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Figure 5. Sensitivity of VEGF signaling is enhanced by A
PKA. Serum-free cuiture of Fik1- cells on two-dimensional
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condition, at Flk-d3. (A-B) Flow cytometry for CD31 expres-
sion in the presence (Dox™; 1 pg/mL} or absence (Dox ") of
Dox. x-axis: CD31, y-axis: 8SC. Fik1 cells were incubated
with various concentrations of VEGF .5 or VEGF 154 in serum-
free medium, SFO3. Percentages of CD31° ECs in total
Flk1' celi-derived cells are indicated. (B) Quantitative evatu-
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ation of effects of PKA activation on EC differentiation.

Percentages of CD31" EC population in total Fik1~ cell-
derived cells are evaluated (n = 3; "P-. .05, *"P < 01 vs
corresponding values; NS indicates not significant). (C) Quan- Dox -
titative evaluation of the number of induced ECs. Totai cell
number that appeared from 12.5 - 10° of plated Fik1' cells
at Flk-d3 is shown.
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VEGF, 45 and VEGF,5 on FIk " cells using serum-free culture
with a defined medium, SFO3 (including insulin. transferrin,
sodium selenite. and ethanolamine). In the serum-{ree condi-
tion. CD3 1~ ECs were not induced from Flkl* progenitors in
the absence of VEGF 4. In the control condition (Dox "), S to
50 ng/mL VEGF s induced CD31% ECs. Surprisingly. although
almost no ECs were induced in the absence of VEGF s 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
(CD31" cells: 18.1% * 5.1% [Dox™, 0.5 ng/mL VEGF 5} vs
14.2% = 4.8% [Dox”. 3ng/mL VEGF ] 34.6% = 2.4%
[Dox~. 5 ng/mL VEGF4s] vs 25.2% = 4.8% {Dox". 50 ng/mL
VEGF4s}: Figure 5B). There was no difference observed in the
total cell number that appeared from Fik1 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 specilically by VEGF 45 treatment. and not by VEGF 4.
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 Flk].
Similarly. addition o' 8hromo-cAMP in Dox"~ condition also
enhanced response of FIk{© progenitor differentiation to VEGF
(supplemental Figure 9). These results indicate that dual activa-
ton of FIK and NRPI by PKA activation markedly enhanced
sensitivity of FIk1 ™ progenitors 10 VEGF 5.

PKA activation induces FlIk1-VEGF-NRP1 complex formation

Finally. we confirmed the formation and function of Fikl-
VEGF4s-NRP1 complex by PKA activation. One day aflter
FIKL cell culture in serum-free conditions (Fik-d 1), cells were
collected and protein interaction of FIki. 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 Flk-d[ (Figure
6Ai). Total NRPI expression was increased approximately
4.3-fold by PKA activation (n = 6: P << .001). In various
conditions that we (ested. only when added together with
CA-PKA expression (Dox ™). VEGF s formed a distinet protein
complex with FIkl and NRP1 (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 FIk1-VEGF-NRP1 complexes. (A) Immunoprecipi-
tation assay. Formation of FIk1-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-FIk1 antibady (Ai) and lotal cell lysates (Aii)
(Ai) Note that a distinct band was observed only when VEGF,5; was added lo
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.

Shromo-cAMP treatment also induced formation of a protein
complex with FIkl. NRPI, and VEGF,s (supplemental Figure
7B). These results clearly indicated that PKA activation induced
both FIkl and NRPI expression in vascular progenitors, and
VEGF 45 in turn specifically induced the protein complex
formation of FIkI1-VEGF,,s-NRPI. The formation of FlkI-
VEGF,s-NRP1 complex was completely blocked by the addi-
tion of anti-VEGF or anti-NRP I neutralizing antibodies (Figure
6AI lanes 8-9). Parallel to the FIkI-VEGF,,s-NRP| 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 NRP| neutralizing
antibodies, suggesting a functional significance of the FlkI-
VEGF ,5-NRPI complex (Figure 6B-C). These results indicate
that PKA regulates sensitivity of vascular progenitors to VEGF
by dual induction of FIkl and NRPI, which forms the FlkI-
VEGF,s-NRPI complex enhancing VEGF signaling to efli-
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 FIKI and NRPI expression in vascular progenitors and
markedly enhanced the “sensitivity” of the progenitors to VEGF 45
by inducing FIkI-VEGF,4s-NRPI 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 fuid shear stress * have been reported to activate PKA in ECs. We
previously demonstrated that adrenomedullin could enhance EC differ-
entiation from FIK 1™ cells through cAMP signaling.? Fluid shear stress
was reported 0 enhance EC differentiation from FIkI™ cells by
up-regulating VEGF receptors.* and to induce FIk| gene expression in
EC cell 5 These multiple PKA-activating signals should
be involved in vascular development to modulate the progenitor
sensitivity i vivo.

We previously reported that adrenomedullin/cAMP pathway  in-
duced differentiation of arterial ECs.** We also examined involvement
ol PKA in arterial-venous specification. Whereas addition of PKI. PKA
inhibitor, to FIKI™ 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
VEGF did not induce arterial ECs from FIkl* vascular progenitors
(supplemental Figure 11). These results indicated that PKA is not
mvolved in arterial-venous specification. Activation of PKA in FIkI ¢
cells did not induce prox!- 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.

lines.

