracellular domains
of VEGFR2 (Fig. 1). Our aim was to examine the intracellular events
downstream of VEGFR2 for endothelial differentiation through
analysis of ESC-derived VEGFR2" cells expressing the chimeric
receptor.

We first examined phosphorylation of R32 by immunoblotting
using anti-VEGFR2 Y 1054-P antibody (Fig. 2A). Y1054 is one of
the major sites of the phosphorylation required for maximal kinase
activity of VEGFR2 (Dougher and Terman, 1999). We confirmed
phosphorylation of the amino acid residue in R32 corresponding
to Y1054 in VEGFR2, indicating that R32 is kinase-active (Fig.
2A).

We next used a luciferase reporter assay to examine whether
R32 transmits signals downstream. Elk1 is a transcriptional factor
that is activated by extracellular signal-regulated kinase (ERK)
(also known as mitogen-activated protein kinase; MAP kinase).
Activation of Elk! was monitored by luciferase activity under
control of the promoter containing the 5X GAL4 binding site,
which is activated by the GAL4 DNA-binding-domain-Elk-1
fusion protein. To stimulate the chimeric receptor, we used a
supernatant of HEK 293T cells transfected with a VEGF-
C(C152S) expression vector. Supernatants of HEK 293T cells
transfected with empty vector or a VEGF-C(C152S) expression
vector were denoted sMock and sVEGF-C(C1528), respectively.
Luciferase activity was upregulated in cells expressing R32 or
wild-type (wt) VEGFR3 upon treatment with sVEGF-C(C1528),
but not sMock, indicating that R32 and VEGFR3 activated Elk1
upon ligand stimulation (Fig. 2B). Luciferase activity was

transmembrane
VEGFR3 la-1ike domaini-7 region i doma
Xhot* Xhot™ Hinditi* 9-tike domaini- BamH#P® inase domain

increased in wt VEGFR2-expressing cells by treatment with
recombinant VEGF-A but not with sVEGF-C(C1528S) (Fig. 2B).
sVEGF-C(C152S) thus selectively activated VEGFR3.
Importantly, R32, when stimulated with sVEGF-C(C1528),
induced luciferase activity to a degree comparable with that
induced by VEGFR2 stimulated with VEGF-A (Fig. 2B).

Intracellular domain of VEGFR2 is sufficient to direct
endothelial differentiation of VEGFR2* vascular progenitor
cells

Because the signaling activity of R32 was confirmed, we next
established MGZRTcH ES stable cell lines carrying tetracycline
(Tc)-regulatable R32, VEGFR3 or empty vector (denoted Te-R32,
Tc-VEGFR3, and Te-empty, respectively). In MGZRTcH cells, a
gene of interest can be introduced into the ROSA426 locus by means
of the Cre-loxP system, and expression of the gene can be silenced
by treatment with Te (Masui et al., 2005).

ES cell fines were cultured for 4.5 days with Tc (1 pg/ml) for
in vitro differentiation. VEGFR2" cells were then sorted from these
cells, and cultured in SFO3 (a serum-free basal medium originally
developed for culture of hematopoietic stem cells) with VEGF-
A, sMock or sSVEGF-C(C1528) in the absence of Tc (transgene-
expressing condition). VEGFR2" cells derived from Te-empty, Te-
R32 and Tc-VEGFR3 differentiated into PECAM1" cells in
response to VEGF-A, indicating that these cells retain competence
for VEGF-A-dependent differentiation into ECs (Fig. 2C).
VEGFR2" cells derived from Tc-empty, Te-R32 and Te-VEGFR3
differentiated into aSMA™ cells upon treatment with sMock,
whereas those derived from Te-R32, but not Te-empty or Te-
VEGFR3, differentiated into PECAMI!™ cells upon stimulation
with sSVEGF-C(C1528) (Fig. 2C). The appearance of PECAM1"
cells was inhibited by the co-presence of VEGFR3-F¢ chimera
protein, confirming the effect of VEGF-C(C152S) (Fig. 2D). These
PECAMI" cells were also positive for other endothelial markers,
including VE-cadherin, CD34 and endoglin (supplementary
material Fig. S1). We therefore concluded that these PECAM1”*
cells represent ECs. Comparable levels of expression of R32 and
VEGFR3 in differentiated states were confirmed by
immunostaining using an antibody that recognizes the extraceliular
domain of VEGFR3 (data not shown). Therefore, the differences
in phenotypes between VEGFR2" cells derived from Tc-R32 and
Tc-VEGFR3 can be attributed to intrinsic properties of the
intracellular domains of VEGFR2 and VEGFR3.

We next performed a colony formation assay to quantify the
endothelial differentiation induced by R32 signaling (Fig. 2E).

Notl*

Fig. 1. Schematic illustration of R32 and its mutants. Restriction

E

Xhot* Hind#il** Hindlll BamHl
VEGFR2 Y1058 (Y1173 in mouse)
BamH!
| 1t MD P G E

alc alc alg gat cocc gaggag  VEGFR3
atc gic alg gat ccc gat gaa  VEGFR2
i vV MDP D E

Y951 Y1054 Y1175 vizig Noil'

enzyme sites for Xhol, Hindlll, BamH1 and Notl were generated
or destroyed without changing the amino acid residues.
Asterisks and double asterisks denote generated restriction sites
and destroyed sites, respectively. Mutated tyrosine residues are
aiso shown. Y 1175 in human VEGFR2 corresponds to Y1173 in
mouse VEGFR2. The nucleotide sequences as well as amino
acid sequence around the BamHI sites of VEGFR2 and
VEGFR3 are shown in the box. The mutated base in VEGFR3
is underlined. The intracellular domain of VEGFR3 was
swapped for that of VEGFR2 at the BamHl sites of VEGFR2
and VEGFR3. The transmembrane region is shaded dark gray.
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Fig. 2. Induction of endothelial cells from VEGFR2* cells by R32 signaling.
(A) Phosphorylation of the R32 chimeric receptor. HEK 293T cells were
transfected with the indicated plasmids and subjected to immunoblotting using
anti-VEGFR2 Y1054-P antibody (top panel). The lower two panels show the
expression of each protein as indicated. (B) Luciferase reporter assay to detect
activation of EIk1 by VEGF receptors that were stimulated as indicated.
HepG2 cells were used to achieve modest expression levels, at which ligand-
independent activation of the receptors is avoided. sMock treatment did not
enhance luciferase activity compared with that of non-treated cells. Flt1-Fc
was not added to *sMock + VEGF-A’. Error bars represent s.d. (C) Endothelial
differentiation assay of VEGFR2* cells derived from Te-empty, Te-R32 and
Te-VEGFR3. Cells were immunostained for PECAM | (green), o.SMA (red)
and nuclei (blue). Scale bars: 100 Hm. (D) Endothelial differentiation assay of’
VEGFR2" cells derived from Te-R32 in the absence or presence of VEGFR3-
Fe (5 pg/ml). Cells were immunostained for PECAM1 (green), oSMA (red)
and nuclei (blue). Scale bars: 100 pum. (E) Colony formation assay of
VEGFR2 cells derived from Te-empty, Te-R32 or Te-VEGFR3. The numbers
of colonies of ECs, MCs or mixture of both were quantified. Representative
data from two independent experiments are shown.

