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Abstract

Umbilical cord blood (CB) is a promising source for regeneration therapy in humans. Recently, it was shown that CB was a source of
mesenchymal stem cells as well as hematopoietic stem cells, and further that the mesenchymal stem cells could differentiate into a number
of cells types of mesenchymal lineage, such as cardiomyocytes (CMs), osteocytes, chondrocytes, and fat cells. Previously, we reported
that brown adipose tissue derived cells (BATDCs) differentiated into CMs and these CMs could adapt functionally to repair regions
of myocardial infarction. In this study, we examined whether CB mononuclear cells (CBMNCs) could effectively differentiate into
CMs by coculturing them with BATDCs and determined which population among CBMNC:s differentiated into CMs. The results show
that BATDC:s effectively induced CBMNCs that were non-hematopoietic stem cells (HSCs) (educated CB cells: e-CBCs) into CMs in vi-
tro. E-CBCs reconstituted infarcted myocardium more effectively than non-educated CBMNCs or CD34-positive HSCs. Moreover, we
found that e-CBCs after 3 days coculturing with BATDCs induced the most effective regeneration for impaired CMs. This suggests that
e-CBCs have a high potential to differentiate into CMs and that adequate timing of transplantation supports a high efficiency for CM

regeneration. This strategy might be a promising therapy for human cardiac disease.

© 2006 Elsevier Inc. All rights reserved.
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Myocardial regeneration is currently a popular topic in
cardiac medicine, and research in regenerative medicine has
advanced in an explosive manner. Many cell types such as
bone marrow mesenchymal stem cells (BM-MSCs) [1-3],
embryonic stem (ES) cells [4,5], and cardiac tissue stem
cells [6,7] have been found to undergo myocardial differen-
tiation and can be used as a source for cardiomyocytes
(CMs). Additional cell types may also prove to have cardi-
ac differentiation ability. With regard to human therapy,
umbilical cord blood (CB) i1s a promising source because
transplantation of CB has already been established for
patients with blood diseases. Moreover, usage of CB over-

* Corresponding authors. Fax: +81 6 6879 8314.
E-muail addresses: yamaday@biken.osaka-u.acjp (Y. Yamada), ntakaku
@biken.osaka-u.ac jp (N. Takakura).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/;.bbrc.2006.12.017

comes considerable problems encountered with other
sources of CMs, such as allergenic, ethical, and tumorigen-
ic issues. Furthermore, CB contains both hematopoietic
stem cells (HSCs) [8] and MSCs [9]. Also, stem cells are
more abundant in CB than in adult human peripheral
blood or bone marrow (BM) and stem cells in CB have a
higher proliferative potential associated with an extended
life span and longer telomeres [10-12].

Indeed, CD34™ cells derived from human CB homed to
infarcted hearts and reduced the size of the infarcted area;
this was not through direct differentiation into CMs, but
through enhancing neovascularization [13,14). These stud-
ies showed no evidence of myocytes of human origin in the
infracted myocardium; however, it was reported that unre-
stricted somatic stem cells (USSCs) from human CB could
differentiate into CMs in vitro and inn vivo [15]. Such
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USSCs are fibroblastic in appearance and negative for
hematopoietic cell markers, such as c-kit, CD34, and
CD45. USSCs injected into immunosuppressed pig model
of myocardial infarction (MI) improved perfusion and wall
motion, reduced infarct scar size, and enhanced cardiac
function. USSCs seem to be a useful source for myocardial
regeneration; however, they are a rare population, there-
fore, expansion of USSCs is required for application to
clinical therapy. In spite of these challenges for the repair
of CM, to date, no clinical studies of CB have been report-
ed. Previously, we reported that brown adipose tissue
derived cells (BATDCs) included cardiac progenitor cells
and they effectively differentiated into CMs in vitro and
in vivo [16]. This indicated that our culture system of BAT-
DCs contained differentiation molecular cues for CMs.
When BATDCs were injected into M1 rats, they differenti-
ated into CMs as well as endothelial cells (ECs) and
smooth muscle cells (SMCs), supported the growth of res-
ident cells and vascular cells, and restored cardiac function.
This suggested a potential therapeutic use for BATDCs in
human ischemic heart disease. However, in humans, BAT
exists only in the embryonic stage and infants, therefore,
it 1s difficult to obtain BATDCs to treat adult cardiac dis-
ease. In this study, we examined whether mononuclear cells
from CB can differentiate into CMs upon coculturing with
BATDCs. Moreover, usefulness of CB cells that were
exposed to BATDCs for MI repair was evaluated.

Materials and methods

Cell preparation and flow cytometry. Brown adipose tissue (BAT) was
dissected from postnatal day (P1) to P7 neonates of C57BL/6 mice. BAT
was dissociated by Dispasell (Roche, Mannheim, Germany), drawn
through a 23G needle and prepared as single cell suspension as previously
reported [16]. Human CB mononuclear cells (CBMNCs) were purchased
from Cambrex (Baltimore, MD). The cell-staining procedure for the flow
cytometry was also as previously described [17]. The monoctonal anti-
bodies (mAbs) used in immunofluorescence staining were anti-human
CD45, -34, and -HLA-ABC mAbs (Pharmingen, SanDiego, CA). All
mAbs were purified and conjugated with fluorescein isothiocyanate
(FITC), PE (phycoerythrin), biotin or allophycocyanin (APC). Biotinyl-
ated antibodies were visualized with PE-conjugated streptavidin (Pharm-
ingen) or APC-conjugated streptavidin (Pharmingen). Cells were
incubated for 5Smin on ice with CD16/32 (Fcylll/Il Receptor) (1:100)
(Fcblock™, Pharmingen) prior to staining with primary antibody. Cells
were incubated in 5% fetal calf serum/phosphate-buffered saline (FCS/
PBS; washing buffer) with primary antibody for 30 min on ice, and washed
twice with washing buffer. Secondary antibody was added and the cells
were incubated for 30 min on ice. After incubation, cells were washed
twice with, and suspended in, the washing buffer for fluorescence-activated
cell sorter (FACS) analysts. The stained cells were analyzed and sorted by
EPICS Flowcytometer (BECKMAN COULTER, San Jose, CA). The
sorted cells were added to 24-well dishes (Nunc, Roskilde, Denmark), pre-
coated with 0.1% gelatin (Sigma, St. Louis, USA), and cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Sigma), supplemented with
10% FCS and 107°M 2-mercaptoethanol (2-ME), at 37°C in a 5% CO,
incubator.