Some studies have reported the roles of downstream molecules of
FIKI signaling in EC proliferation and differentiation. Tyrosine residue
1173 of FIKT (Y1173, corresponding to Y1175 in human FIk1, KDR) is
essential for FIkI {unction 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 FIk 1~ cells (supplemental Figure 12),
indicating that PLC and Ras pathway are both downstream molecules of
FIkI signaling. Enhanced VEGF signaling in vascular progenitors by
PKA should be mediated by these molecules o induce basal EC
differentiation.

Molecular mechanisms of PKA to induce and/or maintain FIk|
and NRP1 expression in vascular progenitors are largely unknown.
NRPI 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-
cyle progenitor cells.s" Recently, evidence is accumulating (o
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. FIkl. and NRPI should provide a novel molecular frame-
work for tissue development.

Very recently. Cimato et al reported that NRP1 was largely coex-
pressed with Flkt to identify endothelial precursors in human and
mouse ES cells.™ We confirmed that low-level expression of NRP was
observed in FIKI™ progenitors and was increased in ECs (supplemental
Figure 13). These 2 functional markers for EC progenitors, FIk1 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 endothelial 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 (PLCyl), 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://jcs.biologists.org/cgi/content/full/122/18/3303/DC1

Key words: VEGFR2, Endothelial differentiation, PLCy1, Embryonic
stem cells

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, torm 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 profiferation 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 dic 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 VEGFR2 is known to play an
essential role in blood vessel formation in vivo. Sakurai et al.
reported that VEGFR2 Y1173F knock-in mice died between E8.3
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 specitication, 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
ditferentiate into platelet-endothelial cell adhesion molecule-1-
positive (PECAM1™) ECs upon stimulation with VEGF-A, or o
smooth muscle actin-positive (0SMA™) MCs in the presence of
serum or platelet-derived growth factor-BB. Endothelial
ditferentiation 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 ditferentiation of vascular progenitor
cells, because signaling from either VEGFR1 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 PLCy1, 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 transmembrane 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 Elkl 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(C1528) expression vector. Supernatants of HEK 293T cells
transfected with empty vector or a VEGF-C(C1528) 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 Elkl
upon ligand stimulation (Fig. 2B). Luciferase activity was

transmembrane
VEGFR3 q-like domaint-7 region i
Xhol Xhol*  Hindily 9-iike domaint- gamye  Kinase domain
@

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

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

Because the signaling activity of R32 was contirmed, we next
established MGZRTcH ES stable cell lines carrying tetracycline
(Te)-regulatable R32, VEGFR3 or empty vector (denoted Te-R32,
Te-VEGFR3, and Tc-empty, respectively). In MGZRTcH cells, a
gene of interest can be introduced into the ROSA26 locus by means
of the Cre-loxP system, and expression of the gene can be silenced
by treatment with Te (Masui ct al., 2005).

ES cell lines were cultured for 4.5 days with Te (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 sVEGF-C(C1528) in the absence of Tc (transgene-
expressing condition). VEGFR2" cells derived from Te-empty, Te-
R32 and Te-VEGFR3 differentiated into PECAMI™ cells in
response to VEGF-A, indicating that these cells retain competence
for VEGF-A-dependent differentiation into ECs (Fig. 20).
VEGFR2" cells derived from Te-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 PECAM!" cells upon stimulation
with sSVEGF-C(C1528S) (Fig. 2C). The appearance of PECAMI1”
cells was inhibited by the co-presence of VEGFR3-Fc chimera
protein, confirming the effect of VEGF-C(C1528) (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 PECAMUY'
cells represent ECs. Comparable levels of expression of R32 and
VEGFR3 in differentiated states were confirmed by
immunostaining using an antibody that recognizes the extracellular
domain of VEGFR3 (data not shown). Therefore, the differences
in phenotypes between VEGFR2" cells derived from Te-R32 and
Te-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

Xhol* Hindil** Hindiil

BamHt  yosi vioss Y1175 vi21a el
VEGFR2 Y1059 (Y1173 in mouse)
Bamhbi

it 1t MDP G E
atc atc atg gal ccc ggg gag  VEGFR3
atc gtc atg gat cce gat gaa  VEGFR2
it VMDP DE

