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Notch alters VEGF responsiveness
In human and murine endothelial cells
by direct regulation of VEGFR-3 expression
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The Notch family of cell surface receptors and its ligands are highly conserved proteins that regulate cell fate
determination, including those involved in mammalian vascular development. We report that Notch induces
VEGFR-3 expression in vitro in human endothelial cells and in vivo in mice. In vitro, Notch in complex with the
DNA-binding protein CBF-1/suppressor of hairless/Lagl (CSL) bound the VEGFR-3 promoter and transacti-
vated VEGFR-3 specifically in endothelial cells. Through induction of VEGFR-3, Notch increased endothelial
cell responsiveness to VEGF-C, promoting endothelial cell survival and morphological changes. In vivo,
VEGFR-3 was upregulated in endothelial cells with active Notch signaling. Mice heterozygous for null alleles
of both Notchl and VEGFR-3 had significantly reduced viability and displayed midgestational vascular pat-
terning defects analogous to Notch1 nullizygous embryos. We found that Notch1l and Notch4 were expressed
in normal and tumor lymphatic endothelial cells and that Notch1 was activated in lymphatic endothelium of
invasive mammary micropapillary carcinomas. These results demonstrate that Notchl and VEGFR-3 interact
genetically, that Notch directly induces VEGFR-3 in blood endothelial cells to regulate vascular development,

and that Notch may function in tumor lymphangiogenesis.

Introduction

The Notch family of receptors and its ligands are cell surface pro-
teins that regulate cell fate determination through direct cell-cell
interactions. In vertebrates, there are 4 Notch genes (Notch1—4) and 2
families of ligands, Jagged (Jagged1, 2) and Delta-like (DIl1, 3, 4) (1, 2).
Notch signaling modulates the ability of cells to respond to
extracellular cues. The finding that genes of the Notch signaling
cascade are robustly expressed in the vasculature suggests that
Notch signaling guides endothelial cells and associated mural cells
through the cell fate decisions needed to form and maintain the
vascular system. In fact, embryos nullizygous for components of
the Notch signaling cascade (Notch1, Notchl/Notch4, Sel-10, prese-
nilin 1/2, and jagged 1) die midgestation due to defects in vascular
remodeling (3-7). Similarly, embryos in which Notch4 signal-
ing has been activated within the endothelium die at E10.5 with
severely disorganized vasculature (8).

Notch regulates cell fate decisions by altering patterns of gene
expression. Upon ligand activation, the cytoplasmic domain of
Notch is proteolytically released and translocates to the nucleus,
where it interacts with the CBF1/suppressor of hairless/Lag-2
(CSL) transcriptional repressor and converts it to a transcriptional
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activator (9, 10). The hairy enhancer of split (HES) and HES-relat-
ed protein (Hey) families of transcriptional repressors are direct
targets of Notch/CSL-dependent signaling (11, 12). Disruption of
Notch or the Hey2 homolog, gridlock, results in a loss of ephrin-B2
expression in the endothelial cells of the dorsal aorta of zebrafish
(13-15). In primary human endothelial cell cultures, Notch activa-
tion upregulates the expression of HES1, Hey1, and Hey2 as well as
ephrin-B2 (16). In mice nullizygous for Heyl and Hey2, ephrin-B2
expression is lost in the aorta, demonstrating a conserved function
for Hey proteins in regulating ephrin-B2 (17). Thus in endothelial
cells, Notch may regulate ephrin-B2 expression through the induc-
tion of Hey1 and Hey2. Notch also signals via a CSL-independent
pathway that is poorly understood (18).

The VEGFR family is composed of 3 type I tyrosine kinase
receptors that regulate angiogenesis and lymphangiogenesis
(19). Among these, VEGFR-3 selectively promotes lymphangio-
genesis. Transgenic mice that mis-express the VEGFR-3 ligand,
VEGF-C, in skin develop aberrant lymphatic vessels (20). In
experimental tumors, VEGF-C overexpression also correlated
with the development of lymphatic metastases (21-23). In fact,
expression of a VEGFR-3 antagonist can block lymph node
metastasis of aggressive metastatic lung cancer cells (24). Thus
VEGEFR-3 clearly functions to regulate both physiological and
pathological lymphangiogenesis.

