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That tumors lack innervation is dogma in the field of pathology, but
the molecular determinants of this phenomenon remain elusive.
We studied the effects of conditioned media from Colon 26 and
B16 mouse tumor cell lines on the axonal outgrowth and cellular
differentiation of embryonic Institute of Cancer Research (ICR) mouse
dorsal root ganglion cells. Tumor-conditioned media suppressed dorsal
root ganglion axonal extension but had no effect on neuronal or
glial differentiation. We found that the tumor cells expressed most
of the class 3 semaphorins ~ axon guidance molecules. Blocking the
activity of class 3 semaphorins with the soluble receptor neuropilin-
1 significantly counteracted the tumor-induced inhibition of axonal
extension. Together, these results suggest a role for tumor-secreted
class 3 semaphorins in selectively inhibiting axonal outgrowth of
dorsal root ganglion neurons. (Cancer Sci 2007; 98: 1192-1197)

The lack of innervation in tumors is a generally accepted
fact,"” but the molecular determinants of this phenomenon
are poorly understood. Furthermore, certain tumors such as
esophageal cancer were shown to be innervated by peptidergic
nerve fibers and to promote process extension in DRG neurons.®
Notably, sarcomas can secrete NGF, which promotes prolife-
ration and axonal outgrowth of DRG neurons, the observation of
which led to the initial discovery of NGF.® Thus, the effects of
tumors on axonal growth are unclear and need further analysis.

Peripheral nerves are known to associate with blood vessels,
reflecting their need for oxygen and nutrients and their control
of vasoconstriction and vasodilation.” In mutant embryos con-
taining disorganized nerves, blood vessel branching is altered to
follow the nerve,® suggesting that local signals supplied by
nerve fibers may provide a template that determines blood vessel
patterning. These data indicate a functional relationship between
axonal outgrowth and angiogenesis under physiological conditions,
and make the question of tumor innervation even more intriguing.

DRG neurons innervate most of the internal organs, thus their
processes have the highest potential for interacting with the cells
of a tumor growing in the body. We therefore investigated
whether molecular cues secreted from tumor cells affect axonal
outgrowth and additionally alter the differentiation capacity of
immature neural cells in the DRG. Here, we report that super-
natant isolated from two tumor cell line cultures inhibited process
extension of DRG neurons, and present evidence implicating
secreted class 3 semaphorins as mediators of this tumor-induced
axonal inhibition.

Materials and Methods

DRG culture. Embryos at embryonic day 12.5 were dissected from
pregnant Institute of Cancer Research (ICR) mice (SCL, Shizuoka,
Japan). DRG were extracted free of surrounding tissues and
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placed one per well in 24-well, poly-L-lysine-coated culture plates
(Iwaki, Tokyo, Japan). Colon 26 (C26; mouse colon cancer) and
B16 (mouse melanoma) tumor cell lines were cultured in DMEM
(Sigma-Aldrich, St Louis, MO, USA) supplemented with 10%
FBS (Sigma-Aldrich). Culture supernatants were collected when
cells reached approximately 80% confluence. Four culture media
were prepared: (i) control medium, DMEM + 10% FBS + 50 ng/mL
human recombinant NGF (PeproTech, Rocky Hill, NJ, USA);
(ii) tumor-conditioned medium, equal amounts of control
medium with 100 ng/mL NGF and tumor cell line supernatant
were mixed; (iii) rescue medium, tumor-conditioned medium
with 50 pg/mL recombinant fusion protein of the extracellular
domain of murine Npnl with the Fc fragment of human IgG;
and (iv) control rescue medium, tumor-conditioned medium with
50 ug/mL recombinant fusion protein of the CD4 glycoprotein
with the Fc fragment of human IgG.7® DRG were incubated
in one of the above media for 48 h and then fixed and stained.
Culture media were replaced with fresh media after 24 h of
incubation.

Immunocytochemistry. The immunohistochemical procedures
on culture plates were basically the same as reported previously.®
Briefly, DRG on culture plates were fixed in 4% paraform-
aldehyde in PBS (pH 7.5) for 10 min at RT and rinsed with
PBST. Non-specific binding of secondary antibody was blocked
with 5% normal goat serum and 1% bovine serum albumin
in PBST (blocking serum) for 30 min at RT. Cultures were
incubated with mouse anti-B-1II tubulin primary antibody (1:200;
Covance, Richmond, CA, USA) or rabbit anti-GFAP antibody
(1:200; DAKO, Kyoto, Japan) overnight at 4°C in blocking
serum, rinsed three times for 10 min at RT with PBST and then
incubated with goat antimouse IgG conjugated to Alexa Fluor
488 (1:100; Invitrogen, Carlsbad, CA, USA) in blocking serum
for 1 h at RT. Cultures were rinsed again with PBST, and PI was
added for 1 min at RT for visualization of nuclei.

RT-PCR. Total RNA was isolated from C26, B16, LLC, cloneM-
3 (mouse melanoma) and MM102-TC (mouse mammary gland
carcinoma) cells using the Isogen (Wako, Osaka, Japan) isola-
tion kit according to the manufacturer’s instructions, and were
reverse-transcribed with the SuperScript (Invitrogen) RT-PCR
system as reported previously."” The class 3 semaphorin Npnl
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Fig. 1. Tumor-conditioned medium inhibits dorsal
root ganglion (DRG) axonal outgrowth. Confocal
images of DRG primary cultures exposed to (a,b)
control medium or (c,d) colon 26 tumor-conditioned
medium. Cultured cells were stained with anti-p-lii
tubulin antibody. (b,d) High-power views of areas
indicated by boxes in (a) and (), respectively. Scale
bar = 500 um. (e) Statistical evaluation of the DRG
halo diameter. Data show mean + SEM from five
random fields. *P < 0.001 versus control. Shown are
representative data from one of three independent
experiments.

and Npn2, and B-actin gene sequences were amplified using
ExTaq (TaKaRa, Tokyo, Japan) DNA polymerase with: Sema3A
forward, 5-CGGGACTTCGCTATCTTCAG-3’ and reverse, 5'-
GGGACCATCTCTGTGAGCAT-3"; Sema3B forward, 5-AACCC-
ATGCTTCAACTGGAC-3’ and reverse, 5'-CTGGAGGTGGAG-
AAGACAGC-3"; Sema3C forward, 5-TGGCCACTCTTGC-
TCTAGGT-3 and reverse, 5-GCCTTCAGCTTGCCATAGTC-3";
Sema3D forward, 5'-AGCACCGACCTTCAAGAGAA-3’ and
reverse, 5'-GTGCATATCTGGAGCAAGCA-3’; Sema3E forward,
5-TTGGACAGCAATTTGTTGGA-3’ and reverse, 5'-AGCCA-
ATCAGCTGCAAGAAT-3’; Sema-3F forward, 5'-TGCTTGTC-
ACTGCCTTCATC-3" and reverse, 5-TACAGGTGTGTTCGGT-
TCCA-3’; Sema3G forward, 5-TCTTTGGCACAGAGCACAAC-
3’ and reverse, 5-CCTGCACCATACACGTTCAC-3; Npnl
forward, 5'-CTCCCGCCTGAACTACCCTGAAAAT-3' and
reverse, 5'-CCACTTGGAGCCATTCATTGGTGTA-3"; Npn2
forward, 5-“TGAATCTCCAGGGTTTCCAG-3’ and reverse, 5'-
GTCCACCTCCCATCAGAGAA-3; and f-actin forward, 5'-
CCTAAGGCCAACCGTGAAAAG-3 and reverse, 5'-TCTTC-
ATGGTGCTAGGAGCAG-3’ primer pairs. The PCR products
were fractioned by electrophoresis and the positive bands
were visualized in a FAS III (Toyobo, Osaka, Japan) ultraviolet
transilluminator.

Western biotting. C26 and B16 cells were trypsinized and
collected. Procedures for the preparation of cell lysates and
western blotting were basically the same as those reported
previously.!! Briefly, total protein was extracted using Nonidet
(N)P-40 Tris buffer with proteinase inhibitor cocktail added.
Proteins were fractioned by sodium dodecylsulfate—polyacrylamide
gel electrophoresis and transferred to a membrane. The membrane
was incubated for 30 min at RT with a generic protein to cover
any remaining sticky places. Primary antibodies against mouse
Sema3A (1:1000; Abcam, Cambridge, UK), Sema3C (1:1000;
R&D Systems, Minneapolis, MN, USA) or glyceraldehyde-3-
phosphate dehydrogenase (1:1000; Chemicon, Temecula, CA, USA)
were added for 1h at RT followed by horseradish peroxidase
(HRP)-conjugated goat antimouse IgG (1:1000; DAKO). The
positive bands were visualized by ECL detection reagents
(Amersham Biosciences, Piscataway, NJ, USA) in a LAS-3000
imaging system (Fujifilm, Tokyo, Japan).