enzyme sites tor Xhol, HindHL, BamH1 and Norl 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
alsa shown. Y1175 in human VEGFR2 corresponds to Y1173 in
mouse VEGFR2. The nucleotide sequences as well as amino
acid sequence around the BemH! sites of VEGFR2 and
VEGFR3 are shown in the box. The mutated base in VEGFR3
is underlined. The iutracellular domain of VEGFR3 was
swapped for that of VEGFR2 at the BamHI 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 Y 1054-P antibody (top panel). The lower two panels show the
expression of each protein as indicated. (B) Luciferase reporter assay (o detect
activation of EIkI 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. Fltl-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 PECAMI (green), oSMA (red)
and nuclei (blue). Scale bars: 100 pm. (D) Endothelial differentiation assay of’
VEGFR2" cells derived from Te-R32 in the absence or presence of VEGFR3-
Fe (5 pg/ml). Cells were imngunusluincd for PECAMI (green), «SMA (red)
and nuclei (blue). Scale bars: 100 wm. (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 Te-R32 difterentiated to form EC
colonies. By contrast. EC colonies were only minimally induced
from VEGFR2" cells derived from Te-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
(R32Y9S1F, 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 Y 1175 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 ElkI
(Fig. 3B). R32Y951F, R32YI1214F and R32Y9SIF/Y1214F
transactivated Elk | reporter activities after stimulation with sVEGEF-
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
R32Y9S51F, R32Y 1175F 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(C152S5). These cells also exhibited competence for endothelial
differentiation in response to VEGF-A (Fig. 3C). Upon stimulation
with sVEGF-C(C1528S). VEGFR2" cells derived from Te-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 Tc-Y 1175F, 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).
G-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 EIKT by R32 mutants. Error bars represent s.d. (C) Endothelial
difterentiation assay of VEGFR2" cells derived from Te-Y951F, Te-Y 1175F,
Te-Y1214F and Te-Y951F/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
Y 1175 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 sSVEGF-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 ] * sMock
z ( ¥ SVEGF-C(C152S)
c 08
2
© 06
he]
S 04
0.2
0
scramble VEGFR3
SIRNA SIANA
B Tc-R32Y1175F
12 s oh
10 * ns ® sMock
o ® SVEGF-C(C1528)
S 08 M )
«
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scramble VEGFR3
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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. */<0.05 (Student’s 1-test); n.s., not significant.
Endogenous mouse VEGFR3 was knocked down to exclude eftects 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 (P13K) (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 R32Y1175F. The
present in vitro system is thus suitable tor 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-
Y 1175F 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 1175F differentiated into MCs upon treatment
with sMock (Fig. 5). Upon stimulation with sVEGF-C(C1528S),
significant endothelial differentiation was observed for Tc-R32-
derived VEGFR2" cells, but not for Tc-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
PLCY1 has been reported to play roles in cell proliferation through
interaction with Y1175-P in VEGFR2 (Takahashi et al., 2001:
Takahashi and Shibuya, 1997). PLCyl 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
difterentiation from ESC-derived VEGFR2" cells because PLCyI
is not activated. To elucidate the function of PLCyl 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 Te-regulatable
PalmPLCyl1 (Te-PalmPLCyl). 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 PECAMI ™ cells
induced by PalmPLCyl and FGF-2 were also positive for other
endothelial markers, such as VE-cadherin, CD34 and endoglin
(supplementary material Fig. S3), 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 PalmPLCyl was observed only in the presence
of survival signal for ECs, PalmPLCyl appears to direct endothelial

FGF-2 + + +
sMock
sVEGF-C(C152S) +

Tc-R32

Te-Y1175F

Fig. 5. Signaling through VEGFR2 Y 1175 is indispensable for endothelial
specification of VEGFR2" cells. Endothelial differentiation assay of
VEGFR2 cells derived from Te-R32 and Te-Y 1175F in aMEM supplemented
with 10% FBS in the presence FGF-2, and sMock or sVEGF-C(C152S). Cells
were then fixed and immunostained for PECAMI (green), aSMA (red) and
nuclei (blue). Scale bars: 100 pm.

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 PLCyl 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 (miRNA) under the
control of Te (Te-miRNA-PLCyl). Expression of miRNA targeting
PLCy1 resulted in modest decrease of PLCyl 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 PalmPLCyl plus FGF-2 (Fig.
6E). Because FTI-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 PLCYy1, 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 PLCy! 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 ot blood vessels. VEGFR2
signaling is one of the most important (Olsson et al., 2000).
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 diftferentiation into both
HCs and ECs (Choi et al.. 1998).
remodeling processes (Yancopoulos et al.. 2000; Coultas et al.,
2005). In this study, we used ESC-derived VEGFR2" cells to

and subsequent vascular

endothelial differentiation. With this experimental system, we
found that, among the major sites of phosphorylation of VEGFR2,
Y1175 is indispensable tor 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
that migration of VEGFR2" cells trom the primitive streak to the
yolk sac is impaired in knock-in mice, in which Y1173 of VEGFR2

examine the molecular relay of VEGFR2 signaling that leads to

# 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 eftects 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-specitic adaptor) (Matsumoto et al., 2005; Wu et al.,
2000:; Zeng et al., 2001). TSAd-deficient mice exhibited
decreased tumor growth rate due to reduced vascularization
inan in vivo pathological angiogenesis model (Matsumoto
etal., 2005). Y1214 is implicated in actin polymerization
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differentiation assay of VEGFR2" cells derived from Te-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), «SMA (red) and nuclei
(blue). Scale bars: 100 um. (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. Cell 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 Te-miR-PLCYI cells in which
PLCyI 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 quantified.
The ratio of number of colonies is displayed in the graph (left). For knockdown of
PLCYL, 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
:p";g"hmymsme Y20 FT1-277 on endothelial differentiation induced by PalmPLCyl and FGF-2.
r:LC}: Endothelial difterentiation assay in tMEM supplemented with 10% FBS was
;PLC-:1 performed in the presence or absence of FGF-2. Te and FTI-277 (3 M), followed
by immunostaining for PECAMI (green), aSMA (red) and nuclei (blue). Scale bars:
100 pum. (F) Activation of PLCyI by ligand-stimulated R32 or VEGFR3. HEK 293T

E [ PamPLCy] = ] - |+ I +
L_Fer2 | - ] L= 1 = 1]

: VEGFR3 N-terminus

lul % 5 . .
{exracolular) cells expressing R32 or VEGFR3 were starved for 14 hours and stimulated with
 tubulin recombinant VEGF-C (400 ng/ml) for 5 minutes, followed by immunoprecipitation

and immunoblotting to detect phosphorylation of PLCyI.
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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; Holmgqvist et al., 2004). Y1054 and Y1059 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 diftferentiation 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
PLCy! enhances endothelial differentiation in the presence of
survival signal, suggesting that the VEGFR2-PLCyl axis mediates
endothelial specification 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 PLCyl-
nuil mice might be due to failure of survival of endothelial
progenitors, because PLCy! 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 PLCy!
(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 specitication 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-PLCYy! axis is upstream of
Ras signaling because the endothelial specification induced by
PLCyl signaling was abrogated by FT1-277, a faresyltransferase
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)P:]. 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 etal., 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 UQ126 (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 PLCy! 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. It 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 FTI-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 clementary 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

N

l l specification
?