Cell coculture. BATDCs were prepared as described above. When
BATDCSs and human (h) CBMNCs were cocultured in contact conditions,
1 x 10° BATDCs were plated per well of a 24-well plate and cultured for 7
days, and then, | x 10° CBMNCs, or 1 x 10* CD34" HSCs were cultured
with BATDCs for 10 days. Staining was performed with anti-cardiac

troponinT (Santa Cruz), -MEF-2C (Cell signaling) and -HLA ABC
antibodies (Pharmingen).

Supplemental information reveals the Materials and methods for RT-
PCR analysis, Immunohistochemistry, FISH staining, and procedure for
mouse myocardial infarction (MI) model and echocardiography.

Results

Differentiaion of CBMNCs into CMs by coculturing with
BATDCs in vitro

Previously, we reported that BATDCs differentiate into
CMs spontaneously; this suggests that BATDCs produce
molecules that induce self differentiation into CMs by an
autocrine loop. Moreover, CBMNCs contained cells with
a potential to differentiate into various cell types, such as
osteoblasts, chondrocytes, and CMs. Therefore, to deter-
mine whether molecules produced from BATDCs induce
CBMNC:s to differentiate into CMs effectively, we cultured
CBMNCs with BATDCs and observed the differentiation
of CBMNC:s into CMs. At first, dissociated BATDCs from
P1 to P7 neonatal mice were cultured on 0.1% gelatin-coat-
ed dishes. After 1 week, human CBMNCs were added and
cocultured with BATDCs. After coculturing CBMNCs
with BATDCs for 14 days, among HLA-positive
CBMNCs, nuclear located MEF2C positive and cardiac
troponinT-positive cells (Fig. 1A and B), or cardiac tropo-
ninl-positive cells (Fig. 1C) were effectively produced. In
contrast, sorted CD34738 HSC population from
CBMNCs, which was previously reported to differentiate
into CMs [18], was differentiated into cardiac troponinT-
positive CMs (Fig. 1E); however, the frequency of CM dif-
ferentiation from HSC population was lower than that
from total CBMNCs (Fig. 11). CBMNCs alone did not dif-
ferentiate into cardiac troponinT-positive or MEF2C-posi-
tive cells spontaneously under the same culture medium
without coculturing with BATDCs (Fig. 1G, H, and 1).

The expression of CM-specific genes in CBMNCs educated
by culturing with BATDCs

Next, we evaluated the length of time required for
CBMNCs to become committed CM lineage cells when
cocultured with BATDCs. For this purpose, we attempted
to coculture CBMNCs with BATDCs for | to 7 days and
HLA*CD45"CD34™ non-hematopoietic cells [we termed
them educated CB cells (e-CBCs)] were then sorted and
mRNA was extracted from the cells as indicated in
Fig. 2A. Because mature hematopoietic cells from cocul-
tured CBMNCs did not differentiate into CMs (data not
shown) and HSC population barely differentiated into
CMs (Fig. 1), we deduced that cardiac stem/progenitor
cells were more abundant in non-hematopoietic cells and
were therefore CD457CD347. We analyzed the expression
of CM-specific genes on days 0, 3, and 7 as indicated in
Fig. 2B and confirmed that cardiac actin, myosin light
chain 2v, and specific transcriptional factor, such as
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Fig. 1. CBMNCs can differentiate into CMs upon coculturing with BATDCs. Immunocytochemical analysis of human CBMNCs (A-D), and
CD347CD38 HSCs (E, F) cocultured with BATDCs from wild type mice, or CBMNCs (G, H) cultured without BATDC:s for 14 days. (A) Expression of
cardiac troponinT (green) and MEF2C (red). (B) Human HLA expression (blue) in the same field as {A). (C, E. and G) Expression of cardiac troponinl
(green) and nuclear staining with Pl (red). (D, F, and H) Human HLA expression (blue) in the same fields as (C. E, and G), respectively. Scale bar in (H)
indicates 5 pm. (1) Quantitative evaluation of differentiated cardiac troponinT and MEF2C-positive CMs among adhering HLA-positive CB-derived cells.
Data for CBMNC, and CD34"CD38 HSCs cocultured with BATDCs (b-adipocyte) and CBMNCs cultured without BATDCs are displayed. Results

represent means + SD of five independent experiments.

GATA-4 and Nkx2.5 were expressed on day 3 of coculture
(Fig. 2B). MHC alpha and beta mRNAs were not
expressed on day 3; however, they started to be expressed
around day 7.

Educated CBMNCs in non-hematopoietic lineage
contributed to myocardial regeneration

As indicated in Fig. 2, 3 days of coculturing with BAT-
DCs was enough for commitment of CBMNCs into CM
lineage. Next, in order to determine whether e-CBCs could
effectively contribute to the regeneration of the heart, we
injected the e-CBCs into the hearts of nude rats after the
induction of an acute MI as indicated in Fig. 3A. At first,
we cocultured CBMNCs with BATDC:s for 3 days, purified
HLATCD45 CD34" cells (e-CBCs) by FACS and injected
the cells into the hearts of experimental MI nude rats at
each of five sites at the border of the infarcted tissue. As
a control, infarcted hearts were injected with either equal
volumes and numbers of CBMNCs that were not exposed
to BATDCs (non-e-CBCs), or CD34738 HSCs directly
sorted from freshly isolated CBMNCs. Upon injection of
e-CBCs, donor-derived human HLA- and SA-positive cells

were detected abundantly in the infarct border zone
(Fig. 3B, a, b, and ¢; 23.4 + 3.1% of total cardiomyocytes
in one field), but the contribution to CMs by the injection
with non-e-CBCs and CD34738 HSCs in the MI was 20-
(Fig. 3B. d, e, and f; 1.1 £ 0.3%) and 15-fold (Fig. 3B, g,
h, and i; 1.5 £ 0.3%), respectively, less than that of e-CBCs.
e-CBC-derived SA-positive CMs also expressed connexin
43 (Fig. 3Bc), indicating that transplanted e-CBC-derived
CMs formed gap junctions with host CMs. Moreover,
the assessment of cardiac function by echocardiography
revealed that the hearts injected with e-CBCs showed
improved contractions of movement of the infarcted ante-
rior walls and reduced left ventricular remodeling com-
pared with the hearts injected with non-e-CBCs or
CD34"38 HSCs (Fig. 4).