When treated with sMock, more than 95% of VEGFR2" cells
derived from Te-empty, Te-R32 and Te-VEGFR3 formed MC
colonies. When treated with sVEGF-C(C152S), about 45% of
VEGFR2" cells derived from Tc-R32 differentiated to form EC
colonies. By contrast, EC colonies were only minimally induced
from VEGFR2" cells derived from Tc-empty and Te-VEGFR3.
These findings indicate that the intracellular domain of VEGFR2
is sufficient to direct endothelial differentiation of ESC-derived
VEGFR2" cells.

Construction of R32 mutants in which phosphorylated tyrosine

residues were mutated to phenylalanine

To identify which tyrosine residue(s) in VEGFR2 are crucial for
the induction of endothelial differentiation, five R32 mutants
(R32Y9S51F, R32Y1054F/Y1059F, R32Y 1175F, R32Y 1214F and
R32Y951F/Y 1214F), in which tyrosine residues were mutated to
phenylalanine, were constructed. Y951, Y1175 and Y1214 are major
sites of phosphorylation of VEGFR2 (Matsumoto et al., 2005). Y951
and Y1175 are unique tyrosine residues in VEGFR2, whereas Y1214
is conserved in VEGFR2 and VEGFR3. Autophosphorylation of
these mutants was confirmed, except for Y1054F/Y 1059F, which
was used as a negative control (Fig. 3A). We next examined signal
transduction of these mutants by monitoring activation of Elk1
(Fig. 3B). R32Y951F, R32YI1214F and R32Y951F/Y1214F
transactivated Elk | reporter activities after stimulation with sVEGF-
C(C1528), whereas R32Y 1175F did not. This was consistent with
the previous report that signaling from Y1175 leads to activation
of ERK (Takahashi et al, 2001). However, because
autophosphorylation of R32Y1175F was detected (Fig. 3A), we
regarded R32Y 1175F as a kinase-active receptor and proceeded with
subsequent experiments.

Signaling through Y1175 is indispensable for endothelial
differentiation of VEGFR2* vascular progenitor cells

We next established stable ES cell lines carrying a Te-regulatable
R32Y951F, R32Y1175F or R32Y 1214F (Te-Y951F, Te-Y 1175F and
Te-Y1214F). VEGFR2" cells derived from these cell lines were
sorted and cultured in SFO3 with VEGF-A, sMock, or sVEGF-
C(C152S). These cells also exhibited competence for endothelial
differentiation in response to VEGF-A (Fig. 3C). Upon stimulation
with sVEGF-C(C152S), VEGFR2" cells derived from Tc-Y951F
and Te-Y 1214F differentiated into ECs, whereas those from Y 1175F
failed to do so (Fig. 3C). To exclude the possibility that signals
from Y951 and Y1214 compensate for each other in endothelial
differentiation, we also established a stable cell line carrying Te-
regulatable R32Y951F/Y1214F (Te-Y951F/Y1214F). VEGFR2*
cells derived from this cell line did not lose the ability to differentiate
into ECs upon stimulation with sVEGF-C(C152S) (Fig. 3C).
Comparable levels of expression of these chimeric receptors were
confirmed by immunostaining in differentiated states (data not
shown). These findings indicate that signals from Y951 and Y1214
are not required for endothelial differentiation but that signaling
from Y1175 are required for it. We performed a colony formation
assay using these cells (Fig. 3D). When treated with sMock, more
than 98% of VEGFR2" cells derived from the four mutant cell lines
formed MC colonies. However, when treated with sVEGF-
C(C1528), 25-55% of VEGFR2" cells derived from Te-Y951F, Te-
Y 1214F or Te-Y951F/Y 1214F differentiated to form EC colonies.
In contrast, EC colonies were rarely formed from VEGFR2* cells
derived from Te-Y1175F, indicating that signaling through Y1175
is essential for endothelial differentiation.
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Fig. 3. Y1175F mutation results in failure of R32 to induce endothelial
differentiation of VEGFR2" cells. (A) Phosphorylation of R32 chimeric
receptor mutants. HEK 293T cells were transfected with the indicated
plasmids and subjected to immunoblotting using anti-VEGFR2 Y 1054-P
antibody (top panel) and anti-VEGFR3 extracellular domain (middle panel).
o-tubulin was used as a loading control (bottom panel). R32Y 1054F/Y 1059F
was used as a negative control. (B) Luciferase reporter assay to detect
activation of EIk1 by R32 mutants. Error bars represent s.d. (C) Endothelial
differentiation assay of VEGFR2" cells derived from Te-Y9S1F, Te-Y 1175F,
Te-Y 1214F and Te-Y9S51F/Y 1214F. Cells were immunostained for PECAM1
(green), oSMA (red) and nuclei (blue). Scale bars: 100 pm. (D) Colony
formation assay of VEGFR2" cells derived from Tc-R32 mutants. The
numbers of colonies of ECs, MCs or mixture of both were quantified.
Representative data from two independent experiments are shown.

Signaling from Y1175 plays crucial roles in the survival of ECs
Endothelial differentiation requires two processes: specification
from VEGFR2™ progenitor cells into ECs, and subsequent
survival/proliferation of ECs. We hypothesized that signaling from
Y1175 plays roles in either or both processes. To test this hypothesis,
endothelial survival assay was performed (Fig. 4).

We knocked down endogenous mouse VEGFR3 in order to
exclude effects of signaling from endogenous VEGFR3, which is
expressed in ESC-derived ECs (Suzuki et al., 2005). When ESC-
derived ECs were cultured in the absence of sVEGF-C(C152S),
cell number was markedly decreased within 12 hours (Fig. 4A-C).
Cell number was restored in the case of ECs expressing R32 by
stimulation with sVEGF-C(C1528S) irrespective to the expression
of endogenous mouse VEGFR3 (Fig. 4A). In contrast, cell number
was not restored in ECs expressing R32Y 1175F by stimulation with
sVEGF-C(C152S) when endogenous mouse VEGFR3 was knocked
down (Fig. 4B). These findings indicate that Y1175 is involved in
the transmission of survival signals for ECs. We also examined the
effect of VEGFR3 signaling on the survival of ECs (Fig. 4C). We
observed increase in survival of ECs expressing transgenic human
VEGFR3 by sVEGF-C(C152S), indicating that VEGFR3 also
transmits survival signals for ECs. Survival of ESC-derived ECs

A Tc-R32
1.2 % Oh
* *
10! i ® sMock
3 | 8 SVEGF-C(C152S)
c 08
]
© 06
o |
S 04!
02}
0
scramble VEGFR3
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B Te-R32Y1175F
12 s 0h
10 * ns & sMock
® " SVEGF-C(C1525)
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Fig. 4. Signaling through VEGFR2 Y1175 supports survival of ECs. Survival
assay for ECs expressing R32 (A), R32Y 1175F (B) or human VEGFR3 (C).
Cells were treated with sMock or sVEGF-C(C152S). Cell numbers are shown
as fold-changes relative to those at the point of medium change (Oh). Values
are the means = s.d. *P<0.05 (Student’s r-test); n.s., not significant.
Endogenous mouse VEGFR3 was knocked down to exclude effects of
endogenous signaling. Efficiency of knockdown was measured by quantitative
RT-PCR as follows: ECs expressing R32, 60%; ECs expressing R32Y 1175F,
40%:; ECs expressing VEGFR3, 40%.
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by sVEGF-C(C152S) was abrogated in the presence of LY294002,
an inhibitor of phosphoinositide 3-kinase (PI3K) (supplementary
material Fig. S2), suggesting that the PI3K pathway is involved in
endothelial survival by VEGFR3.