Image analysis. Single and double labeling were visualized by
confocal laser scanning microscopy (LSM 510; Carl Zeiss,
Gottingen, Germany). Alexa Fluor 488 was assigned to the green
channel and PI to the red channel. For single-labeling experi-
ments, an average of 16 z-axis scans was used to generate the
final images. In double-labeling experiments, each fluorochrome
was scanned separately and sequentially to minimize the
probability of signal transfer among channels. Measurements of
DRG halo diameter were carried out using Zeiss LSM soft-
ware version 3.2 on six samples from each experimental group.
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Within each experimental group, at least 100 Pl-positive cells were
investigated for costaining with B-1II tubilin or GFAP. Diameters
and percentages of positive cells were averaged to obtain a
mean density for each marker per experimental group.

Statistical analysis. Diameters of DRG halos were compared
using Student’s paired t-test. Percentages of cells expressing
B-III tubulin or GFAP were compared using non-parametric
tests (Mann—Whitney U-test and Kruskal-Wallis test). Data are
expressed as mean  SEM. Differences were considered signifi-
cant when P <0.05.

Results

Tumor-conditioned medium inhibited DRG axonal outgrowth.
DRG cells cultured under normal conditions (control medium)
grew steadily, and within 48 h of culturing extended radial pro-
cesses in all directions (Fig. 1a,b), in agreement with previous
studies using similar culture media (DMEM supplemented with
NGF).4%3 The removal of NGF from the culture medium
resulted in extensive cell death (data not shown); therefore, all
culture media were supplemented with NGF. In contrast, the
DRG cells cultured with C26 (Fig. Ic) or B16 (Suppl. Fig. 1)
tumor-conditioned medium showed limited axonal outgrowth
and their axons lacked the straightness of control axons (Fig. 1d).
Quantitative measurement of DRG halo diameters revealed
that DRG cells grown in tumor-conditioned medium had
significantly smaller halos than those grown in control medium
(Fig. 1e).

Tumor-conditioned medium did not alter DRG cellular
differentiation. Tumor-conditioned medium affected axonal out-
growth; however, tumor-conditioned medium may also be in-
volved in other cellular processes such as differentiation of DRG
cells. Therefore, we stained DRG cells cultured in control or
tumor-conditioned media with antibodies against the neuronal
marker -III tubulin or the astrocyte marker GFAP; the nuclei of
all cells were counterstained with the DNA-binding dye PI
(Fig. 2a-1). We then quantitatively evaluated the percentages of
B-11I tubulin- or GFAP-positive cells among the total population
of Pl-stained cells under high magnification (Fig. 2m,n). We
evaluated B-1II tubulin-positive neuronal cells adjacent to the
center of the DRG halo because the density of neuronal cells in
the center was too high to clearly distinguish individual cells,
but we evaluated GFAP-labeled astrocyte lineage cells in the
periphery of the DRG halo where the incidence of astrocytes
was high. The B-1Il tubulin-positive cells in both control
(Fig. 2a—c) and tumor-conditioned media (Fig. 2d—f) had similar
appearance, and quantitative analysis of the percentage of B-1II
tubulin-positive cells revealed that there was no significant
difference between the control and tumor conditions (Fig. 2m).
Likewise, the GFAP-positive cells in both control (Fig. 2g—i)
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Fig. 2. Tumor-conditioned medium does not affect
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and tumor-conditioned media (Fig. 2j-1) had similar appearances,
and there were no significant differences in the percentage of
astroglial cells in the two conditions (Fig. 2n). Together, these
results indicate that suppression of DRG axonal outgrowth
in tumor-conditioned medium did not result from an altered
differentiation of the DRG cells into neuronal and astrocyte
lineages.

Effects of tumor-conditioned medium on DRG were dependent on
class3 semaphorins. Based on the above results, we searched
for molecular cues in the tumor-conditioned medium that
potentially inhibit axonal outgrowth from DRG cells. Due to its
well-known growth cone repulsive effects,"*'” and because
it is the only secreted class of the semaphorin family of proteins
in vertebrates,"® we examined class 3 semaphorin expression in
C26 and B16 tumor cells. We found that both C26 and B16 cells
expressed Sema3A, Sema3B, Sema3C, Sema3D, Sema3E and
Sema3F mRNA (Fig. 3a). Moreover, we found that other
cancer cell lines, such as LLC, cloneM-3 (mouse melanoma)
-and MM102-TC (mouse mammary gland carcinoma) also
express several class 3 semaphorins. Interestingly, the tumor
cells we observed expressed more or less either Npnl or Npn2,
receptors for class 3 semaphorins. Further, western blotting of
tumor cell revealed the presence of Sema3A and Sema3C
proteins from both Colon26 and B16 cells (Fig. 3b).

As class 3 semaphorins are soluble ligands for Npn1, we tried
to inactivate the function of Sema3 in the cultures. For this pur-
pose we generated a recombinant fusion protein (Npnl-Fc) of
the extracellular domain of murine Npn1 and the Fc fragment of
human IgG."® In the presence of Npnl-Fc (50 ug/mL), DRG
cells cultured in C26 tumor-conditioned medium (Fig. 4e,f)
appeared to show more extensive axonal outgrowth than those
cultured in C26 tumor-conditioned medium containing the CD4-
Fc control protein (Fig. 4c,d), but less than those cultured in
control medium (Fig. 4a,b). Morphometric analyses confirmed this
impression, as the DRG halo diameters in C26 tumor-conditioned
media with Npn1-Fc were significantly larger than those in C26
tumor-conditioned media alone, but still significantly smaller
than that with control medium (Fig. 4g). A lower concentration of
Npnl-Fc (10 pg/mL) produced results that were not significantly

1194

neuronal or glial differentiation of dorsal root
ganglion (DRG) cells. Neuronal or glial cell develop-
ment of DRG cells in primary cultures exposed to
(a—c, g-i) control medium or (d-f, j-I) colon 26 tumor-
conditioned medium was analyzed by staining
for (a,d) the neuronal marker 8-l tubulin or (g,j)
the astrocyte marker glial fibrillary acidic protein
(GFAP). Cells in (a,d,g,j) were counterstained with
propidium iodide (Pl) (b,eh,k, respectively). The
images in (c,f,i,l) are merged images of (a,b), (d,e),
(g,h) and (j,k). Scale bar = 20 um. (m,n) Percentage
of B-ll tubulin-positive neuronal cells (m) or GFAP-
positive glial cells (n) among the total Pl-positive
cells in DRG primary cultures exposed to control or
colon 26 tumor-conditioned medium. Data are
mean + SEM from five random fields. Shown are
representative data from one of three independent
experiments.
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Fig. 3. Tumor cell lines express class 3 semaphorins. (a) Reverse
transcription—-polymerase chain reaction analysis of mRNA extracted
from colon 26 (C26) cells, B16 cells, lewis lung carcinoma (LLC), cloneM-
3 (mouse melanoma) and MM102-TC (mouse mammary gland
carcinoma). Distilled water was used as a negative control. Non-reverse
transcribed RNA did not generate any polymerase chain reaction
product. B-Actin was used as an internal loading control. (b) Western
blotting of C26 and B16 cells. Glyceraldehyde-3-phosphate was used as
an internal control.

different from those in the C26 tumor-conditioned medium, and
an excess of the Npnl-Fc (250 pg/mL) did not add to its rescue
effects for axonal outgrowth (Fig. 4g). As observed in the effect
of Npnl-Fc for C26 tumor-conditioned media, in the presence
of Npnl-Fc DRG cells cultured in B16 tumor-conditioned
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Fig. 4. Inactivation of class 3 semaphorins rescues dorsal root ganglion
(DRG) axonal outgrowth. Confocal images of (a,b) DRG primary cultures
grown in control medium, (c,d) colon 26 tumor-conditioned medium
with CD4-Fc control protein, or {e,f) colon 26 tumor-conditioned medium
with 50 ng/mb neuropilin-1-F¢ protein. Cultured cells were stained
with anti-p-lil tubulin antibody. (b,d,f) High-power views of the areas
indicated by boxes in (a,c,e). Scale bar = 500 um. {g) Quantitative evalu-
ation of the DRG halo diameter, Control, control medium; tumor, colon
26 tumor-conditioned medium, Data show mean x SEM from five random
fields. Shown are representative data from one of three independent
experiments. *P < 0.01.

Vachkov et al.

medium appeared to exhibit more extensive axonal outgrowth
than those cultured in B16 tumor-conditioned medium contain-
ing the CD4-Fc control protein (Suppl. Fig. 1).