To clarify the origin of CMs in recipient tissue,
donor-derived human chromosomes and host-derived rat
chromosomes were simultaneously detected by using
species-specific chromosome probes using fluorescent
in situ hybridization (FISH) analysis. In this analysis,
we used centromere probes, because 5pum thick slices
may not always include sex chromosomes in the
nuclei as previously described [18]. Result showed that
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Fig. 2. Expression of CM-specific genes in e-CBCs. (A) Design of experiment for the isolation of human ¢-CBCs. CBMNCs were cocultured with
BATDCs for | to 10 days, and then CD457CD34™ human HLA™ cells were sorted and total RNA was extracted. (B) PCR analysis was performed with
CM-specific primers in e-CBCs after coculturing with BATDCs for 0 day (DO freshly isolated CBCs without exposure to BATDCs), 3 days (D3) and 7
days (D7). Distilled water (DDW) and CMs from embryos (CM) were used as a negative and a positive control, respectively. GAPDH was used as an

internal control.

implanted e-CBCs of human origin transferred into
female nude rats formed CMs that stained only with
probes specific for human chromosomes (Fig. 3C, a and
b). We also checked the serial confocal imaging to exclude
the possibility that they arose from cell overlay as
previously reported [18], but could not observe any
superimposed cells (data not shown). This indicated that
in vivo cardiac differentiation of e-CBCs was not induced
by the fusion mechanism. In contrast, when
CD34"CD38 HSCs were implanted into MI induced
nude rats, human HLA-positive CMs were stained with
both human and rat chromosome probes (data not
shown). This indicated that generation of CM-derived
HSCs was due to the fusion mechanism between
donor-derived cells and host CMs as previously reported
[18,19].

Discussion

So far, various kinds of sources for CMs, such as adult
BM HSCs [19,20], MSCs [1-3], and ES cells [4,5] have been
reported; however, there is some controversy regarding the
efficiency of cardiomyoplasty. In terms of the myocardial
regeneration therapy for human, human CB cells seem to
be a safe and useful source compared to other sources,
because these cells have already been utilized in CB trans-
plantation for managing patients with blood disease.

However, no clinical trials using CB cells to treat heart dis-
ease have been reported.

In this study, we raised two important points. The first is
that e-CBCs of non-hematopoietic origin were more effec-
tively  differentiated into CMs compared with
CD34"CD38 HSCs in vitro. Moreover, we showed that e-
CBCs differentiation into CMs was not through the cell
fusion mechanism. On the other hand, CMs derived from
CD34"CD38~HSCs were generated through cell fusion with
host CMs in vivo. Previously, it was reported that MSCs but
not HSCs from BM could migrate into the heart and differ-
entiate into CMs in mouse M1 model [21]. This suggested
that MSCs were the predominant source for myocardial
regeneration. Our report 1s the first to show that non-hema-
topoietic cells can be used as CM source and how these com-
pare with HSCs in human cord blood cells.

The second is the new strategy for myocardial regenera-
tion using CB cells and BATDCs. Using the coculturing
method described here, CB cells were effectively induced
to differentiate into CMs 1n vitro. Moreover, e-CBCs were
effectively differentiated into CMs in immunodeficient rat
MI model and improved the cardiac function. Further-
more, we found that an adequate duration of coculturing
of CB cells with BATDCs was critical for CM regenera-
tion. In the present method, three days of coculturing
was the most effective to produce CMs from e-CBCs and
improve the CM function and this timing was consistent
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Fig. 3. CBMNCs cocultured with BATDCs contributed to cardiac regeneration. (A) Strategy for transplantation. After human CBMNCs were cocultured
for 3 days with BATDCs from mice. human HLATCD45"CD34~ cells (e-CBCs) were sorted by FACS and injected into the border zone of ischemia
induced nude rats. As a control, CBMNCs that were not cocltured (non-e-CBCs) and freshly isolated CD34¥CD38 HSCs were used. {B) CM
development from injected e-CBCs (a—), non-e-CBCs (d-f), and CD34*CD38 HSCs in MI induced heart. {a, d. and g) Expression of SA (green). (b. e.
and h) human HLA (red). (c, f. and i) are merged image of (a and b), (d and e), and (g and h), respectively, and stained with anti-connexin 43 antibody
(blue). Arrows in (c, f, and i) indicate the regions in which human CB-derived connexin positive CMs make tight junction with resident host CMs. Scale
bar in (i) indicates 20 um. (C) (a) Expression of human HLA (red) and SA (green) in the site of implantation of e-CBCs in MI induced heart. Nuclei were
counter stained with TOPRO3 (blue). (b) FISH staining in a serial section of (a). Green colors indicate rat chromosome, and red color indicates human
chromosome. Nuclear staining was performed with TOPRO3 (blue). Cells expressing human chromosome (red) in the nuclei indicate that these cells were
derived from e-CBCs and did not fuse with host CM expressing only rat chromosome (green). Arrowheads indicate nuclei from host CMs and arrow
indicates human nuclei in e-CBCs (a,b). Scale bar indicates 5 pm.
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Fig. 4. e-CBCs transplantation improved cardiac function. LV diameter (LV end-diastolic diameter) and function (Ejection fraction) were assessed by
echocardiography at 0. 3, 7, 14, and 28 days following myocardial infarction and injection of saline, e-CBCs. non-e-CBCs, and HSCs (CD34+). Note that
in case of injection of e-CBCs, enlargement of LV diameter was reduced and LV function was significantly improved compared with injection of saline,
non-e-CBCs. and HSCs. Each data point is the mean of five determinations: bars denote £SD.