Neither R32Y1175F nor VEGFR3 is able to transmit signal
sufficient for endothelial differentiation. VEGFR3, however,
transmits survival signal for ECs, in contrast to R32Y[175F. The
present in vitro system is thus suitable for analysis of each of the
individual processes involved in endothelial differentiation.

Signaling from Y1175 plays crucial roles in endothelial
specification of VEGFR2* vascular progenitor cells

We next investigated the involvement of signaling from Y1175 in
endothelial specification of ESC-derived VEGFR2" cells. To do so,
we examined differentiation of VEGFR2" cells derived from Te-
Y1175F into ECs under culture conditions that support the survival
of ECs. Fibroblast growth factor 2 (FGF-2) was used to support
the survival of ECs. We first examined survival of ECs in the
presence of FGF-2, and found that 0.5 ng/ml was sufficient to
maintain the survival of ECs (data not shown). We next examined
endothelial differentiation of VEGFR2" cells in the presence of
FGF-2 (0.5 ng/ml). The majority of VEGFR2" cells derived from
both Te-R32 and Te-Y [175F differentiated into MCs upon treatment
with sMock (Fig. 5). Upon stimulation with sVEGF-C(C1528),
significant endothelial differentiation was observed for Te-R32-
derived VEGFR2" cells, but not for Te-Y 1175F-derived VEGFR2*
cells (Fig. 5). Signaling from Y1175 thus appears to direct
endothelial specification of ESC-derived VEGFR2™ cells.

PLCy1, which interacts with phosphorylated Y1175, is an
inducer of endothelial specification
PLCyI has been reported to play roles in cell proliferation through
interaction with Y1175-P in VEGFR2 (Takahashi et al., 2001;
Takahashi and Shibuya, 1997). PLCy! deficiency in mice is lethal
because vasculogenesis and erythrogenesis do not occur, though
hemangioblasts appear to be present (Liao et al, 2002). We
hypothesized that R32Y1175F fails to induce endothelial
differentiation from ESC-derived VEGFR2" cells because PLCyl
is not activated. To elucidate the function of PLCy! in endothelial
differentiation, we constructed a constitutively active form of
PLCyl, PalmPLCyl, which has an additional sequence for
myristoylation and palmitoylation in its N-terminus (Veri et al.,
2001). We established a stable ES cell line carrying Tc-regulatable
PalmPLCyl (Tc-PalmPLCy1). These cells exhibited competence for
endothelial differentiation in response to VEGF-A (Fig. 6A).
Expression of PalmPLCyl resulted in the appearance of
PECAMI " cells from ESC-derived VEGFR2" cells in the presence,
but not the absence, of FGF-2 (Fig. 6A). These PECAMI1™ cells
induced by PalmPLCyl and FGF-2 were also positive for other
endothelial markers, such as VE-cadherin, CD34 and endoglin
(supplementary material Fig. S$3), indicating that they represent ECs.
We performed a colony formation assay for quantification of
endothelial differentiation induced by PalmPLCyl and FGF-2. In
the absence of survival signals, expression of PalmPLCyl! did not
affect induction of EC colonies, whereas in the presence of such
signals PalmPLCyl drastically induced formation of EC colonies
(Fig. 6B). Stimulation with PalmPLCyl and FGF-2 thus
reconstituted signaling for endothelial differentiation of ESC-
derived VEGFR2" progenitor cells. Because induction of endothelial
differentiation by PalmPLCy! was observed only in the presence
of survival signal for ECs, PalmPLCy! appears to direct endothelial

PLCy signal in endothelial specification 3307
FGF-2 + + +
sMock +

SVEGF-C(C1528) ’ T

Tc-R32

Te-Y1175F

Fig. 5. Signaling through VEGFR2 Y1175 is indispensable for endothelial
specification of VEGFR2” cells. Endothelial differentiation assay of
VEGFR2" cells derived from Te-R32 and Te-Y1175F in aMEM supplemented
with 10% FBS in the presence FGF-2, and sMock or sVEGF-C(C1528S). Cells
were then fixed and immunostained for PECAM 1 (green), aSMA (red) and
nuclei (blue). Scale bars: 100 um.

specification but not to promote the survival of ECs. We also
performed a cell survival assay (Fig. 6C). Numbers of ECs
expressing PalmPLCyl were decreased to levels comparable to those
of control ECs in the absence of VEGF-A in culture (Fig. 6C). These
findings indicate that PLCy! signaling is involved in endothelial
specification of VEGFR2" cells but not in the survival of ECs,

We next established a stable ES cell line in which expression of
PLCyl can be knocked down by microRNA (iniRNA) under the
control of Te (Te-miRNA-PLCYI). Expression of miRNA targeting
PLCy! resulted in modest decrease of PLCyI expression (Fig. 6D,
right) and decreased appearance of ECs (Fig. 6D, left), thus
confirming the important role of PLCyl in endothelial
differentiation.

We previously reported that a farnesyltransferase inhibitor, FTI-
277, suppressed VEGF-A-induced endothelial specification of
ESC-derived VEGFR2" vascular progenitor cells (Kawasaki et al.,
2008). In this study, we found that FTI-277 also suppressed the
endothelial differentiation induced by PalmPLCy! plus FGF-2 (Fig.
6E). Because FTI1-277 did not inhibit FGF-2-induced survival of
ECs (data not shown), the FTI-277-sensitive process is probably
located downstream of PLCyl.

Signaling from VEGFRS fails to induce endothelial
differentiation due to lack of PLCy1 activation

As described above, VEGFR3 signaling supports the survival of
ECs (Fig. 4C) but does fail to induce endothelial differentiation
(Fig. 2C). We therefore anticipated that VEGFR3 would not
activate PLCyl. We found that activation of R32 by VEGF-C
induced phosphorylation of PLCy!, whereas activation of VEGFR3
by VEGF-C did not induce phosphorylation of PLCy! (Fig. 6F).
Collectively, these findings indicate that the differences in ability
to induce endothelial differentiation between VEGFR2 and
VEGFR3 can be attributed to the differences between them in
activation of PLCyl. These findings further accentuate the crucial
role of PLCyl in endothelial specification.