Discussion

The nervous and vascular systems share several anatomical
parallels and both systems utilize a complex branching network
of neuronal cells or blood vessels to control all regions of the
body. From the anatomical and juxtapositional similarities of the
nervous and vascular systems, it has been suggested that axons
might guide blood vessels, and vice versa. Indeed, VEGF (or
VEGF-A) from neuronal cells guides blood vessels,® and
signals from vessels, such as artemin and neurotrophin 3, attract
axons to track alongside the vessel.!®® In this manner, the
neuronal and vascular systems are coordinately well organized in
normal tissues; however, in tumor tissues, with a few exceptions,
little innervation is observed. In adulthood, regenerated tissue
responding to tissue damage is reinnervated along with angio-
genesis. Although angiogenesis is commonly observed in the
tumor environment and regenerated normal tissue area, why
innervation does not occur in the tumor environment has not
been elucidated at the molecular level. In the present study, we
found one candidate that inhibits innervation in tumors, class
3 semaphorins, molecules well known to induce repulsion of
axons.5-18

A series of genetic and biochemical screens identified proteins
acting in an instructive manner to actively attract or repel axons,
and four types of molecules relating to axon guidance have been
isolated, including members of the semaphorin, ephrin, netrin
and slit families.®" In the present study, it was clear that soluble
factors inhibited axon outgrowth because we used the culture
supernatant of tumor cells to examine outgrowth in cultured
DRG cells. Therefore, among the four kinds of axon guidance
molecules described above, we excluded the ephrin family
because they are membrane proteins.?” Moreover, two of the
other families of molecules, netrins and slits, function as both
attractive and repulsive cues to axons depending on their con-
centrations in the foci, and originally attract commissural axons
to the midline of the brain.®?? Conversely, several papers have
reported semaphorin expression associated with tumor angio-
genesis in the tumor environment.®?¥ Based on this evidence,
we examined semaphorin expression in tumor cells.

Semaphorins are a large family of signaling proteins, both
secreted and membrane bound. They are divided into eight
classes. Among these, class 3 semaphorins (Sema3A-G) are the
only secreted forms in vertebrates. Moreover, all class 3 sema-
phorins were shown to be chemorepulsive for many class of
axons, and so far Sema3A, Sema3C, Sema3D and Sema3E
were found to bind Npnl with high affinity.?® Among the class
3 semaphorins, Sema3A has been most intensively studied in
relation to axon guidance.“>'® Sema3A shows repulsive activity
toward a variety of neuronal types, including motor, sensory,
olfactory and hippocampal neurons.®>% Npnl and Npn2 were
the first receptors identified for Sema3A.“"3? The transmem-
brane protein Npnl forms a homodimer receptor complex for
Sema3A. Mice lacking Npnl have a similar phenotype to those
lacking Sema3A, namely, marked defasciculation of nerve bundles
and aberrant projections of sensory nerves.®** Although Npnl
itself does not contain a kinase domain or binding site of the
adaptor protein for signal transduction in the cytoplasmic domain,
together with plexins it forms a functional receptor complex to
induce signals into cells.*3® In this way, Sema3A was studied
extensively and is suggested to induce strong chemorepulsion
for almost all axons. Therefore, we first tried to knockdown the
Sema3A gene in C26 and B16 tumor celis, with Sema3A-depleted
C26 or B16 tumor-conditioned media being used in DRG culture.
However, merely depletion of Sema3A from tumor-conditioned
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media did not alter tumor-conditioned media-mediated inhibition
of axon outgrowth from DRG (data not shown). Consistent with
the result of the Sema3A knockdown, our present data showed
that almost all class 3 semaphorins were produced from tumor
cells, and that soluble Npnl protein rescued axon outgrowth
resulting from tumor-conditioned media. Therefore, we confirm
that class 3 semaphorins derived from tumor cells are involved
in the inhibition of axon outgrowth. However, soluble Npnl did
not completely rescue the extension of axons to the control
level. It is possible that other secreted molecules, including
some members of class 3 semaphorins, bind to Npn2 alone.
Moreover, in the present study, we focused on soluble proteins
for axon extension; however, axon outgrowth is controlled not
only by secreted factors but also by cell-to-cell contact-dependent
mechanisms. Therefore, molecules expressed on cells within the
tumor, such as endothelial cells and tumor fibroblasts, as well as
tumor cells, might affect axon guidance in a cell-to-cell contact
manner.
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Supplementary Material

The following supplementary material is available for this article:

It is well known that blood vessels in tumors are disorganized
compared to those observed in normal tissue, and permeability
is relatively suppressed in the tumor environment. Recently, a
new concept has emerged whereby the normalization of blood
vessels in tumors allows for penetration of anticancer drugs
deep into the site of the tumors.®® In normal tissues blood ves-

_sels are closely linked with neuronal components, suggesting

that axon outgrowth accompanying angiogenesis in tumors may
contribute to normalization of blood vessels in tumors. To
develop new strategies for normalizing tumor blood vessels, the
molecular mechanisms contributing to inhibition of axon guidance
in tumors should be elucidated.
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Fig. S1. B16 tumor-conditioned medium inhibits dorsal root ganglion (DRG) axonal outgrowth, and inactivation of class 3
semaphorins rescues DRG axonal outgrowth. Immunofluorescence images of DRG primary cultures exposed to (a) control medium,
(b) B16 tumor-conditioned medium, or (c¢) B16 tumor-conditioned medium with 50 pg/mL neuropilin-1-Fc protein. Cultured cells
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were stained with anti-B-III tubulin antibody. Shown are representative data from one of three independent experiments. Scale
bar = 500 pum. (d) Statistical evaluation of the DRG halo diameter. Data show mean + SEM from five random fields. *P < 0.01.
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During embryonic lymphatic development, a homeobox transcription factor Prox1 plays important roles in sprouting and
migration of a subpopulation of blaod vessel endothelial cells (BECs) toward VEGF-C-expressing cells. However, effects
of Prox1 on endothelial cellular behavior remain to be elucidated. Here, we show that Prox1, via induction of integrin o9
expression, inhibits sheet formation and stimulates motility of endothelial cells. Prox1-expressing BECs preferentially
migrated toward VEGF-C via up-regulation of the expression of integrin a9 and VEGF receptor 3 (VEGFR3). In mouse
embryos, expression of VEGFR3 and integrin a9 is increased in ProxI-expressing lymphatic endothelial cells (LECs)
compared with BECs. Knockdown of Prox1 expression in human LECs led to decrease in the expression of integrin «9 and
VEGFRS, resulting in the decreased chemotaxes toward VEGF-C. These findings suggest that Prox1 plays important roles
in conferring and maintaining the characteristics of LECs by modulating multiple signaling cascades and that integrin «9

may function as a key regulator of lymphangiogenesis acting downstream of Prox1.

INTRODUCTION

The major roles of the Iymphatic vessels are to drain inter-
stitial fluid that leaks out from the blood capillaries and to
return it to the blood vessels. In addition, the lymphatic
system performs an immune function by transporting im-
mune cells that patrol the tissues to the lymphoid organs
(Witte et al., 2001). Insufficiency or ebstruction of the lym-
phatics results in lymphedema, characterized by disabling
swelling of the affected tissues. In addition, in many tvpes of
cancer, the lymphatic vessels provide a major pathway for
tumor metastasis, and regional lymph node metastasis has
been shown to be correlated with cancer progression (Kar-
panen and Alitalo, 2001).

Despite the importance of lymphatic vessels in both nor-
mal and pathological conditions, progress in the study of
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lymphangiogenesis had been hampered by the lack of spe-
cific markers. Recent studies have revealed the various tran-
scriptional and signaling components that play important
roles in lymphatic development. Embryonic lymphatic en-
dothelial cells (LECs) arise by sprouting from the jugular
veins and migrate to form primary lymphatic plexus (Oliver,
2004). In E10 mouse embryos, the prospero-related transcrip-
tion factor Prox1 is expressed in a subset of ECs of the
cardinal vein, from which they sprout to form primary
lymph sacs (Wigle and Oliver, 1999; Wigle ¢t al., 2002). In
ProxT-null mice, sprouting of LECs from the veins appears
unaffected at embryonic day (E)10.5, but their migration is
arrested at around E11.5-E12.0, leading to a complete ab-
sence of the lymphatic vasculature. Being a homeobox tran-
scription factor, Prox1 has been shown to up-regulate the
expression of lymphatic endothelial cell (LEC) markers, and
to down-regulate blood vascular endothelial cell (BEC)
markers in mature BECs (Hong et al., 2002; Petrova ¢f al.,
2002). These findings suggest that Prox1 regulates the pro-
gram of differentiation of embryonic BECs to LECs by re-
programuning the profiles of expression of specific markers
of BECs and LECs. However, it is unclear which target genes
clicit the functions of Prox1 during the process of lym-
phangiogenesis. Lymphangiogenesis is absent in the mice
tacking some of Prox] target genes including podoplanin
and vascular endothelial growth factor receptor 3 (VEGFR3).

VEGFR3 serves as a receptor for lymphatic-specific VEGFs,
VEGF-€ and VEGF-D. VEGF-C is important for normal devel-
opment of the lymphatic vessels, because deletion of Vegfe
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leads to complete absence of the lymphatic vasculature in
mouse embrvos (Karkkainen of al., 2004). In \/L\h -null mice,
LECs initially differentiate in the cardinal veins but fail to
migrate and to form primary lymph sacs, suggesting that
VEGF C is an essential chemotactic and survival factor during
embryonic lymphangiogenesis. Vegfr3 deletion leads to defects
in blood-vessel remodeling and embryonic death at midgesta-
tion, indicating its importance during early blood vascular
development (Dumont ef al., 1998).