!

L_]i> endothelial : :
difterentiation “X

(specificalion + survival)

Fig. 7. Hypothetical model of endothelial difYerentiation of VEGFR2" cells,
PLCyl is phosphorylated through interaction with Y1175-P of VEGFR2 in
response 10 VEGF-A stimulation. The VEGFR2-PLCyI signaling axis might
lead to activation of Ras, one of the pivotal regulators of endothelial
specitication, 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 PLCy1.
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 deseribed previousty (Suzuki
et al.. 2005), All chimeric receptors were cloned into the pPthC vector. The chimeric
receptor denoted R32 contains the extraceliular domain of VEGFR3 tused with the
wansmenbrane and the intracelular 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 inracetiular domain of VEGFR2 at 2451-2456 bp from the translational start
site. which corresponds 1o the BamHl site (2418-2423 bp) in VEGFR2. The
intracellular domain of VEGFRY was swapped with that of VEGFR2 at the BamHI
sites of VEGFR2 and VEGFR3. R32YOSIF, R3ZY1034F 1059F, R32Y1I75F,
R32Y12{4F and R32YISIF/YI214F. in which tyrosine residues were mutated 10
phenylalanine. were also generated from R32 by a PCR-based method.

Reagents and antibodies

VEGF-A (VEGF-A163). FGF-2 and Flti-Fc were purchased from R&D Systems
(Flanders, NJ. VEGF-C. FTI-277, UG126. 1Y294002 and Go6983 were from
Calbiochem (La Jolla. CA). VEGFR3-Fe was trom Sigma. The following antibodies
were used: anti-VEGEFR2 Y1034-P (44-1046. Invitrogen, Curlsbad. CA). anti-
VEGFR3 (s¢-28297. Santa Cruz Biotechnology, Santa Cruz. CA), anti-tubulin
(Sigma-Aldrich), anti-PLCY! (sc-81. Santa Cruz Biotechnelogy ). anti-phosphotyrosine
(PY20. BD Pharmingen. San Dicgo, CA ) anti-VEGFR2 (Avas12, BD Pharmingen),
anti-PECAMI (Mec 3.3, BD Phanningen). anti-aSMA (1A4, Sigma-Aldrich), anti-
VE-cadherin (11D4.1, BD Pharmingen). anti-CD34 (RAM34. BD> Pharmingen), anti-
endoglin (MJ7/18, BD Phanmingen). anti-phospho-p44/42 (#9101 S, Cell Signaling
Technology). anti-phospho-Akt (#92718, Cell Signaling Technology). anu-Erk
(1B3B9. Millipore). secondary antibodies conjugated with Alexa Fluor 488, 594 or
647 anti-rat/mouse 12G (Invitrogen Molecular Probes), and anti-PE conjugated with
magnetic beads (Miltenyi Biotee, Aubura, CA). TOTO3 iodide for nuclear staining
was trom Invitrogen Molecular Probes.

Cells and cell culture

HEK 2937 and HepG2 cells. obtained from American Type Culture Collection
(Manassas, VA), were cultired in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma. St Louis. MO) supplemented with 10% tetal bovine serum (FBS). MGZRTcH
ESCs were obtained from Hitoshi Niwa (RIKEN Center for Developmental Biology.

Kobe, Japan). The CCE ESC line was obtained from Martin . Evans (University of

Cambridge. Cambridge, UK). Maintenance. ditferentiation. 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 PLCY] were established and cultured as described
previously {(Kawasaki et al.. 2008). The pre-miRNA sequence targeting mouse
PLCYE was selected as 3-TCAAGAAGAACTTAGGAGTCCGTTTTGGCCACT-
GACTGACGGACTCCTGTTCTTCTTGA-3" and used as 16 tandem repeats
(Kawasaki et al.. 2008). For endothelial ditferentiation assay, mouse ESC-derived
VEGFR2' cells were plated on type IV collagen-coated eight-well CultureSiides
(IWAK, Chiba. Japan) at 2.5 <107 cells per well and culwred for 2 days in SFO3

(Sanko Junyaku. Tokye. Japan). or at 1.3X10% cells per well and cultured for 2-4 .

days in oMEM (Gibeo, Grand Island. NY) supplemented with 10% FBS, i the
presence or absence of v -A (30 ng/mi). 2 (0.5 ng/ml). sMock or sVEGF-
C(C1528). For colony formation assay. ESC-derived VEGFR2' cells were plated at
1.0-4.0< 107 cells per well on type IV collagen-coated one-well CultureStides and
turther cultured for 2-4 days in SFO3 medium or oMEM supplemented with [0%
FB3S. in the presence of various ligands, reagents and supematants. ESC-derived
VEGFR2' cells were cultured in SFO3 medium except as noted otherwise.