Discussion

The development of blood vessels requires orchestrated behavior
of cells, including proliferation, migration and differentiation.
These complex dynamics are mediated through a variety of receptor-
dependent signaling pathways. Of the signaling pathways that
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regulate the formation and maturation of blood vessels, VEGFR2
signaling is one of the most important (Olsson et al., 2006).
VEGFR2 plays essential roles in the migration of VEGFR2" cells
from the primitive streak to the extra-embryonic yolk sac (Huber
et al., 2004, Hiratsuka et al., 2005), in situ differentiation into both
HCs and ECs (Choi et al, 1998), and subsequent vascular
remodeling processes (Yancopoulos et al., 2000; Coultas et al.,

endothelial differentiation. With this experimental system, we
found that, among the major sites of phosphorylation of VEGFR2,
Y 1175 is indispensable for endothelial differentiation, whereas Y951
and Y1214 are not. We also found that signaling from Y1175 is
required in two processes of endothelial differentiation: that which
specifies the endothelial fate of VEGFR2" cells, and that which
maintains the survival of ECs. Sakurai et al. previously reported

2005). In this study, we used ESC-derived VEGFR2" cells to

that migration of VEGFR2" cells from the primitive streak to the
examine the molecular relay of VEGFR2 signaling that leads to

yolk sac is impaired in knock-in mice, in which Y1173 of VEGFR2
has been substituted with phenylalanine (Y1173 of mouse
VEGFR2 corresponds to Y1175 of human VEGFR2)
(Sakurai et al., 2005). This defect results in accumulation
of these cells in the allantois and amnion, and lack of blood
island formation in the yolk sac (Sakurai et al., 2005). This
report and the findings of the present study indicate that
VEGFR2 Y1175 is involved in the formation of blood
islands through effects on the migration, subsequent
endothelial specification and survival of ECs. These
findings indicate that signaling from Y1175 plays diverse
and important roles in VEGFR2-dependent endothelial
differentiation.

The roles of the major sites of phosphorylation in
VEGFR2 have been investigated in ‘mature’ ECs. Y951 is
involved in actin stress fiber organization and migration
through interaction with an adaptor molecule, TSAd (T-
cell-specific adaptor) (Matsumoto et al., 2005; Wu et al,,
02 i 2000; Zeng et al.,, 2001).” TSAd-deficient mice exhibited
decreased tumor growth rate due to reduced vascularization
in an in vivo pathological angiogenesis model (Matsumoto
et al., 2005). Y1214 is implicated in actin polymerization
and reorganization through activation of Cdc42 and p38
(Lamalice et al., 2004; Lamalice et al., 2006). However,
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3 Y 1212F knock-in mice are viable and fertile (Sakurai et
§ al., 2005), consistent with our finding that Y1214 does not
g play a role in endothelial differentiation. Phosphorylation
H mRNA - -+ of Y1175 is known to result in recruitment and activation
K = oo Lon of PLCy, followed by Ras-independent activation of ERK

VEGFR?? B b via protein kinase C (PKC), leading to enhancement of cell

PLCyt miRNA | « + - +

Fig. 6. PLCy] is an inducer of endothelial specification. (A) Endothelial
VEGFA | = 1- 1 + | +

differentiation assay of VEGFR2* cells derived from Tc-PalmPLCYl in aMEM
supplemented with 10% FBS in the presence (+) or absence (-} of FGF-2, VEGF-A
and Te. Cells were immunostained for PECAMI (green), oSMA (red) and nuclei
(blue). Scale bars: 100 pm. (B) Colony formation assay in «MEM supplemented
with 10% FBS. Colonies of ECs, MCs and mixtures of both were quantified, The
ratio of number of colonies is displayed in the graph. Representative data from three
independent experiments are shown. {(C) Survival assay for ECs expressing
PalmPLCyl. Celf numbers are shown as fold-changes relative to those at the point
of medium change (Oh). Cells were treated with VEGF-A or not treated. Values are
the means £ s.d. (D) Colony formation assay of Tc-miR-PLCyl cells in which
PLCy1 expression was knocked down by miRNA in the absence of Te. VEGF-A
was used at 30 ng/ml. Colonies of ECs, MCs and mixtures of both were quantitied.
The ratio of number ot colonies is displayed in the graph (left). For knockdown of
PLCy1, ESCs were cultured in the absence of Tc for the last 2 days of in vitro
differentiation to induce expression of miRNA. Knockdown efliciencies in ESC-
derived VEGFR2" cells were examined by immunoblotting (right). (E) Effect of
FT1-277 on endothelial differentiation induced by PalmPL.Cyl and FGF-2.
Endothelial differentiation assay in “MEM supplemented with 10% FBS was
performed in the presence or absence of FGF-2, Tc and FT1-277 (3 uM), followed

- by immunostaining for PECAMI (green), tSMA (red) and nuclei (biue). Scale bars:
100 pum, (F) Activation of PLCy1 by ligand-stimulated R32 or VEGFR3. HEK 293T
cells expressing R32 or VEGFR3 were starved for 14 hours and stimulated with
recombinant VEGF-C (400 ng/ml) for 5 minutes, followed by immunoprecipitation
and immunoblotting to detect phosphorylation of PLCy1.
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proliferation (Takahashi et al, 1999; Takahashi et al., 2001).
Phosphorylation of Y1175 has also been reported to trigger
activation of PI3K to promote cell survival, as well as activation
of focal adhesion kinase (FAK) to regulate formation of stress fibers
and focal adhesions via the adaptor protein Shb (Dayanir et al.,
2001; Holmqvist et al., 2004). Y1054 and Y 1059 have been found
to be required for maximal kinase activity of VEGFR2 (Dougher
and Terman, 1999). Although VEGFR2 signaling pathways
mediating cell proliferation and migration have been well explored,
those directing endothelial ditferentiation in vascular progenitor cells
have remained largely unknown.

In this study, we have demonstrated that signaling through
VEGFR2 Y1175 is involved in endothelial specification of
VEGFR2" cells and subsequent survival of ECs. We further
examined the role of PLCy1, an effector that interacts with Y1175-
P, in VEGFR2-mediated endothelial differentiation. We found that
PLCyl enhances endothelial differentiation in the presence of
survival signal, suggesting that the VEGFR2-PLCy! axis mediates
endothelial specitication but not the survival of ECs (Fig. 6A-C).
Importantly, our finding that PLCyl plays an essential role in
endothelial specification is consistent with a previous report on
PLCyl-deficient mice. Liao et al. reported that vasculogenesis and
erythrogenesis were not observed in PLCyl-null mice, though non-
erythroid granulocytes and macrophages were present (Liao et al.,
2002). These observations suggest that hemangioblasts are present,
but that the subsequent differentiation into ECs or cells of the
erythroid lineage is impaired in the absence of PLCyl. They also
suggested the possibility that impaired vasculogenesis in PLCy1-
null mice might be due to failure of survival of endothelial
progenitors, because PLCyI also plays roles in cell survival (Lee
et al., 1999; Wang et al., 2001). However, the findings of our
colony formation assay (Fig. 6B) and endothelial survival assay
(Fig. 6C) revealed that the principal role of PLCyl during
endothelial differentiation of VEGFR2" progenitor cells is to direct
endothelial specification and not to support cell survival. PLCy2
is also expressed in VEGFR2" cells and ECs, as well as PLCyl
(data not shown). PLCY2-deficient mice were viable, although they
were obtained at approximately two-thirds the expected frequency
and were often smaller than wild-type mice, presumably because
of occasional hemorrhage (Wang et al., 2000). Given the difference
in phenotype between PLCyl-null mice and PLCy2-null mice,
PLCyl appears to play more crucial roles than PLCY2 in the
process of development of the vasculature.