Recently, integrin @981 was shown to function as a recep-
tor for VEGF-C and VEGF-D (Vlahakis ¢f al., 2005). Integrin
a9-null mice die at 6-12 d of age from bilateral chylothorax,
suggesting an underlying defect in lymphatic development
(Huang et al., 2000). Furthermore, integrin o9 was shown to
be a tal&Lt gene of the signals mediated by Impa’mcvtc
growth factor (HGF), which induces neo-lymphangiogen-
esis during tissue repair and inflammation (Kajiva ef al.,
2005). Neo-lymphangiogenesis is also induced by two types
of receptor tyrosine kinases, platelet-derived gnowth factor
receptor B (PDGFRf), which serves as one of receptors for
PDGF-BB (Cao et al, 2004) and fibroblast growth factor
receptor 3 (FGFR3), which serves as one of receptors for FGF-2
(Shin et al., 2006). Notably, Prox1 has recently been shown to
induce FGER3 expression in BECs (Shin et al., 2006).

Although various signaling cascades have been impli-
cated in embryonic and/or adult lymphangiogenesis, their

relationships with Prox1 remain largely unknown. Further-
more, although Prox1 has been shown to activate VEGF-C/
VECFR3 and FGFE-2/FGFR3 signals, the direct effects of
Prox1 on the behavior of ECs have not yet been elucidated.
To address these questions, we expressed Prox1 in two types
of ECs, mouse embryonic stem cell (ESC)-derived ECs and
human umbilical venous endothelial cells (HUVECs). We
found that Prox1 expression regulates the chemotaxis, sheet
formation, and migration of ECs by modulating the expres-
sion of vascular and lymphatic signaling components and
for the first time identified mteglm a9 as a target gene of
Prox1. Interestingly, our findings revealed that integrin a9
plays a pivotal role in sheet formation by and migration of
LECs. These findings were confirmed in developing mouse
embryos, suggesting their in vivo significance. Furthermore,
knockdown of Prox] expression in LECs resulted in de-
crease in the expression of VEGFR3 and integrin o9, leading
to the decreased chemotaxes toward VEGF-C. These find-
ings suggest that Prox1 alters the characteristics of BECs and
maintains those of LECs by regulating multiple signaling
cascades implicated in lymphangiogenesis.

MATERIALS AND METHODS
Cell Culture and Adenovirus Infection

Establishment of Te-inducible ES cell lines from parental MGZ5TcH2 cells
was as described (Masui of al,, 2005). Maintenance, differentiation, culture,
and cell sorting of MGZ5 ES cells were as described (Yamashita of al, 2000).
VEGF-A (30 ng /i), VEGF-C (300 ng/mb), PDCGF-BB (1t ng/ml), and tetra-
cyeline (1 py/ml) were used in each experiment unless otherwise described.
HUVECs were obtained from Sanko Junvaku and cultured as described (Ota
ef al, 2002). Human dermal lymphatic endothelial cells (HDLECS) were
obtained from Clonetics (San Diego, CA) and cultured in endothelial basal
medium (EBM} containing 3% fetal bovine serum (FBS) and EC growth
supplements (Clonetics). Recombinant adenoviruses with wild-type and mu-
tant mouse Prox] were generated and used as described (Fuijii of al., 1999),

RNA Interference and Oligonucleotides

Small interfering RNAs (siRNAs) were introduced into cells as described
previously (Koinuma of al., 2003). The target sequence for human Proxi
SIRNA was 3"-CACCTTATTCGCCGAAGTGCAA-3'. Control siRNAs were ob-
tained from Ambion (Austin, TX).
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Iimunohistochemistry and Western Blot Analysis

Monocional antibadies to platelet-endothelial cell adhesion molecule 1
(PECANMT; Mecl3.3) and a-smooth muscle actin (SMA; TA4) for immunohis-
tochemistry were purchased from BD PharMingen (San Diego, CA) and
Sigma (St Louis, MO), respectivelv. Staining of cultured cells was performed
as described (Yamashita ef al., 20000, Stained cells were photographed using a
phase-contrast microscope (Model IN7Q; (’)l_\‘mpns‘, Melville, NY) or a confocal
microscope (Model LSM310 META; Carl Zeiss Microlmaging, Thormwood,
NY). All images were imported inte Adobe Photoshop (San Jose, CA) as
IPEGs or TIFES for contrast manipulation and figure assembly Antibodices o
FLAG and a-tubulin for Western blot analvsis and immunohistochemistry
were obtained from Sigma. Antibadies to mouse VEGER3, podoplanin, hu-
man VEGFR3S, and Proxt for Western blot analysis and immunohistochemis-
try were obtained from eBivscience (San Diego, CA), RDI (Flanders, N]), Santa
Cruz Bimuhnolm,\ (Santa Cruz, CA), and Chemicon (Temecula, CA), ), respec-
tively. Western blot analvsis was performed as described (Kawabata of al.,

1998},

Fluorescence-activated Cell Sorting

Tao sort the LECs and BECs, we performed fluorescence-activated cell sorting
(FACS) of mouse embrvo cells with an FACS Vantage (Becton Dickinson,
Maountain View, CAY as described previously (Morisada of sl 2003). Briefly,
E14 mouse embryos were dissociated and subjected to antibody staining for
CD4A-peridinin chlmuph\ H protein {(PerCD) cyanine 5.5 (Cy3.5) to sort LD-h~
nonhematopoietic cells for further analysis. Subsequently, the cells were
incubated with biotinvlated anti-LYVE-1 antibodies (ALY7) followed by al-
fophycocvanin-conjugated  streptavidin (PharMingen, San Diego, CA). For
double or triple staining, the cells were stained with CD31-phycoerythrin
(PEY/FITC. CDM-PE (PharMingen), and TEK4-PE.14.

RNA Isolation and RT-PCR

Total RNA was prepared with 1ISOGEN reagent (Nippongene, Tokyo, Japan)
according to the manufacturer’s instructions and reverse-transcribed by
random priming and a Superscript first-strand svnthesis kit (Invitrogen,
Carlsbad, CA). Quantitative RT-PCR analysis was performed using the
GeneAmp 5700 Sequence Detection System (Applied Biosystems, Tokyo,
Japan). The primer sequences and expected sizes of PCR products are avail-
able online as indicated in Supplementary Table |

Migration Assay

Chemaotaxis was determined using o Cell Culture Insert (8-pm pore size, BD
Biosciences, San Jose, CA). A total of 5 > 10 cells were seeded in medium
containing 11.5% serum in the upper chamber and migrated toward various
growth factors as chemoattractants in the lower chamber for 4 h. When
anti-integrin a9 -neutralizing antibodies (Chemicon) were tested, cells were
dissociated by trypsin/EDTA, incubated with neutralizing antibodies (30
g/ mb, and seeded in the upper chamber. Cells in the upper chamber were
carefully removed using cotton buds, and cells at the bottom of the membrane
were fixed and stained with crvstal violet 0.2 /methanol 204, Quantification
was performed by counting the stained celis. Assays were performed in
triplicate at least three times.

Video Time-lapse Microscopy

Time-lapse imaging of migrating cells was performed on a Leica DM RB
microscope (Deerfield, 1) equipped with a hardware-controlled molor stage
over 24 hin serum-reduced (0.5%) medium at 37°C /5%, CO,. Images were
obtained with a Leica DC 350F CCD camera every 15 min and analyzed using
Image | software (National Institutes of Health, Bethesda, MD). Migration of
each cell was analyzed by measuring the distance traveled by a cell nucleus
over the 24-h time pumd {Michl of 111 2005). Average migration speed was
calculated by analyzing at least 10 cells per group.

RESULTS

Prox1 Expression in ESC-derived ECs Induces
Morphological Changes aud Inhibits Sheet Formation

To examine the effects of Prox] expression on embryonic
ECs, we used an in vitro vascular differentiation system
from mouse ESCs (Yamashita ef al., 2000). This system al-
lows us to induce both endothelial and mural cells derived
from common progenitors expressing VEGF receptor
(VEGFR2, Flk1). Because we wanted to induce the expres-
sion of Prox]1 in differentiated ECs instead of undifferenti-
ated ESCs, we established ESC lines carrying a tetracycline
{Tc)-regulatable Proxl transgene (Te-Prox1) or no transgene
(Tc-Empty; Supplementary Figure 1A; Masui of al., 2005). Re-
moval of Tc from culture of undifferentiated Te-Prox1 cells, but
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o P

Tc-Empty Tc-Prox1

Prox1

Figure 1. Effect of Te-regulated Prox1 expres-
sion on the morphology and sheet formation of
ESC-derived ECs and HUVECs. (A) Flkl+ en-
dothelial progenitor cells were sorted from the
differentiated  ESCs carrying a Te-regulated
transgene  encoding  FLAG-epitope-tagged
mouse Prox1 (Te-Prox1) or control transgene
(Te-Empty) and redifferentiated in the presence B
(+) or absence (=) of Tc to obtain PECAM-1-
positive ECs (bottom, red) and smooth muscle
a-actin (SMA)-positive mural cells  (bottom,
green). Expression of FLAG-Prox1 (top, blue)

and the morpholoby and sheet formation of ECs
(bottom, red) were examined. Scale bars, 100

pm. (B) Quantitation of colony formation, EC

and mural cell production, and endothelial sheet
formation. Flkl+ cells derived from Tec-Prox1

ESCs were cultured sparsely with 10% fetal calf
serum in the absence or presence of Tc for 4 d

and stained for PECAMI (red) and SMA
(green). Numbers of different types of colonies

per well were counted to determine the effects of

Prox1 on colony formation of Flk1+ cells. Four
colony types were observed: pure ECs forming

sheet structures (EC-sheet, red); pure scattered C
ECs (EC-scattered, pink); pure mural cells (MC,
green); and mixed colonies consisting of endo-
thelial and mural cells (Mix, yellow). Experi-
ments were repeated at least three times with
essentially the same results. Bars, 50 pm. (C)
Morphology of HUVECs infected with adenovi-

ruses encoding LacZ, DNA-binding mutant
(Mut), or wild-type (WT) Prox1. Bars, 100 pum.

not that of Te-Empty cells, induced the expression of the FLAG
epitope-tagged Prox1 gene (Supplementary Figure 1B).