Preparation of sSVEGF-C(C1528)

¢DNA encoding mouse VEGF-C(C1328) was described previously (Suzuki et al.,
2005). The coding region was subcloned into peDEF vector (Geldman et al., 1996).
For preparation of cell culre supernatants. HEK 293T cells were tansfected with
peDNAJ or a VEGF-C(C1328) expression vector by FuGeneé (Roche Diagnostics,
Indianapolis. IN). After 24 hours. cells were washed twice with serum-free medium
and further cultured in DMENM containing § mM glutamax (Gibeo) for an additional

72 hours. Supematants of HEK 2937 cells ranstected with empty vector or VEGF-
CCT528) expression vector were denoted sMock and sVEGF-C(C152S), respectively.
sVEGE-C(C1528) had a VEGFR3-stimulating activity that was equivalent to 1.3

pg/mi of recombinamt VEGF-C, as determined by luciferase reporter assay. Fltl-Fe
chimera (300 ngmb) was added to sMock or sVEGF-C(C132S) for removal of
endogenous VE A produced by HEK 2937 celis, but was not added to the *sMock
plus VEGF-A" used in the lueiferase assay. Fltl-Fe (300 ng/mi} was sufficiem for
neutralizing recombinant VEGE-A up 1o 60 ngimi.

Luciferase assay

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

luciferase expression vector under control of SX GAL4 binding site, DB-EIK1 fusion
protein expression vector. chimerie receptor expression vectors, and tetracveline-
sensitive transactivator expression vector. At 24 hours after transtection. cells were
treated with sMock. sMock plus VEGF-A (100 ng/mb) or sVEGF-C(CI32S). After
6 hours, cells were harvested and luciferase assay was performed acearding to the
manufacturer’s protocol (Promega, Madison. W),

Immunocytochemistry

Celis were fixed in 1:1 acetone-methanol solution. followed by incubation with
primary antibodies and then with secondary antibodies. as described previously (Kano
et al., 2003).

SiRNA

Three siRNAs against mouse VEGFR3 (Fhtd) were purchased from Invitrogen. Equal
amounts of FI4-MSS204362. Flid-MSS204363 and FIt4-MSS204364 were mixed
and used to knock down mouse VEGFRA.

Survival assay for ECs

Mouse  ESC-derived VEGFR2' cells were plated at 2.0X10% 10 40X 107 cells per
welt on type IV collagen-coated six-well plates and cultured in SFO3 to 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 s A (3 nM) by
HiPerfect (Qiagen, Chatsworth, CA). After 36-42 howrs of eulture of the ESC-derived
VEGFR2' cells in SFO3 with VEGF-A. the medium was changed 1o one containing
sMock or sVEGF-C(C152S). Cells were counted at the point of medium exchange
and 12 hours afler medium exchange. RNA was also prepared 1o 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 11 first-strand synthesis system (lnvitrogen). Expression of mouse
VEGFR3Y was measured by quantitative RT-PCR. The primer sequences used for
VEGFRY and  GAPDH  were as  follows: VEGFRY:  S-TCTCCA-
ACTTCTTGCGTGTCAA-3" and 3'-GCTTTGGCGCCTTCTACCAT-3'. GAPDH:
S-TGCAGTGGCAAAGTGGAGATT-3" and §'-TGCCGTTGAATTTGCCGT-3'.
All expression data were normalized to those for GAPDH.

E

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

We thank Hitoshi Niwa for MGZRTcH ESCs. This research was
supported by KAKENHI (Grants-in-Aid for Scientific Research) and
the Global Center of Excellence Program for *Integrative Life Science
Based on the Study ot Biosignaling Mechanisms™ from the Ministry of
Education, Culture, Sports, Science and Technology of Japan.
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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-3-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 TGF3 and attenuated
invasive capacity. We further revealed that TTF-1 down-
regulates TGF-32 production in A549 cells and that TGF-3
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-( 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 Il pneumocytes and Clara cells and
regulates the expression of markers of these cells, ie., 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 celi-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, 6EF-1 (ZEB1), and SIPI, 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- (TGF-#) is a multifunctional
cytokine that regulates a broad range of cellular responses (10).
Three isoforms of TGF-p ligands, ie, TGF-B1, TGF-2, and
TGF-Pp3, show different expression profiles in various tissues,
including the lung. TGF-p binds to type Il and type I serine/
threonine kinase receptors and transmits intracellular signals.
Smads are the major transducer of TGF-p signaling; Smad2 and
Smad3 are phosphorylated by the TGF-p 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-B. Moreover, TGF-B is known to promote tumor progression
through a diverse repertoire of tumor cell autonomous and host-
tumor interactions. TGF-p 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-B-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

www.aacrjournals.org

2783

Cancer Res 2009; 69: (7). April 1, 2009

— 332 —



Cancer Research

lung cancer. Because TTF-1 positivity has been reported to be a
good prognostic marker in patients with non-smail 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, ZO-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 umol/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 TTF-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
immunocytochemical 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 as described previously (16). Video time-lapse imaging was
performed as described in the supplementary information. Images were
analyzed using the Image J 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 HCI 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 % 107 cells in
100 uL of PBS were injected s.c. into mice. Tumor volume was
approximated by using the equation, vol = (@ X 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.

Resuits

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, §1B), 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 TTF-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-p 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-f 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-B. Interestingly, EMT,
induced by TGF-B, was clearly inhibited by ectopic TTF-1 (Fig. 1C
and D).