with the expression of Nkx2.5 and GATA-4 on CBMNCs
(Fig. 2). In order to determine how e-CBCs differentiated
into CMs, we tested a number of growth and survival fac-
tors and found that Akt activation seemed to play a role in
the differentiation of CBMNCs into CMs (Supplemental
data 1). Akt, a serine threonine kinase, transduces powerful

survival signals in many systems [22,23]. Recently, it was
reported that overexpression of Aktl in MSCs increased
the post-transplantation viability of these cells and
enhanced their therapeutic efficiency [24]. In fact, intramy-
ocardial injection of MSCs that had been transfected with a
retroviral vector containing the Akt gene resulted in the
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differentiation of MSCs into CMs and led to the prevention
of ventricular remodeling and to the restoration of cardiac
function after MI. In order to examine the survival signals
in e-CBCs in each culture day as indicated, we checked the
phosphorylation level of Akt (p-Akt) in e-CBCs on days 0,
3, and 7. Before extraction of cell lysate, e-CBCs were
exposed to hypoxic condition for 24 h. The p-Akt level of
e-CBCs on day 3 was 10-fold higher than that on day 7
and it was higher (1.7x) than that on day 0 before cocultur-
ing with BATDCs (Supplement data 1). The resistance of
cell to apoptosis induced by hypoxic stimuli was propor-
tional to the level of p-Akt in e-CBCs, i.e., it was higher
on day 3 compared to day 0 and day 7. This anti-apoptotic
effect might contribute to the high incidence of CMs
derived from e-CBCs and to prevention of cardiac remod-
eling caused by conditions such as hypoxia, inflammation,
and mechanical stress, and many endogenous factors such
as angiotensin I1, endothelin-1, and norepinephrine [25] in
MI model.

We have as yet not clarified the precise mechanism
whereby CB cells expressed high levels of p-Akt in hypoxic
conditions after short-term coculturing with BATDCs.
BATDCs were derived from adipose tissue, which pos-
sessed many beneficial factors, such as vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF),
angiopoietin-1, and so on [16). Therefore, these factors
might support the high level of p-Akt in e-CBCs. Identifi-
cation of such factors may enable effective myocardial
regeneration. Use of CBCs together with such factors for
protection against cell apoptosis may enable the applica-
tion of the strategy described here to the clinic for manag-
ing patients of ischemic disease.
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During embryonic lymphatic development, a homeobox transcription factor Prox1 plays important roles in sprouting and
migration of a subpopulation of blood 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 motxhty of endothelial cells. Proxl-expressing BECs preferentially
migrated toward VEGF-C via up-regulation of the expressxon of integrin &9 and VEGF receptor 3 (VEGFR3). In mouse
embryos, expression of VEGFR3 and integrin o9 is increased in Proxl-expressing lymphatlc endothelial cells (LECs)
compared with BECs. Knockdown of Prox1 expression in human LECs led to decrease in the expression of integrin a9 and
VEGFR3, 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 o9

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

INTRODUCTION

The major roles of the lymphatic 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 obstruction of the lym-
phatics results in lymphedema, characterized by disabling
swelling of the affected tissues. In addition, in many types 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 Proxl 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 et al., 2002). In
ProxI-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 et al.,
2002). These findings suggest that Prox1 regulates the pro-
gram of differentiation of embryonic BECs to LECs by re-
programming the profiles of expression of specific markers
of BECs and LECs. However, it is unclear which target genes
elicit the functions of Proxl during the process of lym-
phangiogenesis. Lymphangiogenesis is absent in the mice
lacking some of Prox1 target genes including podoplanin
and vascular endothelial growth factor receptor 3 (VEGFR3).
VEGFR3 serves as a receptor for lymphatic-specific VEGFs,
VEGF-C and VEGF-D. VEGF-C is important for normal devel-
opment of the lymphatic vessels, because deletion of Vegfc
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leads to complete absence of the lymphatic vasculature in
mouse embryos (Karkkainen et al., 2004). In Vegfc-null mice,
LECs initially differentiate in the cardinal veins but fail to
migrate and to form primary lymph sacs, suggesting that
VEGEF-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 et al., 1998).

Recently, integrin o981 was shown to function as a recep-
tor for VEGF-C and VEGF-D (Vlahakis et 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 a9 was shown to
be a target gene of the signals mediated by hepatocyte
growth factor (HGF), which induces neo-lymphangiogen-
esis during tissue repair and inflammation (Kajiya et al.,
2005). Neo-lymphangiogenesis is also induced by two types
of receptor tyrosine kinases, platelet-derived growth factor
receptor B (PDGFRp), which serves as one of receptors for
PDGF-BB (Cao ef 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 FGFR3 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/
VEGFR3 and FGF-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 integrin o9 as a target gene of
Prox1. Interestingly, our findings revealed that integrin «9
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 Prox1 expression in LECs resulted in de-
crease in the expression of VEGFR3 and integrin «9, 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 Tc-inducible ES cell lines from parental MGZ5TcH2 cells
was as described (Masui et al., 2005). Maintenance, differentiation, culture,
and cell sorting of MGZ5 ES cells were as described (Yamashita et al., 2000).
VEGF-A (30 ng/ml); VEGF-C (300 ng/ml), PDGF-BB (10 ng/ml), and tetra-
cycline (1 ug/ml) were used in each experiment unless otherwise described.
HUVECs were obtained from Sanko Junyaku and cultured as described (Ota
et al., 2002). Human dermal lymphatic endothelial cells (HDLECs) were
obtained from Clonetics (San Diego, CA) and cultured in endothelial basal
medium (EBM) containing 5% fetal bovine serum (FBS) and EC growth
supplements (Clonetics). Recombinant adenoviruses with wild-type and mu-
tant mouse Prox1 were generated and used as described (Fujii et al., 1999).