However, VEGFR-3 function has also been shown to be essential
for embryonic angiogenesis. Embryos nullizygous for VEGFR-3 die
at E9.5 due to defects in remodeling of the primary vessel networks
(25). These VEGFR-3 nullizygous embryos die prior to the initiation
of lymphangiogenesis, demonstrating a distinct role for VEGFR-3
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signaling in angiogenesis. In breast carcinomas, VEGFR-3 expres-
sion was upregulated in the endothelium of tumor blood vessels,
while VEGF-C was expressed in the intraductal and invasive cancer
cells (26, 27), supporting a role for VEGFR-3 in tumor angiogen-
esis as well as lymphangiogenesis. The promoter of the VEGFR-3
gene contains elements that drive VEGFR-3 expression specifically
to blood endothelial cells (BECs) and lymphatic endothelial cells
(LECs) (28). However, little is known of the mechanisms that regu-
late expression of VEGFR-3.
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To investigate the molecular mechanisms by which Notch regu-
lates vascular development, we determined the effects of Notch sig-
nal activation on the expression of angiogenic ligands and receptors
using 3 human primary endothelial cells lines (human umbilical
venous endothelial cells [HUVECs], human arterial endothelial cells
[HUAECs], and human microvascular endothelial cells [HMVECs]).
Notch induced VEGFR-3 transcripts and protein in all endothelial
cell lines. Notch-mediated transactivation of VEGFR-3 promoter-
luciferase reporters in endothelial cells required the Notch/CSL
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Figure 1

Notch upregulates VEGFR-3 in cultured endothelial cells. (A) Diagram of Notch protein structure. N1IC encodes the cytoplasmic domain of
Notch1. N4/int-3 encodes 30 amino acids upstream of the transmembrane domain, the transmembrane domain, and the cytoplasmic domain
of Notch4 fused to a HA tag. (B) Western blot analysis of Ad-LacZ or N4/int-3 endothelial cells using anti-HA antibody. (C) Activation of a CSL
luciferase reporter in endothelial cells expressing N4/int-3, represented as fold induction in Ad—N4/int-3 cells relative to Ad-LacZ. Data are an
average of 3 independent experiments. (D) gRT-PCR of Tie and VEGFRs in Ad-infected endothelial cells. Values were normalized to $-actin
gRT-PCR. Data of 3 independent gRT-PCR analyses are represented as fold induction in Ad—N4/int-3 cells relative to Ad-LacZ. (E) Western
blot analysis of cell surface proteins isolated from Ad-LacZ and Ad—N4/int-3 endothelial cells immunoblotted with anti-VEGFR-3 antibody and
total cell lysates immunoblotted with anti—a-tubulin antibody. (F) Western blot analysis of cell surface proteins (CSPs) isolated from Ad-LacZ—,
Ad-N4/int-3—, and Ad-N1IC—infected endothelial cells immunoblotted with antibodies against VEGFR-3 and a-tubulin. Total cell lysates (TCLs)
immunoblotted with antibodies against the HA epitope of N4/int-3 (12CA5), N1IC, and a-tubulin. (G and H) VEGFR-3, Hey1, and Hey2 qRT-
PCR of Jagged1/Notch4 (J1/N4) or DIl4/Notch4 (DIl4/N4) HUVEC cocultures, respectively. Values were normalized by p-actin gqRT-PCR and

are presented as relative values. () VEGFR-2 and VEGFR-3 FACS of Ad-LacZ, Ad-N1IC, and Ad—N4/int-3 BECs.

binding sites. Using chromatin immunoprecipitation (ChIP) assays,
we found that the Notch/CSL complex binds and transactivates the
VEGFR-3 promoter, providing evidence that the VEGFR-3 gene is a
direct transcriptional target of Notch. Via induction of VEGFR-3,
Notch signaling made endothelial cells more responsive to VEGF-C
and promoted endothelial cell survival and morphological chang-
es. VEGFR-3 was upregulated by Notch activation within the
embryonic endothelium. Mice doubly heterozygous for Notch1 and
VEGFR-3 had greater than 50% reduced viability, and E9.5 double
mutant embryos displayed severe vascular defects. In adult vascu-
lature, Notch1 and Notch4 were coexpressed with VEGFR-3 in the
angiogenic vessels of the ovary and vasculature of the dermis and
invasive mammary micropapillary carcinomas (IMCs). Finally, we
demonstrated that Notch proteins are expressed in the lymphatic
endothelium in vivo and an activated form of Notch1 is present in
extratumoral LECs of IMCs.