E-cadherin expression was enhanced by the TGF-p type I
receptor inhibitor LY364947 (Supplementary Fig. S2A4), suggesting
that blockade of endogenous TGF-B signaling induces E-cadherin
up-regulation. TTF-1 further enhanced E-cadherin expression,
in addition to the effect of LY364947 (Supplementary Fig. S24).
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-3—
mediated up-regulation of fibronectin was antagonized by TTF-1,
whereas that of N-cadherin was not significantly affected
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LacZ

LacZ

Figure 1. TTF-1 inhibits TGF-B-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; blue, TOTO3 (nuclei). A549 cells
infected with Ad-LacZ or Ad-TTF-1 for 48 h were
incubated with or without TGF-p1 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-@ 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. S3). ZO-1 expression was observed in both
LacZ-expressing and TTF-1-expressing cells. In LacZ-transduced
cells, TGF-B 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-p 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-p 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-R-induced EMT and
antagonistic action of TTF-1, we performed wound healing and
invasion assays. TGF-{3 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 lef?). Expression of TTF-1
resulted in retardation of wound closure reflecting attenuated
migratory property, and TGF-$3 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

www.aactjournals.org

2785

Cancer Res 2009; 69: (7). April 1, 2009

— 334 —



Cancer Research

Ratio of migrated distance

TTF-1+ TGE-pA

A B
MMP-2
e
s -
5% s
w o . :
g2 —
[ i
S8 : MMP-2 .
R o (62kDa)
38 |.f ——y
= -,
0 e , ) R

TGF-B1 0 10 20 30 40 h Ratio + L
C o 72h 0h

0.5
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expression of MMP-2 after TGF-p1
treatment in LacZ-transduced or
TTF-1-transduced cells. Bars, SD. The
values indicate the fold difference
compared with 0 h control of
LacZ-expressing cells. B, gelatin
zymography. Gelatin digestion by activated
MMP-2 was quantified and refative
intensity to control is indicated. Molecular
mass markers are in kDa. C, left, cells
infected with Ad-LacZ or Ad-TTF-1 were
scratched and incubated with or without
TGF-p1 for 72 h; right, quantitation of
wound healing assay. The distance of cefl
migration was measured after 24 h by
time-lapse video microscopy at eight fields
for each group. Bars, SD. D, left, celi
invasion assay. The migrated cells were
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quantitation of invasion assay. The
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of five random fields was obtained for
each well. Each experiment was performed
in triplicate. Bars, SD.

cancer cells, we used chambers coated with collagen IC. TGF-$
treatment resulted in increased number of migrated cells on the
lower face of the chambers. TTF-1-expressing cells showed
impaired migration through the filters, and the action of TGF-p
was completely antagonized by TTF-1 (Fig. 2D, left). Quantitation
of these results revealed that TTF-1 inhibited the invasive capacity
of lung adenocarcinoma cells and TGF-p failed to restore it
(Fig. 2D, right).

TTF-1 negatively regulates the expression of molecules
involved in EMT. In A549 cells, ectopic TTF-1 inhibited the
induction of TGF-p target genes, Smad7 and PAI-1, which are
regulated by Smad pathway (Fig. 34). Despite of these striking
differences, phosphorylation of Smad2 or Smad3 after TGF-B
treatment displayed no significant difference between the control
and TTF-1-expressing cells (Supplementary Figs. $54 and S5B).
Next, we knocked down the expression of endogenous TTF-1 in
H441 cells. Transfection of TTF-1 siRNA effectively suppressed the
expression of TTF-1 (Fig. 3B, left). TTE-1 knockdown resulted in
enhanced induction of Smad7 and PAI-1 after TGF-p stimulation in
H441 cells (Fig. 3B, right), consistent with the results in A549 cells.

Recent data have shown that Smad3 physically interacts with
TTF-1 and regulates the transcription of the TTF-1 target gene SPB
(19, 20). Taken together, it is suggested that TTF-1 suppresses
Smad-mediated transcription of a subset of TGF-p target genes in
the nucleus and, thereby, inhibits TGF-B—mediated EMT in lung
adenocarcinoma cells.

We further explored the antagonistic effects of TTF-1 against
TGF-p-induced EMT. Expression of E-cadherin is regulated by
multiple transcription factors, including zinc finger transcriptional
repressors Snail and Slug (8). TTF-1 suppressed the basal
expression level of Snail and Slug, and their rapid induction after
TGF-3 treatment was also inhibited by TTF-1 (Fig. 3C, lef).
Suppressed expression of Snail was also shown by immunoblotting
(Fig. 3C, right). Although LY364947 treatment suppressed the
expression of Snail and Slug after 24 h in LacZ-transduced cells, it

" did not induce further decrease in TTF-1-transduced cells

(Supplementary Figs. S4B and C).

Luciferase assay showed that Snail or Slug suppresses the human
E-cadherin promoter activity, antagenizing the action of TTF-1
to enhance it (Supplementary Fig. S64). Furthermore, adenoviral
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transduction of human Snail resulted in down-regulation of
E-cadherin and up-regulation of N-cadherin and fibronectin,
mimicking the effect of TGF-p (Supplementary Fig. S6B). These
results support the idea that Snail and Slug are involved in the
regulation of EMT in A549 cells, as previously described in other
cell types.