To examine the effects of Prox1 expression on vascular
development, we differentiated the Te-Empty and Te-Prox|
ES cells into Flkl-expressing (Flk1+) vascular pmgumtm
cells in the presence of T¢, so that no transgene expression is
induced. Flk1+ cells were sorted using anti-FIk1 antibodies
and were redifferentiated in the presence or absence of Tc.
As shown in Figure TA, Proxl transgene expression was
induced in the vascular cells derived from Te-Prox1 ES cells
only in the absence of Tc. The level of Proxl transgene
expression in ESC-derived vascular cells was approximately
twice as high as that of endogenous expression in the LECs
derived from E14 mouse embryos (Supplementary Figure
S1C). ESC-derived ECs formed a fine cobblestone-like struc-
ture of endothelial sheets when Prox1 was not expressed
(Figure 1A). However, when Prox1 was expressed, ECs ex-
hibited spindle shapes and failed to form sheet structures.

To further dissect the roles of Prox1 in endothelial sheet
formation, we performed quantitative colony formation assays.
When Flk1 + cells were plated at a lower density in the pres-
ence of VEGF-A, they formed four types of colonies emerging
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from single Flk1+ cells (Yamashita et al.,
2003): PECAMI1 (CD31)~ pure
structure (EC-sheet and EC-scattered, respectively), pure mural
cells (MC), and mixtures of both (Mix; Figure 1B). Although the
frequencies of pure EC colonies (EC-scattered and -sheet) were
~25% in the absence and presence of Prox1 expression, forma-
tion of cndothclial sheets was significantly affected by Prox1

2000; Watabe ¢t al.,
ECs with or without sheet

(Figure 1B). The frequency of sheet formation among pure
endothelial colonies was 82% when single FIkl1+ cells were
cultured in the absence of Prox]. When Prox1 was expressed,
most endothelial colonies exhibited scattered phenotypes (with
a frequency of sheet formation of 22%). Furthermore, 95% of
sheet-forming ECs derived from Tc-Prox1 ESCs failed to ex-
press Prox1 even in the absence of Te (unpublished data),
further suggesting that Prox1 expression in ESC-derived ECs
inhibits sheet formation.

Prox1 Induces Morphological Changes and Inhibits Sheet
Formation in HUVECs

We next examined whether Prox] transgene expression also
modulates the morphology and sheet formation of HUVECs,
which are mature venous ECs. We used adenoviruses encod-
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ing wild-tvpe Prox1 (Ad-Prox1WT), a Prox1 mutant containing
two amino acid substitutions in its DNA-binding domain (Ad-
Prox1Mut) (Petrova ¢t al., 200") and LacZ (Ad LacZ) as con-
trols. Levels of expression of wild-type and mutant Prox1 were
shown to be comparable at moi 100 (Supplementary Figure 2A)
when > 90% of HUVECs were infected (Supplementary Figure
2B). The level of Prox1 transgene expression was shown to be
approximately three times as high as that of endogenous Prox|
expression in HDLECs (Supplementary Figure S2, B-D).

The morphology of and sheet formation by HUVECs were
also affected by Prox1 (Figure 1C). Although HUVECs infécted
with adenoviruses encoding LacZ or mutant Prox! formed a
flat cobblestone-like strfucture, Prox1-expressing HUVECs
were spindle-shaped and did not form sheet structures.

Prox1 Expression Increases Motility of ECs

Present findings that Prox1- -expressing cells lose a cobblestone-
like structure prompted us to examine the effects of Proxl on
the motility of ECs. Tracking single ECs using video time-lapse
microscopy showed that Prox1 expression significantly in-
creased the motility of ESC-derived ECs (Supplementary Vid-
eos 1 and 2 and Figure 2A) and HUVECs (Supplementary

A ESC
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400

integrated cell motility (um)

200

Tc+

Tc-Prox1
B HUVEC

4500
4000
3500
3000
2500
2000
1500
1000

§00

0
Ad- Prox1
Mut

Figure 2. Effects of Prox1 on the migration of ESC-derived ECs and
HUVECs. Cell migration was measured by video time-lapse micros-
copy as descr 1de in Materials and Methods. (A) ECs derived from
Te-Prox1 ESCs were subjected to video microscopy for 24 h (Supple-
mentary Videos 1 and 2). (B) HUVECs were infected with adenovi-
ruses (Ad) encoding DNA-binding mutant (Mut) or wild-type (WT)
Prox! and subjected to videomicroscopy for 24 h (Supplementary Vid-
eos 3 and 4). Results are expressed as the integrated cell motility over 24 h,
Each value represents the mean of 10 determinations; bars, SD.

integrated cell motility (um)

Prox1
WT
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Videos 3 and 4 and Figure 2B). These findings suggest that
Proxt expression results in morphological changes of ECs,
inhibition of sheet formation, and induction of EC motility, all
of which may be critical phenomena for the progression of
embryonic ly mphanm(wvnu;ls

Prox1 Increases Endothelial Motility via Induction of
Integrin «9 Expression

We next examined the molecular mechanisms by which Proxl
regulates morphological changes of BECs. Petrova ef al. (2002)
reported that adenovirus-mediatéd Prox1 expression in human
dermal microvascular endothelial cells (HDMECS) resulted in
the down-regulation of BEC marker expression and up-regu-
lation of LEC marker expression. We also found that the levels
of transcripts for BEC markers (VE-cadherin and VEGFR2) and
those for LEC markers (podoplanin and VEGFR3) were down-
and up-regulated, respectively, only by Ad-ProxIWT infection in

HUVECs, (Supplementary Figure 2), suggesting that Prox1 repro-
grams the vascular and lymphatic gene expression in HUVECs.

We then examined whether the activation of VEGFR3 sig-
nals by Prox1 mediates Prox1-induced morphological changes.
However, inhibition of VEGFR3 signals in ProxI-expressing
HUVECs by dominant-negative VEGFR3 mutants (Karkkainen
et al., 2000) failed to induce reversion of the Proxl-mediated
phenotypes (Supplementary Figure 3), suggesting that VEGFR3
signaling is not directly involved in the induction of morpholog-
ical changes of ECs by Prox1.

Recently, integrin «9, a member of the integrin family that
is preferentially expressed in LECs (Petrova et al., 2002), was
shown to function as a receptor for VEGF-C and VEGF-D
(Vlahakis et al., 2005). Furthermore, integrin «9-null mice
exhibit defects in Ivmphanc systems (Huang ef al., 2000).
Therefore, in order to examine the roles of integrin u9 in the
Proxl-mediated morphological changes, we, for the first
time, studied the roles of Prox1 in the regulation of integrin

a9 expression. As shown in Figure 3, A and B, Prox1 expres-
sion increased the expression of integrin «9 in both ESC-
derived ECs and HUVECs.

To elucidate the roles played by integrin o9 in the induction
of phenotypic changes by Prox1, we used anti-human integrin
a9B1 neutralizing (function-blocking) antibodies. Reversion of
the morphological changes and decreased sheet formation of
HUVECs induced by Prox1 was observed with the addition of
anti-integrin aY-neutralizing antibodies to culture (Figure 3C).
Furthermore, the increase in motility of HUVECs by Prox1 was
lowered to basal level by anti-integrin «9 antibodies (Supple-
mentary Videos 5-8 and Figure 3D). These findings suggest
that the phenotypic changes of HUVECs induced by Prox1 are
due to increased integrin a9 expression.

Prox1 Increases Chemotaxis to VEGF-C via Induction of
Integrin o9 Expression

Because it was recently reported that VEGF-C and VEGF-D
are ligands for integrin o981 (Viahakis et al., 2005), we
examined whether the up-regulation of integrin o9 expres-
sion by Prox1 contributed to the Prox1-induced increase in
migration of ECs toward VEGF-C. Chamber migration as-
says showed that HUVECs expressing wild-type Prox1 mi-
grated toward VEGF-C, and this migration was abrogated
b\ anti-a9p1 neutralizing antibody (Figure 3E), suggesting
that Prox1 induces the migration of ECs toward VEGF-C by
regulating the expression of integrin «9.