Results

Notch upregulates VEGFR-3 in primary human endothelial cells. To iden-
tify genes regulated by Notch in endothelial cells, we worked with
3 primary endothelial cell lines, HUVECs, HUAECs, and HMVECs.
HUVECs and HUAECs are isolated from specialized large vessels,
while HMVECs are derived from dermal capillaries and composed
of both BECs and LECs (29).

A naturally occurring active allele of Notch4 (N4/int-3) was used to
activate Notch signaling within these primary endothelial cell lines.
N4/int-3 encodes 30 amino acids upstream of the transmembrane
domain and the entire cytoplasmic domain of Notch4 (Figure 1A).
We chose to activate Notch4 signaling, as it is highly expressed in
the embryonic endothelium (30). HUVECs, HUAECs, and HMVECs
were infected with adenoviruses encoding either N4/int-3 (Ad-N4/
int-3) or LacZ (Ad-LacZ), cells were plated in complete medium,
and total RNA or protein was isolated 24 hours later. N4/int-3 pro-
tein was ectopically expressed in Ad-N4/int-3-infected HUVECs,
HUAECs, and HMVECs (Figure 1B). N4/int-3 transactivated
an engineered CSL reporter encoding 6 CSL binding consensus
sequences upstream of the luciferase gene in all 3 endothelial lines,
confirming that Notch4 signaling transactivates CSL in endothelial
cells (Figure 1C). Quantitative RT-PCR (qQRT-PCR) was performed to
determine if Notch4 activation affected the expression of the Notch
target genes of the HES and Hey families or the angiogenic factors
and receptors of the ephrin/Eph, Tie, VEGF families (Figure 1D
and Table 1). Although variable in the different endothelial cell
lines, Notch4 signal activation induced several established direct
Notch transcriptional targets, HES1, HESS, Hey1, Hey2, and HeyL
(Table 1). All cell lines expressed VEGFR-1, VEGFR-2, and Tie-2,
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although Notch activation did not dramatically affect the levels
of expression (Figure 1D). Tie-1 was not expressed in any of the
endothelial cell lines and was not induced by Notch (data not
shown). Strikingly, Notch induced VEGFR-3 transcripts 20- to S5-
fold in venous, arterial, and capillary endothelial cells (Figure 1D).
Notch did not affect the expression of either VEGF-C or VEGF-D
and only moderately upregulated VEGF-A expression in HUAECs
(Table 1 and data not shown).

We next determined if ligand-mediated Notch4 signaling also
induced VEGFR-3. HUVECs were infected with Ad-Notch4, Ad-
Jagged1, Ad-Dll4, or Ad-LacZ and cocultured for 48 hours, and
the RNA was isolated. Cocultures containing either Jagged1- or
Dll4-expressing HUVECs mixed with Notch4-expressing HUVECs
resulted in the induction of VEGFR-3, Hey1, and Hey2, as deter-
mined by qRT-PCR (Figure 1, G and H, respectively). Thus ligand-
mediated Notch4 signal activation also induced VEGFR-3.

We then determined if the induction of VEGFR-3 mRNA by Notch4
correlated with an increase in VEGFR-3 protein. HUVECs, HUAECs,
and HMVECs were infected with either Ad-LacZ or Ad-N4/int-3,
and 48 hours after infection, cells were surface biotinylated, bioti-
nylated proteins were purified, and immunoblotting was performed
(Figure 1E). In culture, all primary endothelial cell lines expressed
a low level of VEGFR-3. N4/int-3 upregulated the expression of
VEGEFR-3 at the cell surface of all 3 endothelial cell lines.