Recently, platelet-derived growth factor (PDGF) signaling (21)
and collagen 1 (22) have been reported to be involved in TGF-p-
induced EMT. In A549 cells, TGF-B stimulation resulted in the
induction of PDGF-B and al(l) collagen, whereas this effect was
blocked by ectopic TTF-1 (Supplementary Figs. S74 and B). These
results suggest that TTF-1 blocks EMT and induces epithelial
differentiation by suppression of an array of events leading to EMT.
In addition, induction of CTGF after TGF-§ treatment was also
inhibited by TTF-1 (Supplementary Fig. $7C). Thus, it is also
suggested that TTF-1 can act as-an antifibrotic factor in cancer, as
well as in fibrotic disorders, through down-regulation of fibrotic
factors.

Silencing of TTF-1 modulates epithelial phenotypes and
enhances TGF-3-mediated EMT. To further address the effect of
TTF-1 on TGF-B-induced EMT, we knocked down endogenous
TTF-1 in H441 cells. Control or TTF-1 siRNA was transfected at 0
and 72 hours in the presence or absence of continuous TGF-p
stimulation, and the cell morphology was examined at 144 hours
(Fig, 44), because it was previously reported that alveolar epithelial
cells undergo EMT when chronically treated with TGF-p for
>144 hours (23). Silencing of TTF-1 in H441 cells resulted in
morphologic changes to a flattened or elongated shape with
decreased cell-cell attachment (Fig. 44). TGF- treatment led to the
reorganization of actin stress fibers, whereas cell-cell adhesions
were sustained (Fig. 44 and Supplementary Fig. $84). The cells with
combined treatment of TTF-1 knockdown and TGF-B showed
impaired cell-cell attachment, and fibroblast-like cells were
frequently found when cultured at low cell density (Fig. 44, bottom),

H441 cells were also immunostained for E-cadherin, ZO-1, and
pan-cytokeratin (Supplementary Fig. S8B). E-cadherin staining on

A Smad7 PAI-1
= 3 20
g < lLacZ E -~ LacZ
5q ] - TTF1 c g - TTF-1
o< i o g
0o 2 PRt
g8 ]
g0 o 10
oy s 8
28! ¢35
£ E £E
L5 s &
%L 22 Y
0 0
TGF-p1 0 10 20 30 40 h TGF-B1 0 10 20 30 40 h
B Smad7 PAI-1
10 30
g ~ow 5| NTC g —=SiNTC
'5 > 51 TTF-1 § % s TTF-1 |
R #o 20
¢ O ¢ O
85 5 -
TTF-1 59 e
o= o= 10
> 0 > ©
, g€ gE
a-tubulin T O s ©
o £ o« £
0 0
TGF-31 0 10 20 h  TGF-p1 0 10 20 h
C .
Snail Slug
& &
= =~LacZ - =~ LacZ N o -~ ey
S - TTF-1 W - TTF-1 S ,?',9 £ KRS
ca [-3rY ~ Ny ~ *
O«q § .g < ; -
"o [0} ; . T
89 59 T e [
Qs Qs -
a ;
;v‘,‘g 382 W a-tubutin
> 8 S®
5E R E ¥ .
0 - 0
TGF-§1 0 10 20 30 40 h  TGF-f1 € 20 30 40 h

Figure 3. TTF-1 down-regulates the molecules involved in EMT. A, quantitative RT-PCR. Kinetic expression of Smad7 and PAI-1 indicated as in Fig. 2A. B, leff,
immunobiotting of TTF-1 in H441 cells transfected with mock, control siRNA (si NTC), and siRNA for TTF-1 (si TTF-1). «-Tubulin was used as a loading control. Right,
quantitative RT-PCR. Kinetic expression of Smad7 and PAI-1. H441 cells were transfected with si NTC or si TTF-1 and treated with TGF-;31 for the indicated time
periods. C, left, quantitative RT-PCR. Kinetic expression of Snail and Slug. Right, immunoblotting of Snail in A549 cells infected with Ad-LacZ or Ad-TTF-1 and treated

with or without TGF-p1 for 24 h,
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the cell membrane was clearly observed in H441 cells. In contrast
to A549 cells, E-cadherin expression was persistent even after
TGF- treatment. TTF-1 knockdown alone failed to significantly
suppress its expression, but simultaneous treatment with TGF-p
resulted in loss of cell-cell adhesions and substantially decreased
E-cadherin staining, Irregular staining of ZO-1 was noted in H441
cells, and TTF-1 knockdown or TGF-f3 treatment led to its reduced
expression. Pan-cytokeratin expression was decreased but sus-
tained even after TGF-B treatment or TTF-1 knockdown. Together
with the results in A549 cells, cytokeratins might be persistently
expressed in lung cancer cells with mesenchymal phenotypes,
consistent with the clinical findings that most lung cancer cells
keep expressing cytokeratins.

We next examined the effect of TTF-1 knockdown on both
TGF-p-mediated rapid induction of Snail or Slug and expression of
EMT markers. Consistent with the observations in A549 cells
(Fig. 3C), silencing of TTF-1 resulted in enhanced induction of Snail
and Slug (Fig. 4B). Enhanced induction of Snail was also shown by

immunoblotting (Fig. 4C, left). We also studied the effect of chronic
exposure (144 hours) to TGF-B. TTF-1 knockdown resulted in
enhanced expression of Snail, and the induction of fibronectin
mediated by TGF-B was enhanced under the condition that TTF-1
was knocked down (Fig. 4C, right). These observations support the
action of TTF-1, which inhibits EMT mediated by TGF-p. Contrary
to the immunocytochemical observations (Supplementary Fig.
$8B), E-cadherin expression was not significantly affected by either
TGF-p treatment or TTF-1 knockdown in a bulk population of the
cells cultured at high cell density (Fig. 4C, right). This result
suggested that E-cadherin expression is retained by other
mechanisms that might overcome the effect of TGF-B or TTF-1
in H441 cells cultured at high cell density.