We recently reported that Ras signaling plays an important role
in VEGF-A-dependent endothelial specification of VEGFR2* cells
(Kawasaki et al., 2008). VEGF-A induces delayed Ras activation
6-9 hours after stimulation in VEGFR2 vascular progenitor cells,
which specifies endothelial differentiation. In-this study, our
findings suggested that the VEGFR2-PLCyI axis is upstream of
Ras signaling because the endothelial specification induced by
PLCyI signaling was abrogated by FTI-277, a farnesyltransferase
inhibitor that inhibits H-Ras (Fig. 6E). It will be important to
determine the link between activation of PLCyl and the delayed
Ras activation in the transmission of signaling for endothelial
specification. Activation of PLCy results in formation of
diacylglycerol and inositol-1,4,5-triphosphate [Ins(1,4,5)P3]. The
former activates the Cl-domain-containing molecules including
PKCs and Ras guanine-releasing proteins (RasGRPs) (Kazanietz,
2000), whereas the latter triggers Ca® signaling pathways.
VEGFR2-induced PLCy signaling activates Erk through PKC
(Takahashi et al., 1999). PKC is also reported to activate Ras

(Marais et al., 1998) although the detailed mechanism still remains
to be determined. These two pathways, however, do not appear
to be involved in the delayed Ras activation by VEGF-A in
VEGFR2" cells, because U0126 (a MEK inhibitor) and Go6983
(a PKC inhibitor) did not affect Ras activation although they
inhibited endothelial differentiation induced by VEGF-A
(supplementary material Figs S4 and S5). Thus, other pathways
downstream of PLCy1 appear to induce the delayed Ras activation.
Notably, we did not observe the delayed activation of Ras after
VEGF-A stimulation in human microvascular endothelial cells
(Kawasaki et al., 2008), suggesting that Ras might be activated
through a mechanism unique to VEGFR2" vascular progenitor
cells. Tt is possible that the delayed Ras activation is mediated
through transcriptional induction of certain signaling molecules.

Akt has been reported to play an essential role in VEGF-A-
induced endothelial survival (Fujio and Walsh, 1999). By contrast,
the PI3K-Akt pathway is not involved in endothelial specification
(Kawasaki et al., 2008). Thus, it appears likely that the PI3K-Akt
pathway contributes to endothelial differentiation through
supporting cell survival. We also found that the PI3K-Akt pathway
is involved in endothelial survival by VEGFR3 signaling. The PI3K-
Akt pathway can be activated by Ras, but it appears to be activated
independently of Ras in VEGF-A-stimulated VEGFR2™ vascular
progenitor cells, because FT1-277 inhibited phosphorylation of Erk
but not Akt at 6 hours after VEGF-A-stimulation (supplementary
material Fig. S6).

Our findings are schematically summarized in Fig. 7. In
conclusion, we found that signaling through VEGFR2 Y1175 is
indispensable for endothelial specification and subsequent survival
of ECs, which are two elementary processes in endothelial
differentiation. We also demonstrated that signaling for endothelial
specification, a function of VEGFR2 characteristic among the
VEGFR family members, is mediated by VEGFR2-PLCyl signal
relay via VEGFR2 Y1175.

VEGFR2

VEGFR3
!1175

l « X:,,
i H
survival G ':'. survival
jl' specification '.":
i
4

3]

endotheliall O, H

differentiation
{specification + survivat)

Fig. 7. Hypothetical model of endothelial differentiation of VEGFR2* cells.
PLCy} is phosphorylated through interaction with Y 1175-P of VEGFR2 in
response to VEGF-A stimulation. The VEGFR2-PLC7! signaling axis might
lead to activation of Ras, one of the pivotal regulators of endothelial
specification, PI3K might also be activated via VEGFR2 Y 1175-P to maintain
survival of ECs. VEGFR3 does not induce endothelial specification of
VEGFR2" cells, presumably because VEGFR3 fails to activate PLCyI,
although VEGFR3 has the potential to maintain the survival of ECs via PI3K.
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Materials and Methods

Construction of a chimeric receptor and its mutants

¢DNAs coding for human VEGFR2 and VEGFR3 were described previousty (Suzuki
et al., 2003). All chimeric receptors were cloned into the pPthC vector. The chimeric
receptor denoted R32 contains the extracellular domain of VEGFR3 fused with the
wansmembrane and the intracellular domain of VEGFR2. R32 was constructed by a
PCR-based method as follows. Restriction sites were generated or destroyed with
amino acid residues being unaffected. as shown in Fig. 1. A BamHI site was generated
in the intracellular domain of VEGFR3 at 2451-2456 bp from the translational start
site. which corresponds to the BamHl site (2418-2423 bp) in VEGFR2. The
intracellular domain of VEGFR3 was swapped with that of VEGFR2 at the BamHi
sites of VEGFR2 and VEGFR3. R32Y93{E. R32Y1054F/1059F, R32Y1175F,
R32Y1214F and R32Y951F/Y 1214F. in which tyrosine residues were mutated to
phenylalanine, were also generated from R32 by a PCR-based method.

Reagents and antibodies

VEGF-A (VEGF-A165). FGF-2 and Fitl-Fc were purchased from R&D Systems
(Flanders, NJ). VEGF-C. FTI-277, U0126, LY294002 and Go6983 were from
Calbiochem (La Jolia, CA). VEGFR3-Fc was from Sigma. The following antibodies
were used: anti-VEGFR2 Y 1034-P (44-1046, Invirogen, Carisbad, CA). anti-
VEGFR3 (sc-28297, Santa Cruz Biotechnology, Santa Cruz, CA}, anti-tubulin
(Sigma-Aldrich), anti-PLCyl (se-81, Santa Cruz Biotechnology). anti-phosphotyrosine
(PY20, BD Pharmingen, San Diego, CA). anti-VEGFR2 (Avas12, BD Pharmingen),
anti-PECAM1 (Mec13.3, BD Pharmingen), anti-uSMA (1 A4, Sigma-Aldrich). anti-
VE-cadherin (11D4.1, BD Pharmingen). anti-CD34 (RAM34. BD Pharmingen), anti-
endoglin (MJ7/18, BD Pharmingen), anti-phospho-p44/42 (#91018, Cell Signaling
Technology), anti-phospho-Akt (#9271S, Celi Signaling Technology), anti-Erk
(1B3B9, Millipore), secondary antibodies conjugated with Alexa Fluor 488, 594 or
647 anti-rat/mouse IgG (Invitrogen Molecular Probes), and anti-PE conjugated with
magnetic beads (Miltenyi Biotec, Auburn, CA). TOTO3 iodide for nuclear staining
was from Invitrogen Molecular Probes.