In the mouse, both Notch1 and Notch4 function in embry-
onic vascular development (4). Therefore, we asked if Notchl
could also upregulate VEGFR-3. To activate Notch1 signaling,
an adenovirus encoding the constitutively active human Notch1
intracellular domain (Ad-N1IC; Figure 1A) was used to infect
HUVECs and HMVECs. Twenty-four hours after infection,
Ad-N1IC- Ad-N4/int-3-, and Ad-LacZ-infected endothelial cells

Table 1
Fold induction of gene expression by N4/int-3

HUVEC HUAEC HMVEC
EphrinB2 3.3 307.0 59
EphB4 1.6 15 1.9
HES1 1.8 11 6.4
HES5 6.1 6.1 3.7
Hey1/HRT1/HESR1 55 121 14.9
Hey2/HRT2/CHF1 15.9 2.8 8.2
HeyL/HRT3 1.9 3.7 1.9
VEGF-A 15 3.1 2.0
VEGF-C 1.0 11 1.0
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Figure 2

Notch directly binds and activates the VEGFR-3 promoter in endothelial cells. (A) Diagrams of murine and human VEGFR-3 5'-UTR, the murine
mFIt4p'116-45 and mFIt4pA1116-444 |uciferase reporters, and the human hFIt4p'586-928 and hFlt4p'431-928, Putative CSL binding sites —919, —747,
—574, and —565 in mouse and —1557, —1376, and —983 in human are highlighted. (B) Transactivation of mFit4p'16-45 |uciferase reporter in
Ad-GFP- or Ad—N4/int-3—infected HUVECs, HMVECs, and Hela. Data are presented as fold induction of Ad—N4/int-3 relative to Ad-GFP. (C)
mFIt4p'116-45 and mFIt4pA1116-444 |uciferase reporter assays in Ad-GFP and Ad—N4/int-3 HMVECs. Data are presented as relative luciferase
units (RLU). (D) Transactivation of wild-type mFlt4p'116-45 and the mutant (mt) mFlt4p1116-45 Juciferase reporters in Ad-LacZ— and Ad—N4/int-3—
infected HMVECs. Data are presented as fold induction in Ad-N4/int-3 relative to Ad-LacZ. (E) Transactivation of mFIt4p'116-45 hF|t4p1586-928
and hFlt4p'431-928 |yciferase reporters in Ad-GFP— or Ad—N4/int-3—infected HMVECs. Data are presented as fold induction of Ad—N4/int-3 relative
to Ad-GFP. (F) ChIP assay of Ad-LacZ—, Ad-N1IC—, and Ad—N4/int-3—infected HMVECs. PCR products amplified from input or N1-, N4-, CSL-,

1gG-, or acetyl-H3—immunoprecipitated DNAs.

were surface biotinylated, biotinylated proteins were purified,
and immunoblotting was performed (Figure 1F). Both Notch1
and Notch4 signaling upregulated VEGFR-3 to a similar level.
Notch1l-mediated induction of VEGFR-3 also occurred at the
level of transcription as Notchl1 signaling upregulated VEGFR-3
transcripts (data not shown).

VEGFR-3 has been shown to function in both angiogenesis and
lymphangiogenesis (20, 25). The Notch-mediated induction of
VEGFR-3 in HUVECs and HUAECs established that Notch sig-
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naling regulates VEGFR-3 expression in BECs. We next sought to
determine if Notch induced VEGFR-3 in the BEC and LEC com-
ponents of HMVECs. BECs purified from HMVECs (29) were
infected with Ad-N1IC, Ad-N4/int-3, or Ad-LacZ. The following
day, Ad-infected BECs were analyzed by FACS for VEGFR-2 and
VEGFR-3 expression. The percentage of cells expressing VEGFR-2
remained unchanged between LacZ, N1IC, and N4/int-3-express-
ing BECs (77.31%, 78.34%, and 79.76% respectively; Figure 1I). In
contrast, Notch1 and Notch4 signaling increased the percentage of
November 2007

Volume 117 Number 11



research article

W HUVEC/X
A BD [ HUVEC/N1IC - c
2 40 W HUVEC/X g - g - W HUVEC/X
g 8 O HUVECINIIC | _ VEGFR-2 - VEGFR-3 10 [ HUVEC/N1IC
c) <o 7] <@ 7
8 6 | =1 =1 N 3 8
£ w3 21 i, g
L 4 — % 1 5 ©
[0 So =] c
2, | 8% 2 ‘ul “‘ =
© =] A y <)
o 0 & A ‘ w 2
o« VEGFR-2  VEGFR-3 NY .
000l g2 oo LacZ VEGF-A VEGF-C
D
0.18
0.16 |l -FBS 160
0.14 |00 +FBS @ 140
8 0.12 E 120
a o4 > 100
O 0.08 2 s0
0.06 = T 60
H— l E B
0.02 - 20
0 i = | 0 . |
LacZ VEGF-C LacZ VEGF-C siRNA Control Control VEGFR-3
HUVEC/X HUVEC/NI1IC HUVEC/X HUVEC/NI1IC
W HUVEC/X
F - I HUVEC/NAIC G
3 Control
] siRNA 120
i 3 100
w3 = 80
ERE g 60
382 S 40
] 3
] D 20
] 0
C,:"”"ml L NV siRNA  Control VEGFR-3
100 10! 102 103 10?
FL2-H
Figure 3