Reciprocal regulation of TTF-1 expression and TGF-3
signaling, To address the effect of TGF-p on the expression of
TTF-1, we used two different lung adenocarcinoma cell lines, H441
and LC-2/ad, which endogenously express TTF-1. TGF-§ treatment
for 72 hours suppressed the expression of TTF-1 mRNA and protein
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in both cell lines (Fig. 54 and B), and blockade of TGF-§ signaling
with LY364947 resulted in restoration of TTF-1 expression
suppressed by TGF-3 (Fig. 5B). These findings were consistent
with the previous report, showing reduced expression of TTF-1 in
alveolar epithelial cells undergoing EMT (23).

To examine the effect of TTF-1 on the expression of TGF-§
ligands, semiquantitative RT-PCR was performed for the three
isoforms of TGF-p in A549 cells. Transcription of TGF-p2 was
down-regulated by TTE-1, whereas expression levels of TGF-31
transcripts were not significantly different between the control and
the TTF-1-transduced cells (Fig. 5C). Transcripts of TGF-p3 were
not detected in A549 cells (data not shown). Down-regulation of
TGF-B2 expression was further confirmed by quantitation of
TGF-P2 protein in the conditioned media (Fig. 5D). Taken together,
reciprocal regulation between TTF-1 and TGF-f signaling has been
observed, suggesting that enhancement of autocrine TGF-p
signaling accelerates the decrease of TTF-1 expression and vice
versa.

TTF-1 inhibits tumor progression in vive. To address the
effect of TTF-1 in vivo, we used a mouse syngenic model. Mouse
LLC cells stably expressing green fluorescent protein (GFP) or TTF-
1 were generated by retroviral gene transfer and were inoculated
into syngenic C57/BL6 mice. Retroviral transduction was con-
firmed by GFP fluorescence (Supplementary Fig. $94). LLCs cells
lacked TTF-1 expression, and ectopic TTF-1 was located in the
nucleus (Supplementary Fig. S$9B). Expression of TTF-1 resulted in
retardation of tumor growth (Fig. 64), and survival rate was
prolonged (Fig, 6B). Blood vessel density was lower in the TTF-1-
expressing tumor, suggesting that TTF-1 expression might affect
tumor-stromal interactions (Fig. 6C and D).

Discussion

In the present study, we showed that TTF-1 inhibits EMT in
response to TGF-B and restores epithelial phenotypes in lung
adenocarcinoma cells, leading to suppression of cell migration and
invasion. TTF-1 abrogated TGF-B-mediated induction of Snail and
Slug, which regulate the changes in gene expression patterns that
underlie EMT (9). On the other hand, expression profiles of other
factors that have been implicated in EMT, such as SEF-1 (ZEB1)
and SIP1 (15), HMGA2 (24), and Twistl (25), suggested that they
are not involved in either TGF-B-mediated EMT or the effect of
TTF-1 in A549 cells (data not shown). The mechanism of how
TTF-1 inhibits TGF-B-mediated EMT could be explained by
multiple mechanisms. One is the suppression of Smad-mediated
transcription of EMT-inducing molecules, such as Snail and Slug
(Fig. 3), as suggested by the recent findings that Smad3 physically
interacts with TTF-1 and regulates its transcriptional activity
(19, 20). We have also shown the importance of another pathway;
i.e, attenuation of autocrine TGF-# signaling by TGF-p2 down-
regulation (Fig. 5).

Accumulating evidence of genomic analyses revealed that TTF-1
gene is amplified in 10% to 15% of lung adenocarcinomas, and
in vitro studies further support the concept that TTF-1 acts as a
lineage-specific oncogene (26-28). On the other hand, the
functional significance of TTF-1 in other subsets of lung
adenocarcinomas, wherein TTF-1 expression is reduced or lost,
still remains to be elucidated.

It is reported that TTF-1 expression is high in well-
differentiated carcinomas and relatively Jow in poorly differen-
tiated carcinomas (13). According to the classification of lung
adenocarcinomas into terminal respiratory unit (TRU) type and
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Figure 5. Exogenous TGF-p £ i
down-regulates TTF-1 and TTF-1 5 ~
down-regulates TGF-p2 in lung § g Ha41 LC-2/ad
adenocarcinoma cells. A, quantitative PCR £ ol 0
of TTF-1. H441 or LC-2/ad cells were - N o
treated with or without TGF-g1 for 72 h. control  TGF-j1 control TGF-i1
Bars, SD. B, immunoblotting of TTF-1. H441 LC-2/ad
H441 or L.C-2/ad cells were treated with or
without TGF-31 and LY364947 for 72 h. C D 5
C, semiquantitative RT-PCR. A549 cells X -
infected with Ad-LacZ or Ad-TTF-1 were TGF-fi1 Blacz
incubated in the presence or absence of 24h _48h

TGF-p1 for additional 48 h. D, ELISA
for TGF-B2. A549 cells infected with
Ad-LacZ or Ad-TTF-1 were incubated in
serum free media for 48 h (4 d after
infection). The cells were incubated for
anocther 48 h in the replaced serum-free
media (6 d after infection). Bars, SD.
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