RNA Interference and Oligonucleotides

Small interfering RNAs (siRNAs) were introduced into cells as described
previously (Koinuma et al., 2003). The target sequence for human Proxl
siRNA was 5'-CACCTTATTCGGGAAGTGCAA-3'. Control siRNAs were ob-
tained from Ambion (Austin, TX).
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Immunohistochemistry and Western Blot Analysis

Monoclonal antibodies to platelet-endothelial cell adhesion molecule 1
(PECAM]1; Mec13.3) and a-smooth muscle actin (SMA; 1A4) for immunchis-
tochemistry were purchased from BD PharMingen (San Diego, CA) and
Sigma (St. Louis, MO), respectively. Staining of cultured cells was performed
as described (Yamashita et al., 2000). Stained cells were photographed using a
phase-contrast microscope (Model IX70; Olympus, Melville, NY) or a confocal
microscope (Model LSM510 META; Carl Zeiss Microlmaging, Thornwood,
NY). All images were imported into Adobe Photoshop (San Jose, CA) as
JPEGs or TIFFs for contrast manipulation and figure assembly. Antibodies to
FLAG and a-tubulin for Western blot analysis and immunohistochemistry
were obtained from Sigma. Antibodies to mouse VEGFR3, podoplanin, hu-
man VEGFR3, and Prox1 for Western blot analysis and immunohistochemis-
try were obtained from eBioscience (San Diego, CA), RDI (Flanders, NJ), Santa
Cruz Biotechnology (Santa Cruz, CA), and Chemicon {Temecula, CA), respec-
tively. Western blot analysis was performed as described (Kawabata et al.,
1998).

Fluorescence-activated Cell Sorting

To sort the LECs and BECs, we performed fluorescence-activated cell sorting
(FACS) of mouse embryo cells with an FACS Vantage (Becton Dickinson,
Mountain View, CA) as described previously (Morisada et al., 2005). Briefly,
E14 mouse embryos were dissociated and subjected to antibody staining for
CD45-peridinin chlorophyll protein (PerCP) cyanine 5.5 (Cy5.5) to sort CD45-
nonhematopoietic cells for further analysis. Subsequently, the cells were
incubated with biotinylated anti-LYVE-1 antibodies (ALY7) followed by al-
lophycocyanin-conjugated streptavidin (PharMingen, San Diego, CA). For
double or triple staining, the cells were stained with CD31-phycoerythrin
(PE)/FITC, CD34-PE (PharMingen), and TEK4-PE.14.

RNA Isolation and RT-PCR

Total RNA was prepared with ISOGEN reagent (Nippongene, Tokyo, Japan)
according to the manufacturer’s instructions and reverse-transcribed by
random priming and a Superscript first-strand synthesis 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 1.

Migration Assay

Chemotaxis was determined using a Cell Culture Insert (8-um pore size, BD
Biosciences, San Jose, CA). A total of 5 X 10* cells were seeded in medium
containing 0.5% serum in the upper chamber and migrated toward various
growth factors as chemoattractants in the lower chamber for 4 h. When
anti-integrin a9f1-neutralizing antibodies (Chemicon) were tested, cells were
dissociated by trypsin/EDTA, incubated with neutralizing antibodies (30
ug/ml), 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 crystal violet 0.2%/methanol 20%. Quantification
was performed by counting the stained cells. 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 IRB
microscope (Deerfield, IL) equipped with a hardware-controlled motor stage
over 24 h in 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 period (Michl et al., 2005). Average migration speed was
calculated by analyzing at least 10 cells per group.

RESULTS

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

To examine the effects of Prox1 expression on embryonic
ECs, we used an in vitro vascular differentiation system
from mouse ESCs (Yamashita et al., 2000). This system al-
lows us to induce both endothelial and mural cells derived
from common progenitors expressing VEGF receptor 2
(VEGFR2, Fik1). Because we wanted to induce the expres-
sion of Prox1 in differentiated ECs instead of undifferenti-
ated ESCs, we established ESC lines carrying a tetracycline
(Tc)-regulatable Prox1 transgene (Tc-Prox1) or no transgene
(Tc-Empty; Supplementary Figure 1A; Masui et al., 2005). Re-
moval of Tc from culture of undifferentiated Tc-Prox1 cells, but
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Tc-Empty Tc-Prox1

Figure 1. Effect of Tc-regulated Prox1 expres-
sion on the morphology and sheet formation of
ESC-derived ECs and HUVECs. (A) Flkl1+ en-
dothelial progenitor cells were sorted from the
differentiated ESCs carrying a Tc-regulated
transgene  encoding  FLAG-epitope-tagged
mouse Prox1 (Tc-Prox1) or control transgene
(Tc-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

pum. (B) Quantitation of colony formation, EC

and mural cell production, and endothelial sheet
formation. Flk1+ cells derived from Tc-Prox1

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

and stained for PECAMI1 (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 um. (C)
Morphology of HUVECs infected with adenovi-

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

Merge

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 Tc-Empty and Tc-Prox1
ES cells into Flkl-expressing (Flk1+) vascular progenitor
cells in the presence of Tc, so that no transgene expression is
induced. Flk1+ cells were sorted using anti-Flk1 antibodies
and were redifferentiated in the presence or absence of Te.
As shown in Figure 1A, Prox] transgene expression was
induced in the vascular cells derived from Tc-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 Proxl 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., 2000; Watabe et al,
2003): PECAM1 (CD31)+ pure ECs with or without sheet
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 endothelial sheets was significantly affected by Prox1
(Figure 1B). The frequency of sheet formation among pure
endothelial colonies was 82% when single Flk1+ cells were
cultured in the absence of Prox1. 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 Tc (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 Prox1 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-type Prox1 (Ad-Prox1WT), a Prox1 mutant containing
two amino acid substitutions in its DNA-binding domain (Ad-
Prox1Mut) (Petrova et al., 2002), 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 Prox1
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 infected
with adenoviruses encoding LacZ or mutant Prox1 formed a
flat cobblestone-like structure, Proxl-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 Prox1 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
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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 described in Materials and Methods. (A) ECs derived from
Tc-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)
Prox1 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)
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Videos 3 and 4 and Figure 2B). These findings suggest that
Prox1 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 lymphangiogenesis.

Prox1 Increases Endothelial Motility via Induction of
Integrin a9 Expression

We next examined the molecular mechanisms by which Prox1
regulates morphological changes of BECs. Petrova et al. (2002)
reported that adenovirus-mediated 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-Prox1WT 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 Proxl-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 a9, 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 a9-null mice
exhibit defects in lymphatic systems (Huang et al., 2000).
Therefore, in order to examine the roles of integrin-a9 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 a9 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
o931 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 o9-neutralizing antibodies to culture (Figure 3C).
Furthermore, the increase in motility of HUVECs by Prox1 was
lowered to basal level by anti-integrin o9 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 o9 expression.