Prox1 Expression Inhibits Chemotaxis of BECs to VEGF-A and
Promotes that to VEGF-C via Modulation of their Receptors

Although our findings suggest that signaling from VEGFR3 is
not directly involved in Prox1-induced morphological changes

Molecular Biology of the Cell



Roles of Prox1 during Lymphatic Differentiation

A ESC B HUVEC

6

§

integrin 09

Fold induction
w

Relative expression
(normalized to GAPDH)

>
&

+ -+ - LacZ Prox1 Prox1
Tc-Empty Tc-Prox1 Mut  WT

C Prox1 Prox1
Mut

Control
IgG

Anti-
integrin o9
Ab

6000 2
=lh
15000 8
4 B s
E 4000 5
3 =
[~
g 3000 s 1
2 £
g 2000 2
£ 2 05
1000 5
o
0 0
mock Control Antl- mock Control Anti- d-Pi
g6  Intod G  Intad Ad-Proxt Mut WT
‘ VEGF-C_]+.|+ -] - ]+
Ad-Prox1 Mut Ad-Proxt WT
Ab control Inta9 | control Int o9

Figure 3. Roles of integrin a9 in the migration of HUVECs. (A and B) Expression of transcripts for integrin a9 was determined by
guantitative real-time PCR analysis in ESC-derived ECs (A) and HUVECs (B). (C and D) HUVECs were infected with adenoviruses
encoding DNA-binding mutant {Mut) or wild-type (WT) Prox] and were subjected to videomicroscopy for 24 h in the presence of
control IgG or anti-integrin «9 (int «9)-neutralizing antibodies. The final images of HUVECs (C) and integrated cell motility (D} are
shown. Bars, 100 pm. Each value represents the mean of 10 determinations; bars, SD (E) Cell migration was measured by Boyden
chamber assay. HUVECs were infected with adenoviruses (Ad) encoding DNA-binding mutant (Mut) or wild-type (WT) and plated on
Boyden chambers in the presence of control IgG or anti-integrin o9 (int a9)-neutralizing antibodies with VEGF-C placed in lower wells.
Results are expressed as the ratio of number of migrated cells normalized to the control (no attractant). Each value represents the mean
of triplicate determinations; bars, SD.

(Supplementary Figure 3), it may play important roles in other and LECs expressing VEGFR3 migrate preferentially toward
changes induced by Prox1 in ECs. BECs expressing VEGFR2 their ligands VEGF-A and VEGF-C, respectively (Makinen et
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Figure 4. Effect of Proxl on the migration of HUVECs stimulated

with VEGF-A and VEGF-C. Cell migration was measured by Boyden
chamber assay as described in Materiats and Methods. HUVECs were
infected with adenoviruses (Ad) encoding DNA-binding mutant (Mut)
or wild-type (WT) Proxl in combination with those encoding wild-
type (WT), dominant-negative mutant form (d.n. Mut) of VEGFR3, or
Null {encoding no transcripts) and plated on Boyden chambers with
indicated chemoattractants placed in lower wells. Ad-Null was used in
order to infect HUVECs with the same quantities of adenoviruses for
all of samples. Results are expressed as the ratio of number of migrated
cells normalized to control (no attractant). Each value represents the
mean of triplicate determinations; bars, SD.

al., 2001). The alteration of expression of VEGFRs in HUVECs
by Prox1 prompted us to study their chemoattraction toward
VEGFs. Chamber migration assays showed that VEGF-A, but
not VEGF-C, stimulated chemotaxis of the HUVECs express-
ing mutant Prox1 (Figure 4). In contrast, VEGF-C, but not
VEGF-A, induced motility of those expressing wild-type Prox1.
To examine whether Prox1 induces chemotaxis of HUVECs
toward VEGF-C via up-regulation of VEGFR3 expression, we
used adenoviruses encoding wild-type and dominant-negative
forms of VEGFR3. Expression of wild-type VEGFR3 enhanced
chemotaxis of HUVECs toward VEGF-C without altering their
migration toward VEGF-A. In addition, inhibition of VEGFR3
signals by the dominantnegative VEGFR3 significantly de-
creased their chemotaxis toward VEGE-C, which was induced
by Prox1. These findings suggest that Prox1 modulates endo-
thelial chemotaxis toward VEGFs via its regulation of VEGFRs
expression in addition to that of integrin 9.

Expression of VEGFR3 and Integrin o9 Is Increased in
Prox1-expressing LECs from Mouse Embryos

To examine the in vivo significance of our finding that Proxi
induces the expression of VEGFR3 and integrin o9 in ESC-derived
ECs, we compared their expression in LECs and BECs derived
from E14 mouse embryos. We previously raised monoclonal an-
tibodies against a LEC marker, LYVE-1, and found that sorted
CD45-CD31+CD34-lowLYVE-1+ cells derived from E14 mouse
embryos represent LECs and that CD45-CD31+CD34+ LYVE-1~
cells represent BECs (Morisada et al., 2005). We confirmed that
expression of LYVE-1 and Prox1 was detected only in sorted
LECs (Figure 5). We further examined the expression of Prox1
target genes in LECs and BECs. Expression of VEGFR3 and

integrin a9 was detected in the cells in both the LEC and BEC |

fractions, and their levels of expression in LEC were higher than
those in BECs. These findings together suggest that the present in
vitro induction by Prox1 of expression of VEGFR3 and integrin o9
may mimic the process of embryonic lymphangiogenesis.
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Figure 5. Expression of BEC and LEC markers in ProxI-expressing
LECs derived from mouse embryos. E14 mouse embryos were
dissected, and embryonic liver and spleen were removed. Other
tissues were dissociated and subject to FACS sorting with anti-
CD45, LYVEL (ALY7), CD31, and CD34 antibodies (see Materials and
Methads). CD45—; CD31+; CD34-; LYVEl— BEC fractions and
CDA5—; CD31+; CD34—; LYVET+ LEC fractions were analyzed for
the expression of transcripts for LYVET (A), Proxt (B), VEGFR3 (C),
and integrin o9 (D) by quantitative real-time PCR analysis. Each
value represents the mean of triplicate determinations; bars, SD.

Prox1 Knockdown in LECs Modulates Expression of
Lymphatic Endotlielinl Markers and their Cellular Behavior
Prox1 expression is initiated during embryonic lymphangio-
genesis and is maintained in mature LECs, prompting us to

examine whether knockdown of Prox1 expression in mature
LEC affects their characteristics.

We detected endogenous Prox! protein in the nuclei of
HDLECs, whereas no Proxl protein was detected in
HUVECs (Figure 6A). Expression of transcripts for Prox1,
VEGFR3, and integrin a9 was significantly higher in
HDLECs than in HUVECs (unpublished data). We next
decreased Prox! levels with siRNAs (Figure 6, B and C).
siRNA-mediated decrease of Prox1 led to decrease in the
expression of various target genes of Proxl, such as
VEGFR3, and integrin «9 (Figure 6, D and E), whereas the
expression of most genes including GAPDH was not af-
fected, suggesting that Prox1 maintains the expression of
LEC markers in HDLECs.

Mature LECs have been reported to migrate toward
VEGF-C (Makinen et al., 2001). To study the effects of Prox1
knockdown on the behavior of HDLECs, we examined their
chemotaxis toward VEGFs (Figure 6F). Although HDLECs mi-
grate toward VEGF-A and VEGF-C, Prox1 knockdown caused a
specific decrease in the chemotaxis toward VEGF-C (Figure 6F).
These results suggest that Prox] maintains the characteristics of
LECs by sustaining the expression of LEC markers.

Molecular Biology of the Cell
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Figure 6. Roles of endogenous Prox1 in k]
HDLECs. (A) Expression of endogenous Prox1 &
(left; green) was examined by specific antibodies
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expression of GAPDH (B), Prox1 (C), VEGFR3

(D), and integrin o9 (E) were examined by quan-

titative real-time PCR analysis. A scrambled

sIRNA sequence (Ambion) was used as a nega-

tive control siRNA (siNTC). Each value repre-

sents the mean of triplicate determinations; bars,

SD. (F) Effects of l’r(l;\l knockdown on the che- O MEGFRS
motaxes of HDLECs toward VEGF-A (50 ng/
ml) and VEGF-C (50 ng/ml). Cell migration was
measured by Boyden chamber assay as de-
scribed in Materials and Methods. HDLECs were
transfected with scrambled siRNAs (siNTC) or
Prox1 siRNAs and plated on Boyden chambers
with indicated chemoattractants placéd in the
lower wells. Results are expressed as the ratio of
number of migrated cells normalized to control
(no attractant). Each value represents the mean
of triplicate determinations; bars, SD.
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DISCUSSION

Recent studies have revealed that lymphangiogenesis is reg-
ulated by various signaling cascades mediated by VEGFs/
VEGFRs (Dumont et al., 1998; Karkkainen ef al., 2000; Suzuki
et al., 2005), and integrin «9B1 (Huang et al., 2000). The
present study showed that expression of Prox1 in ECs reg-
ulates the expression of various signaling components, in-
cluding integrin o9, VEGFR2, and VEGFR3, leading to alter-
ation of chemotaxis, sheet formation, and migration of
ECs. We also observed that Prox1 modulates the signaling
pathways mediated by angiopoietins/Tie2 (Morisada ¢t
al., 2005) and FGF/FGFR3 (Shin ¢t al., 2006) in both ESC-
derived ECs and HUVECs (unpublished data). In addi-
tion, because integrin a9 has been implicated in modula-
tion of signaling cascades mediated by HGF (Kajiya ¢t al.,
2005), Prox1 may indirectly modulate HGF signaling.
These findings, together with those of previous studies,
suggest that Prox1 is a master transcription factor that
induces the differentiation of ECs into LECs via regulation
of multiple signaling cascades that play important roles in
lymphangiogenesis.