Cells and cell culture

HEK 293T and HepG2 cells. obtained trom American Type Culre Coflection
(Manassas, VA), were cultured in Dulbecco’s modified Eagle's medium (DMEM,
Sigma, St Louis, MO) supplemented with 10% fetal bovine serum (FBS). MGZRTcH
ESCs were obtained from Hitoshi Niwa (RIKEN Center for Developmenta! Biology,
Kobe, Japan). The CCE ESC line was obtained from Martin J. Evans (University of
Cambridge. Cambridge, UK). Maintenance. differentiation, culture and magnetic-
activated cell sorting (MACS) of ESCs were performed as described previously
(Yamashita et al.. 2000). Stable ES cell lines carrying Te-regulatable R32 mutants,
PalmPLCyl and miRNA targeting PLCY1 were established and cultured as described
previously (Kawasaki et al.. 2008). The pre-miRNA sequence targeting mouse
PLCY! was selected as 5'-TCAAGAAGAACTTAGGAGTCCGTTTTGGCCACT-
GACTGACGGACTCCTGTTCTTCTTGA-3 and used as 16 tandem repeats
(Kawasaki et al., 2008). For endothelial differentiation assay, mouse ESC-derived
VEGFR2' cells were plated on type IV collagen-coated eight-well CultureSlides
(IWAKI, Chiba, Japan) at 2.5 10 celis per well and cultured for 2 days in SFO3
(Sanko Junyaku. Tokyo. Japan). or at 1.5x10* cells per well and cultured for 2-4
days in oMEM (Gibco, Grand Island. NY) supplemented with 10% FBS, in the
presence or absence of VEGF-A (30 ng/ml). FGF-2 (0.5 ng/ml), sMock or sVEGF-
C(C1528). For colony formation assay. ESC-derived VEGFR2' cells were plated at
1.0-4.0x 10" cells per well on type 1V collagen-coated one-well CultureSlides and
further cultured for 2-4 days in SFO3 medium or aMEM supplemented with 10%
FBS, in the presence of various ligands, reagents and supernatants. ESC-derived
VEGFR2' cells were cultured in SFO3 medium except as noted otherwise.

Preparation of sSVEGF-C{C1528S)

¢DNA encoding mouse VEGF-C(C152S) was described previously (Suzuki et al.,
2005). The coding region was subcloned into pcDEF vector (Goldman et al., 1996).
For preparation of cell culture supernatants. HEK 293T cells were transfected with
peDNA3 or a VEGF-C(C1528) expression vector by FuGene6 (Roche Diagnostics,
Indianapolis. IN). After 24 hours. cells were washed twice with serum-free medium
and further cultured in DMEM containing 5 mM glutamax (Gibco) for an additional
72 hours. Supematants of HEK 293T cells transfected with empty vector or VEGF-
C(C1528) expression vector were denoted sMock and sVEGF-C(C1528), respectively.
sVEGF-C(C1528) had a VEGFR3-stimulating activity that was equivalent to 1.5
ng/mi of recombinant VEGF-C, as determined by luciferase reporter assay. Flt1-Fe
chimera (300 ng/ml) was added to sMock or sVEGF-C(C1528) for removal of
endogenous VEGF-A produced by HEK 2937 cells, but was not added to the *sMock
plus VEGF-A’ used in the luciferase assay. Flt|-Fc (300 ng/ml) was sufticient for
neutralizing recombinant VEGF-A up 1o 60 ng/ml.

Luciferase assay

Activation of EIkl was measured by the GAL4 DNA-binding-domain (DB)-Elk|
fusion system (PathDetect in vivo signal transduction pathway trans-reporting
system. Stratagene, La Jolla, CA). HepG2 cells were transfected with plasmids as
follows: Renilla expression vector under conwrol of thymidine kinase promoter,

fuciferase expression vector under control of 5X GALJ binding site, DB-EIk1 fusion
protein expression vector, chimeric receptor expression vectors, and tetracycline-
sensitive transactivator expression vector. At 24 hours afler transfection. cells were
treated with sMock, sMock plus VEGF-A (100 ng/ml) or sVEGF-C(C152S). After
6 hours. cells were harvested and luciferase assay was performed according to the
manufacturer’s protocol (Promega, Madison, Wi).

Immunocytochemistry

Cells were fixed in 1:1 acetone-methanol solution. followed by ncubation with
primary antibodies and then with secondary antibodies, as described previously (Kano
et al., 2005).

siRNA

Three siIRNAs against mouse VEGFR3 (Fltd) were purchased from Invitrogen. Equal
amounts of FR4-MSS204362. FlIt4-MSS204363 and Fitd-MSS204364 were mixed
and used to knock down mouse VEGFR3.

Survival assay for ECs

Mouse ESC-derived VEGFR2' cells were plated at 2.0%10% to 4.0X10% cells per
well on type IV collagen-coated six-well plates and cultured in SFO3 1o difterentiate
into mature ECs by stimulation with VEGF-A (30 ng/ml). To exclude effects of
endogenous mouse VEGFR3 expressed in ECs, ESC-derived VEGFR2' cells were
reverse-transfected with negative control siRNA or VEGFR3 siRNA (5 uM) by
HiPerfect (Qiagen, Chatsworth, CA). After 36-42 hours of culture of the ESC-derived
VEGFRY" cells in SFO3 with VEGF-A, the medium was changed to one containing
sMock or sVEGF-C(C1528). Cells were counted at the point of medium exchange
and 12 hours after medium exchange. RNA was also prepared to examine the
efficiency of knockdown of endogenous VEGFR3 at the point of medium exchange.

RNA isolation and quantitative RT-PCR

Total RNA was prepared using RNeasy (Qiagen) and reverse-transcribed with the
SuperScript T first-strand synthesis system (Invitrogen). Expression of mouse
VEGFR3 was measured by quantitative RT-PCR. The primer sequences used for
VEGFR3 and GAPDH were as follows: VEGFR3: 3'-TCTCCA-
ACTTCTTGCGTGTCAA-3" and 5'-GCTTTGGCGCCTTCTACCAT-3". GAPDH:
5'-TGCAGTGGCAAAGTGGAGATT-3' and 5'-TGCCGTTGAATTTGCCGT-3",
All expression data were normalized to those for GAPDH,

Ras activation assay
Determination of activated Ras was performed as described previously (Kawasaki
et al,, 2008).
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Abstract

Thyroid transcription factor-1 (TTF-1) is expressed in lung
cancer, but its functional roles remain unexplored. TTF-1 gene
amplification has been discovered in a part of lung adeno-
carcinomas, and its action as a lineage-specific oncogene is
highlighted. Epithelial-to-mesenchymal transition (EMT) is a
crucial event for cancer cells to acquire invasive and metastatic
phenotypes and can be elicited by transforming growth factor-
B (TGF-3). Mesenchymal-to-epithelial transition (MET) is the
inverse process of EMT; however, signals that induce MET are
largely unknown. Here, we report a novel functional aspect of
TTF-1 that inhibits TGF-f-mediated EMT and restores
epithelial phenotype in lung adenocarcinoma cells, This effect
was accompanied by down-regulation of TGF-3 target genes,
including presumed regulators of EMT, such as Snail and Slug.
Moreover, silencing of TTF-1 enhanced TGF-3-mediated EMT.
Thus, TTF-1 can exert a tumor-suppressive effect with
abrogation of cellular response to TGF-3 and attenuated
invasive capacity. We further revealed that TTF-1 down-
regulates TGF-32 production in A549 cells and that TGF-B
conversely decreases endogenous TTF-1 expression, suggesting
that enhancement of autocrine TGF-(3 signaling accelerates the
decrease of TTF-1 expression and vice versa. These findings
delineate potential links between TTF-1 and TGF-03 signaling in
lung cancer progression through regulation of EMT and MET
and suggest that modulation of TTF-1 expression can be a novel
therapeutic strategy for treatment of lung adenocarcinoma.
[Cancer Res 2009;69(7):2783-91]

Introduction

Thyroid transcription factor-1 (TTF-1; the product of NKX2.1
gene), a homeodomain-containing transcription factor, is a master
regulator for lung morphogenesis, and TTF-1 null mice die
immediately at birth, resulting from profoundly hypoplastic lungs
(1). The importance of TTF-1 in human lung homeostasis is also
highlighted by the findings that individuals with TTF-1/NKX2.1
haploinsufficiency exhibit congenital pulmonary disease (2). TTF-1
is mainly expressed in type II pneumocytes and Clara cells and
regulates the expression of markers of these cells, i.e., surfactant

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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protein C (SPC) and Clara cell secretory protein (CCSP),
respectively (3).