Prox1 Increases Chemotaxis to VEGF-C via Induction of
Integrin a9 Expression

Because it was recently reported that VEGF-C and VEGF-D
are ligands for integrin o981 (Vlahakis et al., 2005), we
examined whether the up-regulation of integrin o9 expres-
sion by Prox1 contributed to the Proxl-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
by anti-a981 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
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A ESC B HUVEC

integrin a9

Fold induction
N (%] » ]

-

Relative expression
(normalized to GAPDH)

©Q N b» O @

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

C Prox1 Prox1

>
*

Control

6000, 2
2 5000 :8
= 15
% o :
3 3
3 3000 § ]
& £
§ 2000 §
E 2 o5
=
1000 &
0 0
mock Control Anti. mock Control Anti- .
196  Intod g6 ity | O-Proxt Mut WT
VEGF-C | . - - R
Ad-ProxiMut  Ad-Prox1 WT [#]-[+]-[+]-[+
Ab control Inta8 | control Int a9

Figure 3. Roles of integrin a9 in the migration of HUVECs. (A and B) Expression of transcripts for integrin «9 was determined by
quantitative 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) Proxl and were subjected to videomicroscopy for 24 h in the presence of
control IgG or anti-integrin 9 (int a9)-neutralizing antibodies. The final images of HUVECs (C) and integrated cell motility (D) are
shown. Bars, 100 um. 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 a9 (int «9)-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 inother ~ and LECs expressing VEGFR3 migrate preferentially toward
changes induced by Proxl in ECs. BECs expressing VEGFR2 their ligands VEGF-A and VEGF-C, respectively (Makinen et
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Figure 4. Effect of Prox1 on the migration of HUVECs stimulated
with VEGF-A and VEGF-C. Cell migration was measured by Boyden
chamber assay as described in Materials and Methods. HUVECs were
infected with adenoviruses (Ad) encoding DNA-binding mutant (Mut)
or wild-type (WT) Prox1 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 Proxl1 (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 dominant-negative VEGFR3 significantly de-
creased their chemotaxis toward VEGF-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 a9 Is Increased in
Prox1-expressing LECs from Mouse Embryos

To examine the in vivo significance of our finding that Prox1
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 Prox1-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-
CDA45, LYVE1 (ALY7), CD31, and CD34 antibodies (see Materials and
Methods). CD45—; CD31+; CD34+; LYVE1— BEC fractions and
CD45—; CD31+; CD34~; LYVE1+ LEC fractions were analyzed for
the expression of transcripts for LYVEL (A), Prox1 (B), VEGFR3 (C),
and integrin o® (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 Endothelial 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 Prox1 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 Prox1 levels with siRNAs (Figure 6, B and C).
siRNA-mediated decrease of Prox1 led to decrease in the
expression of various target genes of Prox1, such as
VEGFRS3, and integrin o9 (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 ef 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 Prox1 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 Proxl in §
HDLECs. (A) Expression of endogenous Prox1
(left; green) was examined by spedific antibodies
in HUVECs (top) and HDLECs (bottom), with
counterstaining for nuclei with propidium io-
dide (PI, middle; red; and right, merge). Bars,
100 um. (B-E) Effects of Prox1 knockdown on
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 Prox1 knockdown on the che-
motaxes of HDLECs toward VEGF-A (50 ng/
ml) and VEGF-C (50 ng/mi). 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 placed 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 et al., 2000; Suzuki
et al., 2005), and integrin o9B1 (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 et
al., 2005) and FGF/FGFR3 (Shin et 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 et 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 Prox1
(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 Proxl re-
sulted in decrease in sheet formation, increased motility, and
down- and up-regulation of chemotaxis toward VEGF-A and
VEGEF-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 et al., 2001). The results of morphological obser-
vation of in vitro cultured BECs and LECs are controversial.
Makinen et 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 Prox1 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 et 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, Prox1-expressing
ECs sprout from cardinal veins and migrate toward VEGF-C-
expressing mesenchymal cells (Oliver, 2004). These observa-
tions suggest that Prox1-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 o9 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 modulatlon 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 Prox1
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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Deletion of PSCA Increases Metastasis
of TRAMP-Induced ProstateTumors Without

Altering PrimaryTumor Formation
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BACKGROUND. Prostate stem cell antigen (PSCA) is expressed in normal epithelium of
various tissues, in embryos and adult animals. PSCA expression is upregulated in up to 70% of
prostate tumors and metastases, and a subset of bladder and pancreatic cancers. However, its
function is unknown. We studied the effect of targeted gene deletion of PSCA on normal organ
development and prostate carcinogenesis.

METHODS. PSCA +/+,PSCA +/—,and PSCA —/— mice were bred and aged to 22 months. A
cohort of animals was treated with y-irradiation at 2 and 6 months of age. PSCA knockout mice
were crossed to TRAMP mice and TRAMP+ PSCA +/-+, TRAMP+ PSCA 4/, and TRAMP+
PSCA —/— mice and offspring aged to 10 months of age. Tissues were analyzed by RT-PCR,
histology, and immunohistochemistry for markers of proliferation, apoptosis, angiogenesis,
and tumor progression.

RESULTS. PSCA knockout animals were viable, fertile and indistinguishable from wild-type
littermates. Spontaneous or radiation-induced primary epithelial tumor formation was also
similar in wild-type and PSCA knockout mice. We observed an increased frequency of metastasis
in TRAMP+- PSCA heterozygous and knockout mice, compared to TRAMP+ wild-type mice.
Metastases were largely negative for PSCA and androgen receptor. Cleaved-caspase 3 and CD31
staining was similar in all genotypes. Aurora-A and Aurora-B kinases were detected in the
cytoplasm of PSCA heterozygous and knockout tumors, suggesting aberrant kinase function.
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CONCLUSION. These data suggest that PSCA may play a role in limiting tumor progression in
certain contexts, and deletion of PSCA may promote tumor migration and metastasis. Prostate 68:

139-151,2008. © 2007 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer is the second leading cause of cancer-
related death in American men [1]. Current therapy
includes radical prostatectomy and androgen ablation
therapy, which treat the primary tumor [2,3], but are
ineffective against androgen-independent disease that
can arise later.