Interestingly, we have found that Prox1 induces growth of
Flk1+ ECs derived from ESCs, but inhibits the growth of
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undifferentiated ESCs (unpublished data). These findings
suggest that Prox1 requires cell-type-specific modulators for
its transcriptional activities and further imply the impor-
tance of choosing appropriate endothelial cell types in the
identification of Prox1 target genes during embryonic lym-
phatic differentiation. Although previous studies used ma-
ture human dermal ECs to identify target genes of Prox]
(Hong et al., 2002; Petrova et al., 2002), it will be of great
interest to use ESC-derived ECs for this purpose.
Alteration of endothelial signaling cascades by Prox1 re-
sulted in decrease in sheet formation, increased motility, and
down- and up-regulation of chemotaxis toward VEGF-A and
VEGF-C, respectively. An important question is whether these
changes mimic the differentiation from BECs to LECs. Blood
vascular endothelium and lymphatic endothelium differ in
certain specific morphological characteristics. For example, the
lymphatic capillaries are larger than the blood capillaries and
have an irregular or collapsed lumen, a discontinuous basal
lamina, overlapping intercellular junctional complexes, and
anchoring filaments that connect the LECs to the extracellular
matrix (Witte ef al., 2001). The results of morphological obser-
vation of in vitro cultured BECs and LECs are controversial.
Makinen ef al. (2001) reported that LECs sorted from human
dermal microvascular cells using anti-VEGFR3 antibodies ex-
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Figure 7. Schematic representation of the roles of Prox! during the
differentiation of blood vessel ECs (BECs) to lymphatic endothelial
progenitor cells (LEPCs). See text for details.

hibit elongated cell shapes in the presence of VEGF-C com-
pared with the BECs sorted from the same source. However,
Kriehuber ef al. (2001) reported that LECs sorted from dermal
cell suspensions using anti-podoplanin antibodies were not
morphologically distinguishable from the BECs sorted from
the same source. These differences in findings may be ex-
plained by the differences in methods used to isolate and
culture LECs and BECs.

During embryonic lymphangiogenesis, Proxl-expressing
ECs sprout from cardinal veins and migrate toward VEGF-C-
expressing mesenchymal cells (Oliver, 2004). These observa-
tions suggest that Proxt-expressing cells need to be mobile to
form primary lymphatic sacs. In addition, Prox1 induces pro-
liferation of ESC-derived ECs and HUVECs (unpublished
data). However, such cells become stabilized in the VEGF-C-
expressing region and form lymphatic capillaries. Further-
more, present work showed that the morphological changes of
ECs induced by Prox1 is not dependent on VEGFR3 (Supple-
mentary Figure S3), but on integrin o9 (Figure 3) and that the
enhanced chemotaxis toward VEGF-C requires VEGFR3 and
integrin o9 (Figures 3 and 4). These findings suggest the hy-
pothesis that Prox1 activates ECs by inducing integrin «9 ex-
pression, which results in chemotaxis toward VEGF-C in col-
laboration with VEGFR3, expression of which is also induced
by Prox1, and stabilizes and induces maturation of them via
signals mediated mainly by VEGF-C/VEGFR3. This hypothe-
sis is supported by the observation that survival of mature
LECs was inhibited by Prox1 knockdown (unpublished data).
Prox1 thus appears to function as a master transcription factor
for lymphangiogenesis, playing key roles in most of the critical
steps during the development of lymphatic sacs, including
mobilization, migration, and proliferation of LECs, as well as
stabilization of lymphatic capillaries, through modulation of
multiple signaling cascades (Figure 7).

The lymphatic vasculature plays important roles in the
pathogenesis of various conditions and diseases such as
lymphedema and cancer metastasis. The findings of the
present study suggest the possibility that expression of Prox]
in BECs and/or endothelial progenitor cells derived from pa-
tients may be useful as a therapeutic strategy in regenerative
medical treatment of lymphedema. Alternatively, knockdown
of Prox1 in cancer patients may inhibit tumor lymphangiogen-
esis and prevent metastasis.
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Summary

Embryonic stem (ES) cells are self-renewing cells that
maintain pluripotency to differentiate into all types of cells.
Because of their potential to provide a variety of tissues for
use in regenerative medicine, there is great interest in the
identification of growth factors that govern these unique
properties of ES cells. However, the signaling pathways
controlling ES cell proliferation remain largely unknown.
Since transforming growth factor B (TGFB) superfamily
members have been implicated in the processes of early
embryogenesis, we investigated their roles in ES cell self-
renewal. Inhibition of activin-Nodal-TGF@ signaling by
Smad7 or SB-431542 dramatically decreased ES cell
proliferation without decreasing ES pluripotency. By
contrast, inhibition of bone morphogenetic protein (BMP)
signaling by Smadé6 did not exhibit such effects, suggesting
that activin-Nodal-TGF signaling, but not BMP signaling,
is indispensable for ES cell propagation. In serum-free

culture, supplementation of recombinant activin or Nodal,
but not TGFB or BMP, significantly enhanced ES cell
propagation without affecting pluripotency. We also found
that activin-Nodal signaling was constitutively activated in
an autocrine fashion in serum-free cultured ES cells, and
that inhibition of such endogenous signaling by SB-431542
decreased ES cell propagation in serum-free conditions.
These findings suggest that endogenously activated
autocrine loops of activin-Nodal signaling promote ES cell
self-renewal.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/120/1/55/DC1

Key words: Embryonic stem cell, Self-renewal, Propagation, TGFf
superfamily signaling, Activin-Nodal, Serum-free

Introduction

One of the most important characteristics of stem cells is their
ability to self-renew. Self-renewal is achieved by suppression
of differentiation and stimulation of proliferation. Embryonic
stem (ES) cells are self-renewing cells derived from the inner
cell mass (ICM) of blastocysts (Niwa, 2001). They have the
ability to maintain pluripotency to differentiate into all types
of cells of the three germ layers, and are expected to be of great
use in regenerative medicine. The signaling instructions that
govern these characteristics are provided by growth factors in
the stem cell niche microenvironment (Schofield, 1978).
Identification of these growth factors and extending such
knowledge to control ES cell propagation would improve
understanding of the basic biology of ES cells and may yield
therapeutic benefits in regenerative medicine. However, the
signaling pathways that govern the proliferation of ES cells
remain largely unknown.

At present, mouse ES (mES) cells can be propagated in
medium containing fetal calf serum (FCS) and cytokine
leukemia inhibitory factor (LIF) without the support of feeder
cells (Smith et al., 1988; Niwa, 2001). The effect of LIF is

mediated through a cell-surface complex composed of LIFR3
and gpl30. Upon ligand binding, gpl30 activates Janus-
associated tyrosine kinases (JAK) and their downstream
component signal transducer and activator of transcription
(STAT)-3. Although activation of STAT3 is necessary and
sufficient for suppression of differentiation of mES cells (Niwa
et al., 1998; Matsuda et al., 1999), LIF does not appear to
regulate the proliferation of mES cells directly (Raz et al.,
1999; Viswanathan et al., 2002). These findings suggest that
unidentified growth factors provided by serum or feeder cells
and/or in an autocrine fashion by ES cells could contribute to
self-renewal of ES cells.

Several lines of evidence suggest that the signaling pathways
mediated by the members of the transforming growth factor
(TGFB) superfamily play important roles in the biology of
epiblasts and ES cells. The TGFf superfamily includes nearly
30 proteins in mammals, e.g. TGFE, activin, Nodal and bone
morphogenetic proteins (BMPs), and its members have a broad
array of biological activities. Members of the TGFR
superfamily signal via heteromeric complexes of type I and
type II receptors (Heldin et al., 1997). Upon ligand binding,
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the constitutively active type II receptor kinase phosphorylates
the type I receptor which, in turn, activates intracellular
signaling cascades including Smad pathways. Activins, TGF@s
and Nodal bind to type I receptors known as activin receptor-
like kinase (ALK)-4, ALK-5 and ALK-7, respectively. In
addition, Cripto serves as a co-receptor for Nodal in
conjunction with ALK-4. The activated type 1 receptors
phosphorylate receptor-regulated Smad proteins (R-Smads).
Smad2 and Smad3 transduce signals for TGF, activin and
Nodal, whereas Smad!, Smad5 and Smad8 are activated by
BMP type I receptors (Massague, 1998). Activated R-Smads
form complexes with common-partner Smad (Co-Smad, i.e.
Smad4), translocate into the nucleus, and regulate the
expression of target genes in cooperation with various
transcription factors such as those of the FAST-FoxH family.
Smad6 and Smad7 are inhibitory Smads (I-Smads) (Imamura
et al,, 1997; Nakao et al., 1997), and have been reported to
exhibit significant differences in the manner of inhibition of
TGF@ superfamily signaling. BMP signaling is inhibited by
both Smad6 and Smad7, whereas activin-Nodal-TGFp
signaling is more potently inhibited by Smad7 (Hata et al.,
1998; Itoh et al., 1998; Hanyu et al., 2001).