Lung cancer is the most frequent type of cancers and causes
death of more than one million people annually. The prognosis
remains poor despite the recent advances in chemotherapies and
molecular-targeted therapies. Expression of TTF-1 has been shown
in all types of lung cancers, but its frequent expression is reported
in adenocacinoma (72.1%) and small cell carcinoma (90.5%; ref. 4).

Epithelial-to-mesenchymal transition (EMT) is the differentia-
tion switch directing polarized epithelial cells into mesenchymal
cells, which plays key roles during embryonic development (5, 6).
Mesenchymal cells arising through EMT significantly contribute to
various fibrotic conditions, and the process of tumor cell invasion
is also associated with EMT. In addition to the loss of cell-cell
adhesions, EMT is characterized by the up-regulation of mesen-
chymal markers, including fibronectin and N-cadherin, and
acquisition of fibroblast-like migratory and invasive phenotypes.

Recent studies revealed that several transcription factors,
including Snail, Slug, SEF-1 (ZEB1), and SIP1, are involved in the
induction of EMT (7-9). These transcription factors repress
expression of E-cadherin and induce EMT when overexpressed in
epithelial cells. The inverse process, mesenchymal-to-epithelial
transition (MET), has been shown to occur during development
and to be perturbed in fibrotic disorders and cancer. In contrast to
EMT, however, it is largely unknown as to which signals induce
MET.

Transforming growth factor-p (TGF-B) is a multifunctional
cytokine that regulates a broad range of cellular responses (10).
Three isoforms of TGF-§ ligands, ie, TGF-pl, TGF-p2, and
TGF-B3, show different expression profiles in various tissues,
including the lung. TGF-B binds to type II and type I serine/
threonine kinase receptors and transmits intracellular signals.
Smads are the major transducer of TGF-f signaling; Smad2 and
Smad3 are phosphorylated by the TGF-B type I receptor and form
complexes with Smad4. These complexes accumulate in the
nucleus and regulate transcription of target genes. TGF-B
suppresses growth of epithelial cells, whereas tumor cells
frequently lose the responsiveness to growth inhibitory activity of
TGF-p. Moreover, TGF-B is known to promote tumor progression
through a diverse repertoire of tumor cell autonomous and host-
tumor interactions. TGF-f is the major mediator of EMT and is
critically involved in epithelial-mesenchymal interactions during
lung morphogenesis (11).

In a model of chronic renal injury, bone morphogenetic protein-
7 (BMP-7) has been shown to reverse TGF-f-induced EMT (12),
and this finding encouraged us to explore the therapeutic strategy
to induce MET in cancer cells, most of which exist in an
intermediary phenotypic state of “partial EMT” with the potential
to undergo “full EMT.” Here, we studied the function of TTF-1 in
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lung cancer. Because TTF-1 positivity has been reported to be a
good prognostic marker in patients with non-small cell lung
cancer (13), we focused on lung adenocarcinoma in the present
study. Our results suggest that depletion of TTF-1 in lung
adenocarcinoma accelerates the process of EMT, leading to
progression of cancer.

Materials and Methods

Reagents and antibodies. TGF-B1 was purchased from R&D Systems
and used at the concentration of 1 ng/mL. Anti-phosphorylated Smad2,
phosphorylated Smad1/Smad3, fibronectin, and Snail antibodies were from
Cell Signaling. Anti-total Smad2/3, N-cadherin, E-cadherin, Z0-1, and CD31
antibodies were from BD Pharmingen (Transduction Laboratories). Anti-
TTF-1 antibody was from Lab Vision Corporation. Anti-a-tubulin and pan-
cytokeratin antibodies were from Sigma-Aldrich. LY364947 was from
Calbiochem and used at the concentration of 3 pmol/L.

Cell lines. A549 and Lewis lung cancer (LLC) cells were from Cell
Resource Center for Biomedical Research, Institute of Development, Aging
and Cancer, Tohoku University. NCI-H441 (H441) cells were from American
Type Culture Collection. LC-2/ad cells were from RIKEN BRC.

Cloning of the human TTF-1 ¢DNA. There are two alternative
transcripts of T7F-1 gene, and the short form consists of over 90% of
total transcripts (14). We cloned open reading frame of the short form from
the cDNAs of Lul39 cells. .

Phase contrast and fluorescence microscopy. Phalloidin staining and
immunocytochermical analyses were carried out, as described previously
(15). Fluorescence was examined by a confocal laser scanning microscope
(Carl Zeiss). Cells were also photographed using a phase-contrast
microscope (Olympus).

Luciferase reporter assay. Human E-cadherin promoter construct was
kindly provided by Dr. F. van Roy (Ghent University). Luciferase activity was
determined as described previously (15).

Immunoblot analysis. Radioimmunoprecipitation assay buffer and lysis
buffer were used for immunoblotting of TTF-1 and other proteins,
respectively. Detailed procedures were described previously (16).

RNA isolation and reverse transcription-PCR. Total RNA was isolated
with RNeasy (Qiagen), and first-strand ¢cDNA was synthesized using the
Superscript First-Strand Synthesis System (Invitrogen). Quantitative reverse
transcription-PCR (RT-PCR) analysis was performed using the ABI PRISM
7500 Fast Real-Time PCR System (Applied Biosystems) and Power SYBR
Green. The expression level was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase. PCR primers are listed in Supplementary
Table S1.

Gelatin zymography. The cells infected with Ad-LacZ or Ad-TTF-1 were
cultured with serum-free media for 48 h, and the conditioned media were
collected. Equal amounts of samples were applied to a 10% (w/v)
polyacrylamide gel impregnated with 1 mg/mL gelatin. After electropho-
resis, the gel was stained with 0.5% Coomassie blue,

Wound healing and invasion assays. Wound healing assay was
performed a$ described previously (16). Video time-lapse imaging was
performed as described in the supplementary information. Images were
analyzed using the Image ] software (NIH).

Cell invasion assay was performed using a Cell Culture Insert (BD
Biosciences). Collagen IC was coated on the upper side of the chamber.
Cells were trypsinized and reseeded in each well at a concentration of 5 x
10* per well. After 8 h, the cells on the upper face of the filters were
removed, and the cells on the lower surface were fixed in methanol and
stained with 0.2% crystal violet and 20% methanol.