Several cell-surface proteins identified on primary
prostate tumors and metastases [4,5), serve as targets for
antibody-mediated therapy. One target is prostate stem
cell antigen (PSCA; [6]), a cell surface GPl-anchored
protein with homology to stem cell antigen 2 (Sca-2),
expressed on immature lymphocytes [7]. Extensive
analysis by several groups showed that PSCA is
expressed in epithelial cells of a restricted set of organs,
and revealed similar patterns of expression for human
PSCA (hPSCA) and its murine homologue (mPSCA). In
adult tissues, hPSCA and mPSCA are expressed in
epithelial cells of bladder, stomach and prostate [8].
Beginning at embryonic day 14, mPSCA message is
found in the GI tract and urogenital sinus (UGS) [8].
mPSCA expression in prostate is highest in the prostates
of young (5- to 8-week-old) mice, and undetectable by
16 weeks of age [8,9]. Furthermore, environmental signals
such as castration modulate PSCA expression [9,10].

mPSCA levels increase dramatically in cancers that
develop in the TRAMP and PTEN mouse models of
prostate cancer [8,9,11]. By in situ hybridization and
flow cytometry, up to 70% of cancer epithelial cells

express PSCA, while it is barely detectable in age-

matched normal prostate tissue.

Similarly, varying levels of hPSCA message and
protein [12,13] are detected in more than 50% of
primary prostate cancer and metastases, 50% of
bladder cancers [14,15], and 60% of pancreatic cancers
[16]. It was suggested recently that PSCA overexpres-
sion is a correlate of more aggressive disease and a poor
prognosis [17].

In vitro, antibody binding to the extracellular
portion of PSCA can transmit a cytotoxic signal [18).
In xenograft models, antibodies against hPSCA can
prevent tumor growth [19] and cause regression of
established tumors [20], suggesting that anti-PSCA
antibodies may have clinical utility [21].

Despite extensive expression analysis, the biological
function of PSCA is unknown. PSCA is amember of the

The Prostate DOI 10.1002/pros
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Ly6 family of GPI-anchored proteins, which comprises
at least nine other members [22], with roles in
hematopoietic stem cell development and lymphocyte
activation. Sca-1 knockout mice show defective hema-
topoietic stem cell and progenitor defects {23]. High
expression of Sca-2 and low expression of four other
family members is detected in normal prostate [24],
suggesting a role for Ly6é family members in prostate
development. Given these data, we investigated
whether genetic deletion of PSCA would affect normal
urogenital development. We observed that PSCA
knockout mice are viable, and fertile with normal
litters, suggesting that PSCA is not critical for develop-
ment or normal urogenital function.

The Ly6 proteins and homologs may play a role in
cancer progression. High Ly6E expression is correlated
with a highly malignant tumor phenotype, while low
Ly6E levels are correlated with low malignant potential
of fibroblast tumor and mammary adenocarcinoma cells
[25). Overexpression of urokinase plasminogen activa-
tor receptor (uUPAR) is associated with cell invasion and
migration [26]. C4.4A has low homology to uPAR, and
binding of C4.4A by its ligands laminin 1 and laminin 5,
results in cell spreading and migration [27].

Continued maintenance of a protein throughout the
disease suggests a functional role in disease develop-
ment or progression. To evaluate the effect of PSCA
deletion on spontaneous tumor development, we aged
PSCA wild-type, heterozygous and knockout mice to
2 years of age. Surprisingly, the tumor incidence and
spectrum was similar in aged mice of all three
genotypes. Treatment with sublethal gamma irradi-
ation to provide a second “hit” also did not change the
frequency or tumor spectrum in old PSCA hetero-
zygous or knockout mice, compared to wild-type mice.
Thus, PSCA does not inhibit or accelerate primary
tumor formation.

To further assess the effect of PSCA deletion when
tumor development was initiated by a defined onco-
gene, we crossed PSCA —/— mice to Transgenic
Adenocarcinoma of the Mouse Prostate (TRAMP [28])
mice. We collected and aged mice to 40 weeks of
age. TRAMP+ PSCA +/+,PSCA +/—,and PSCA —/—
mice all developed primary prostate cancer. On
autopsy and histological examination we detected
metastases to liver, kidney and lung in 61.3% of PSCA
+/— and 56.25% of PSCA —/— TRAMP transgenic
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mice and only 33% of TRAMP+ PSCA +/+ mice.
Quantitative RT-PCR analysis showed lower levels
of mPSCA in metastases of PSCA + /- mice than in

primary tumors or normal prostate. Immunohisto-

chemical analysis for CD31 and cleaved caspase-3
showed similar levels of angiogenesis and apoptosis,
respectively, for all three genotypes. IHC for Aurora-A,
Aurora-B, and Survivin as markers of tumor progres-
sion revealed largely cytoplasmic localization of all
three proteins in TRAMP+ PSCA +/-— and TRAMP+
PSCA —/— tumors. Together, these data show that
genetic deletion of PSCA correlates with metastatic
spread from the primary tumor.

MATERIALS AND METHODS
Mice

Animals were maintained in accordance with the
Institutional Animal Care and Use Committee of UCLA
and WFUHS. PSCA knockout mice (129/Sv strain
background, Transgenic Mouse Facility, University of
California, Irvine) were maintained on a mixed 129/
Sv x C57BL/6 background. C57BL/6 background
TRAMP transgenic mice (Jackson Labs, Bar Harbor,
Maine) were genotyped by PCR of tail genomic DNA.

To generate PSCA +/+, +/— and —/— mice, male
and female PSCA knockout mice were crossed to
C57BL/6 mice. F1 PSCA +/— mice were intercrossed,
to generate the F2 generation of PSCA +/+, +/— —/—
mice, and screened by Southern blot analysis of tail
genomic DNA.

PSCA knockout mice were crossed to TRAMP
transgenic mice carrying one copy of the transgene.
TRAMP+ PSCA +/— (F1) mice were crossed to
TRAMP- PSCA +/— mice to ensure that the F2
generation carried one copy of the transgene and that
background genes distributed randomly.