Genetic studies have shown that embryos deficient in Smad4
display defective epiblast proliferation and retarded ICM
outgrowth (Sirard et al., 1998), and that Nodal null mice
display very little Oct3/4 expression and substantial reduction
in size of the epiblast cell population (Conlon et al., 1994;
Robertson et al., 2003). Furthermore, large-scale gene profiling
of embryonic and adult stem cells has revealed that TGF
signaling networks are likely to play important roles in
maintenance of the unique properties of ES cells (Ramalho-
Santos et al., 2002; Ivanova et al., 2002; Brandenberger et al.,
2004). Nodal signaling, in particular, has been speculated to be
active in undifferentiated human ES (hES) cells, since
components of Nodal signals (human orthologs of Cripto and
FASTI) and a target gene (a human homolog of Lefty2) are
transcriptionally enriched (Brandenberger et al., 2004).
Moreover, phosphorylation and the nuclear localization of
Smad2/3 were detected in undifferentiated hES cells and
shown to play important roles in maintenance of their
pluripotency (James et al., 2005). However, the precise roles
of Smad2/3 signaling mediated by activin-Nodal-TGFB in self-
renewal of mouse and human ES cells have yet to be
elucidated.

In the present study, we investigated the effects of TGFB
superfamily members on mES cell self-renewal. When activin-
Nodal-TGFf signaling was inhibited by Smad7 expression or
the specific inhibitor SB-431542, mES cell propagation was
dramatically decreased, whereas inhibition of BMP signaling
by Smad6 expression did not. In clonal cultures with serum-

free medium, supplementation of recombinant Nodal and -

activin increased the ES cell proliferation ratio with
maintenance of the pluripotent state, but supplementation with
BMP-4 did not. These findings indicate that Nodal and activin
signaling promotes mES cell propagation, and that mES cells
themselves produce this activity.

Results

Inhibition of activin-Nodal-TGF@ signaling decreases
mES cell proliferation
To study the roles of TGFB superfamily signaling in the

proliferation of ES cells cultured in FCS-containing medium,
we first used various natural inhibitors such as Smad6 and 7.
We confirmed the specificity of TGF[ superfamily signaling,
which is inhibited by Smad6 and Smad7 in MGZ5 ES cells,
with luciferase reporter assays using BMP-specific 1d-1-luc
and activin-Nodal-specific activin responsive elements (ARE)-
luc (Chen et al,, 1996; Korchynskyi and ten Dijke, 2002).
Transient expression of Smad6 inhibited BMP-dependent
reporter activity, whereas that of Smad7 inhibited both BMP-
dependent and activin-Nodal-TGF3-dependent reporter
activities (Fig. 1A). These results suggested that the pathway
specificity of inhibitory Smads is conserved in mES cells, and
that BMP and activin-Nodal-TGFp signaling is autonomously
activated in mES cells in FCS-containing medium.

To examine the effects of inhibition of BMP and activin-
Nodal-TGFP signaling on self-renewal of mES cells, we
overexpressed mouse Smad6 or Smad7 using an episomal
vector system, which allows efficient transfection and strong
expression of transgenes. Smad6 and Smad7 cDNAs were
introduced into pCAG-IP supertransfection vector and then
transfected into MGZS ES cells. Quantitative RT-PCR analysis
showed that expression of Smad7 was nine times higher in the
Smad7-transfected cells than in the control (supplementary
material Fig. S1A). Forced expression of Smad7 significantly
reduced cell number and colony size after culture in FCS-
containing medium, whereas that of Smad6 yielded a smaller
reduction of cell number and colony size compared with empty
transfectants (Fig. 1B-D). We also calculated the cell number
per colony to determine the relative proliferation. Forced
expression of Smad7 decreased the ES cell proliferation ratio
by about 75%, whereas that of Smad6 decreased ES cell
proliferation ratio by only 10%, which was not significant (Fig.
1D).

To examine whether the growth-inhibitory effect of Smad7
is due to inhibition of activin-Nodal-TGF@ signaling, we
blocked the same signal pathway with SB-431542, a synthetic
molecule that inhibits the kinases of receptors for activin-
Nodal-TGFB but not those of BMPs (Laping et al.,, 2002;
Inman et al., 2002). The size of colonies without inhibition of
TGFB signaling was larger than that of colonies of mock
transfectants in episomal transfection, possibly because of the
absence of drug (puromycin) selection (Fig. IB and Fig. 2A).
Addition of 10 uM SB-431542 to FCS-containing medium
significantly inhibited mES cell proliferation (Fig. 2).
However, SB-431542 did not reduce the cell number as
strongly as forced expression of Smad7, which may inhibit the
plating efficiency of mES cells. These results strongly suggest
that autonomously activated activin-Nodal-TGFB signaling,
not BMP signaling, contributes to proliferation of mES cells in
FCS-containing medium.

The growth-inhibitory effect of Smad7 is reversible

We further examined whether growth inhibition by Smad7
expression affects the characteristics of mES cells, using a
reversible Smad7 expression system. As shown in Fig. 3A,
fSmad7-10" ES cells were generated by stable integration of
the floxed-Smad7 cDNA transgene into EB3 ES cells. fSmad7-
10* ES cells expressing five times as many Smad?7 transcripts
as the control cells (supplementary material Fig. S1B), but not
the DsRed transgene, were cultured in FCS-containing medium
with 1 pg/ml puromycin for 1 month, and then transfected with
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Fig. 1. Forced Smad7 expression inhibited ES cell propagation.

(A) Luciferase reporter assay in MGZS5 cells transfected with
reporter constructs (ARE-luc reporter or Id-1-luc reporter) and each
expression plasmid. Each bar represents the mean + s.e.m. (n=3),
(B) Colony morphologies of supertransfectants, MGZS5 cells were
transfected with Smad7-expressing plasmid (middle), Smad6
plasmid (right), or empty vector (left), seeded at 2000 cells/well in
six-well plates, and cultured for 1 week in medium supplemented
with puromycin. Numbers indicate numbers of colonies appearing
(n=3). The lower panel shows AP staining. Bars, 5 mm (upper
panels); 200 wm (lower panels). (C) Relative numbers of each
transfectant present on Day 7 of culture compared with that at Day 0.
Each bar represents the mean + s.e.m. (n=3). (D) Relative
proliferation intensity is shown as total cell number/number of
colonies appearing, compared with that of empty vector transfectants
(100%). Each bar represents the mean * s.e.m. (n=3).

pCAGGS-Cre. Cre-mediated recombination resulted in the
generation of fSmad7-10" ES cells, in which the Smad7
transgene had been excised and the DsRed transgene activated
(Fig. 3A,B). Excision of the Smad7 transgene was confirmed
by RT-PCR analysis (supplementary material Fig. S1B), which
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Fig, 2. SB-431542 inhibited ES cell propagation. (A) Colony
morphologies of MGZS5 cells treated with SB-431542. MGZS5 cells
were seeded at 2000 cells/well in six-well plates and cultured in
FCS-containing medium supplemented with 10 uM SB-431542
(right) or DMSO (as control, left) for 1 week. Numbers indicate
numbers of colonies appearing (n=3). Each lower panel shows AP
staining. Bars, 5 mm (upper panels); 200 wm (lower panels).

(B) Relative numbers of cells treated with SB-431542 or DMSO
present on Day 7 of culture compared with that at Day 0. Each bar
represents the mean + s.e.m. (n=3). (C) Relative proliferation
intensity is shown as total cell number/number of colonies appearing,
compared with that of cells treated with DMSO (100%). Each bar
represents the mean + s.e.m. (n=3). (D) Luciferase reporter assay of
MGZS5 cells transfected with reporter constructs (ARE-luc reporter or
Id-1-luc reporter) and treated with SB-431542 or DMSO (as a
control). Each bar represents mean + s.e.m. (n=3).

showed that the elevated expression of Smad7 reverted to
normal in Smad7-10" ES cells. We measured the growth ratios
of fSmad7-10*, fSmad7-10" and EB3 ES cells by determining
cell numbers at 1, 3 and 5 days after seeding. Proliferation and
plating efficiency of fSmad7-10* ES cells was significantly
decreased by expression of Smad7 transgene, as found with the
episomal expression system (Fig. 3C-E). However, upon
removal of the Smad7 transgene, proliferation of fSmad7-10~