RNA interference and oligonucleotides. Transfection of small
interfering RNA (siRNA) was performed using HiPerFect reagent (QIAGEN).
Human TTF-1 siRNA (Stealth RNAi HSS144278) and negative control
(Stealth RNAi 12935-200) were purchased from Invitrogen.

ELISA assay. The culture supernatantnts were acidified with 1 N HCl for
10 min, followed by neutralization with 1.2 N NaOH/0.5 mol/L HEPES. The
samples were then subjected to ELISA for TGF-B2 (R&D Systems).

Animal models and statistical analyses. C57/BL6 mice, 5 to 6 wk of
age, were obtained from Sankyo Laboratory. A total of 1 X 107 cells in
100 pL of PBS were injected s.c. into mice. Tumor volume was
approximated by using the equation, vol = (@ % b%) / 2, wherein vol is
volume, a is the length of the major axis, and b is the length of the minor
axis. The results were analyzed statistically by the multivariate ANOVA test
using JMP6 software (SAS Institute). Survival was analyzed by Kaplan-Meier
method, and P value was calculated by log-rank test. The excised samples
were put into OCT compound, frozen in dry-iced acetone, and further
sectioned for immunohistochemistry.

Restults

Ectopic expression of TTF-1 in lung adenocarcinoma cells.
A549 lung adenocarcinoma cells lack TTF-1 expression, whereas
H441 cells endogenously express it (17). Adenoviral transduction of
TTF-1 (Ad-TTF-1) yielded similar levels of TTF-1 transcripts in
A549 cells compared with those in H441 cells infected with control
adenoviruses encoding LacZ (Ad-LacZ; Supplementary Fig. S14).
TTF-1 was located in the nucleus in A549 cells infected with Ad-
TTF-1 (Supplementary Fig. S1B), and the known targets of TTF-1,
including CCSP and SPC, were induced 96 h after adenoviral
transduction (Supplementary Fig, S1C).

TTF-1 inhibits EMT in lung adenocarcinoma cells. To study
the effects of TTF-1 in lung adenocarcinoma cells, we first
examined morphologic changes of A549 cells. TTF-1 caused
apparent changes from an elongated shape to a polygonal or
round appearance (Fig. 14). Because formation of cell-cell
adhesions is mainly dependent on E-cadherin system in epithelial
cells, we further explored whether TTE-1 influences E-cadherin
expression. Luciferase assay showed that TTF-1 enhances the
human E-cadherin promoter activity in a dose-dependent fashion
(Fig. 1B). Untreated A549 cells lacked E-cadherin expression at low
cell density as confirmed by immunocytochemistry. When the cells
proliferate to higher cell density, diffuse and weak E-cadherin
staining was heterogeneously observed (Fig. 1C). Forced expression
of TTF-1 resulted in stronger staining of E-cadherin on the cell
membrane or in the cytoplasm (Fig. 1C, bottom left). These findings
suggested that TTF-1 might restore the epithelial property, at least
partially, and prompted us to explore the effect of TTF-1 on EMT in
lung adenocarcinoma cells.

Because TGF-f has been shown to elicit EMT in A549 cells (18),
we further investigated the effects of TTF-1 in the presence or
absence of TGF-B stimulation, In contrast to untreated A549 cells,
TGF-p triggered drastic morphologic changes to a spindle-like or
fibroblast-like appearance (Fig. 1C and D). E-cadherin staining was
completely lost in TGF-B-treated cells, regardless of cell density,
and actin reorganization was apparent by phalloidin staining,
showing the induction of EMT by TGF-p. Interestingly, EMT,
induced by TGF-p, was clearly inhibited by ectopic TTF-1 (Fig. 1C
and D).

E-cadherin expression was enhanced by the TGF-B type I
receptor inhibitor £Y364947 (Supplementary Fig. S24), suggesting
that blockade of endogenous TGF-§ signaling induces E-cadherin
up-regulation, TTF-1 further enhanced E-cadherin expression,
in addition to the effect of LY364947 (Supplementary Fig. $24).
TTF-1-mediated E-cadherin up-regulation and antagonism to
TGF-B~mediated EMT were further confirmed by immunoblotting
(Supplementary Fig. S2B). Besides loss of E-cadherin, EMT is
characterized by up-regulation of mesenchymal markers. TGF-p-
mediated up-regulation of fibronectin was antagonized by TTF-1,
whereas that of N-cadherin was not significantly affected
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Figure 1, TTF-1 inhibits TGF-p—mediated EMT. A,
phase contrast microscopy of A549 cells infected with
Ad-LacZ or Ad-TTF-1. B, luciferase reporter assay of
human E-cadherin in A549 cells. Bars, SD. C,
immunocytochemistry for E-cadherin (green). Red,
TRITC-phalloidin; blus, TOTO3 (nuclei). A549 cells
infected with Ad-LacZ or Ad-TTF-1 for 48 h were
incubated with or without TGF-1 for additional 48 h,
D, high magnification of the cells treated as in C. Red,
TRITC-phalloidin; blue, TOTO3 (nuclei).
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(Supplementary Fig. S2B). LY364947 suppressed the induction of
fibronectin and N-cadherin by TGF-B and up-regulated E-cadherin
expression (Supplementary Fig. S2B).

In addition to E-cadherin, A549 cells were further immuno-
stained for other epithelial markers, i.e., ZO-1 and pan-cytokeratin
(Supplementary Fig. §3). ZO-1 expression was observed in both
LacZ-expressing and TTF-1-expressing cells. In LacZ-transduced
cells, TGF-f treatment led to the reduction of its staining on the
cell membrane, whereas this effect was clearly antagonized by
TTF-1. Pan-cytokeratin expression was decreased but sustained
even after TGF-B treatment.

TTF-1 attenuates matrix metalloproteinase-2 activity, cell
migration, and invasive capacity of lung adenocarcinoma
cells. EMT is accompanied with enhancement of matrix metal-
loproteinase (MMP) activities that facilitate degradation of
extracellular matrices surrounding tumor cells. TGF-B treatment
enhanced the expression of MMP-2, as determined by quantitative
RT-PCR, and this effect was inhibited by TTF-1 (Fig. 24). LY364947

effectively blocked the effect of TGF-$ to induce MMP-2 in both of
the control and TTF-1-expressing cells (Supplementary Fig. S44).
Gelatin zymography further showed that MMP-2 activity was
enhanced by TGF-B, and this effect was inhibited by TTF-1
(Fig. 2B).

To analyze functional aspects of TGF-B-induced EMT and
antagonistic action of TTF-1, we performed wound healing and
invasion assays. TGF-p treatment led to highly migratory behavior
of cells and earlier closure of wounds after 72 hours, despite of
its growth inhibitory action {Fig. 2C, top left). Expression of TTF-1
resulted in retardation of wound closure reflecting attenuated
migratory property, and TGF- treatment failed to enhance cell
migration in TTF-1-transduced cells in contrast to LacZ-trans-
duced cells (Fig. 2C, bottom left). These effects were quantitated by
time-lapse movies (Fig. 2C, right and Supplementary Videos).

The process of cancer invasion involves the degradation of
basement membrane and extracellular matrices that are mainly
composed of collagen. To determine the invasive capacity of lung
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