Autopsy and Tissue Harvest

Animals were killed when they displayed distended
abdomens, weight loss, slow gait, ruffled fur, or
labored breathing. All tissues, femur and spine were
harvested. Portions of each tissue were fixed in
formalin for histology, snap-frozen in liquid nitrogen
for RNA extraction, and incubated in DNA extraction
buffer (0.5M EDTA, 2M Tris pH 8.0, 10% SDS, 600 ug/
ml Proteinase K) for genomic DNA isolation.

Histopathology and Immunohistochemistry

Sections (5 um) were stained with hematoxylin
and eosin, and evaluated by MAT in a blinded
analysis using published criteria [29,30]. Statistical
significance was determined by two-tailed Student’s
t-test.
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IHC analysis of 5 pm tissue sections for expression of
T antigen, androgen receptor (AR), Ki67, CD31, cleaved
caspase-3, Aurora-A, Aurora-B, and Survivin was
performed with minor modifications of manufacturers’
and published protocols [29,31]. Antigen was unm-
asked by boiling (98°C water bath for 30 min) or
incubation in a pressure cooker in citrate buffer.
Antibody sources: T antigen, CD31, BD Pharmingen
(San Diego, CA); AR, Upstate Biotechnology (Lake
Placid, NY), Ki67, Lab Vision Corporation (Fremont,
CA); Aurora-A, Bethyl Laboratories (Montgomery,
TX); Aurora-B, Novus Biologicals (Littleton, CO);
survivin (gift of Dr. Hugo Caldas, WFUHS), Santa
Cruz Biotechnology (Santa Cruz, CA); cleaved caspase-
3, Cell Signaling Technologies (Danvers, MA).

Quantification of Immunohistochemical Staining

Stained sections were quantified using Image] soft-
ware (http:/ /rsb.info.nih.gov/ij/). Stained sections were
photographed at 400x magnification. Representative
fields were chosen randomly, a grid applied, and 150
cells with nuclei were quantified. For AR, Ki67, CD31
and cleaved-caspase 3, the number of positive cells/150
in a field were determined. For Aurora-A, Aurora-B,
and Survivin, the distribution of nuclear versus cyto-
plasmic staining was determined. An average and
standard deviation were calculated, and statistical
significance was determined using a two-tailed t-test
with P < 0.05 considered significant.

Preparation of RNA and DNA

Total RNA was extracted from snap-frozen tissues
using the RNeasy kit (Qiagen, Valencia, CA) following
manufacturer’s protocol. Genomic DNA was isolated
using the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI). RNA and DNA were quanti-
fied by OD260/280~

RT-PCR

First-strand ¢cDNA was synthesized using an oligo
d(T) primer and Superscript 1l Reverse Transcriptase
(Invitrogen, Carlsbad, CA). Semi-quantitative PCR for
mPSCA was performed using standard conditions,
with primers specific for the mature portion of mPSCA.

mPSCA-GST-5": 5-GGAGAATTCATGCTCTGCA-
GTGCTATTCATGC-3'; mPSCA-GST-3":  5-GGA-
GAATTCCTAGGTGTGGGCCCCGTTGAC-3". Prod-
uct was normalized to murine beta actin. Actin
primers, b-actin-FWD: 5-CACAGGCATTGTGATG-
CACT, b-actin-REV: 5'-CTTCTGCATCCTGTCAGC-
CAA-3'. Quantitative PCR was performed using a
Model 7700 instrument (Applied Biosystems, Foster
City, CA), and TagMan Gene Expression Assays
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(Applied Biosystems) for mPSCA and murine B-actin.
Amplicons were detected using FAM dye-labeled
probes. Twenty microliters reaction volumes included
2X Tagman Universal PCR Master Mix (Applied
Biosystems) 20X Assay Mix and varying concentrations
of first-strand ¢cDNA. Individual RNA samples were
normalized to the levels of B-actin message.

RESULTS

Deletion of PSCA Does Not Affect Viability or
Fertility in PSCA Knockout Mice

The PSCA knockout targeting construct was gen-
erated by substituting all of exon 2 and a portion of exon
3 with the neomycin gene (Fig. 1A). Embryonic
expression of PSCA in the UGS and GI tract [8,10]
suggested a role for PSCA in epithelial cell differ-
entiation. Surprisingly, however, PSCA knockout mice
‘were viable and developed to adulthood. RT-PCR
analysis of prostate and bladder confirmed absence of
PSCA in knockout mice (data not shown).

H&E-stained sections of 7- and 10-week-old prostate
lobes of PSCA +/— and PSCA —/— mice were similar
in size and structure to wild-type mice (Fig. 1B). Wet
weights of the male UGS were similar in all three PSCA
genotypes (data not shown). PSCA expression is
modulated by changes in systemic androgen [32].

Prostate involution after castration and regeneration
after addition of exogenous androgen was normal in
PSCA knockout mice (data not shown). Male and
female knockout mice are fertile, with normal litter size
and gender distribution (data not shown), showing that
PSCA deletion does not interfere with normal urogen-
ital function.

Incidence and Distribution of Malignancy Is Similar
in Aged PSCA +/+, +/—, and —/— Mice

We examined whether deletion of PSCA altered the
frequency, latency, or spectrum of tumors in mice aged
to 22 months of age. We collected groups of 10-15
PSCA +/+, +/—, and —~/~ male mice from the F2
generation. Table I shows the age at analysis and
associated pathology for each group of animals. No
tumors were detected in 30-40% of the animals of any
of the genotypes. PIN was observed in wild-type,
heterozygous and knockout mice at a similar fre-
quency, and adenocarcinoma in only one animal of
each group. One wild-type and one heterozygous
animal developed a lung adenocarcinoma. Together,
the incidence and distribution of tumors in PSCA
heterozygous and knockout mice was very similar to
wild-type littermates. Therefore, our results show that
deletion of PSCA alone is insufficient to initiate or
inhibit cancer development.
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Fig. 1. Prostate development in PSCA heterozygous and knockout mice is normal. A: The PSCA knockout allele was created by replacing
most of exon 2 and all of exon 3 by the neomycin gene. B: Histological examination of prostates from PSCA wild-type (WT), heterozygous
(HET), and knockout (KO) mice shows normal glandular architecture.Upper panels, 100 x magnification. Lower panels, 200x magnification.

Box in upper panelindicates area of magnification.
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