Notch promotes HUVEC survival in response to VEGF-C. (A) qRT-PCR of VEGFR-2 and VEGFR-3 in HUVEC/X and HUVEC/N1IC cultured
on type | collagen for 7 days. Values were normalized by B-actin expression determined by gRT-PCR, and data are represented as relative
femtograms. (B) VEGFR-2 and VEGFR-3 FACS of HUVEC/X and HUVEC/N1IC. (C) WST-8 assay of HUVEC/X or HUVEC/N1IC infected with
Ad-LacZ, Ad-VEGF-A'%5, or Ad-VEGF-C and cultured 6 days in complete medium. Data represented as percentage of viable cells relative to
Ad-LacZ controls. (D) WST-8 assay of HUVEC/X or HUVEC/N1IC Ad-infected with LacZ or VEGF-C and cultured 6 days in endothelial serum-
free medium with or without FBS. Data are presented as ODyso, @ measure of cell viability. (E) VEGFR-3 gRT-PCR and (F) FACS of HUVEC/X

and HUVEC/N1IC lipofected with a control or VEGFR-3 siRNA. qRT-

PCR values were normalized by B-actin expression determined by

gRT-PCR, and data are represented as relative units. (G) WST-8 assay of HUVEC/N1IC lipofected with a control or VEGFR-3 siRNA. Data are
presented as percentage of viable cells relative to HUVEC/N1IC containing control siRNA.

VEGFR-3-expressing BECs (LacZ, 40.08%; N1IC, 76.71%; N4/int-3,
70.61%; Figure 1I). FACS analysis was also performed on LECs
infected with Ad-N1IC, Ad-N4/int-3, or Ad-LacZ. Notch signal acti-
vation did not alter the percentage of LECs positive for VEGFR-3
(data not shown), consistent with the fact that the majority of
LECs already express high levels of VEGFR-3 (29).

Notch/CSL complex binds and activates VEGFR-3. The induction of
VEGFR-3 by Notch occurred within 24 hours of the adenoviral
infection, suggesting that VEGFR-3 was a direct target of Notch/
CSL transactivation. There are 4 putative CSL binding sites
upstream of the transcriptional start site of the murine VEGFR-3
gene (Figure 2A). Previous studies have shown that murine VEGFR-3
reporter constructs that encode 3 of the 4 CSL binding sites are
strongly expressed in cultured murine brain endothelial cells and
the developing lymphatic and blood microvascular endothelium
invivo (28). Thus we designed 2 murine VEGFR-3 luciferase report-
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er constructs encoding bases -1116 to -45 (mFlt4p!!16-4%) or bases
-1116 to -444 (mFlt4pA1116-444) of the VEGFR-3 upstream regula-
tory region (Figure 2A). The VEGFR-3 reporters were introduced
by lipofection into Ad-GFP- and Ad-N4/int-3-infected HUVECs,
HMVECs, or HeLa cells and luciferase activity determined 24
hours later. N4/int-3 transactivated the mFlt4p!116-45 reporter
5-fold in HUVECs and nearly 8-fold in HMVECs (Figure 2B).
In HeLa cells, N4/int-3, which transactivated the CSL reporter
(data not shown), did not induce the mFlt4p!!16-45 reporter. In
HMVEC, the mFlt4pA!116-444 reporter that encodes the 4 CSL bind-
ing sites retained Notch responsiveness (Figure 2C). In the con-
trol Ad-GFP-infected HMVECs, the mFlt4pA!116-444 reporter had
higher basal activity than the mFlt4p!16-4S reporter (Figure 2C),
suggesting that the sequences between -45 and -444 contain cis
repressor elements. Next, we mutated the 4 CSL binding sites in
the mFlt4p!116-45 reporter. Wild-type and mutant mFle4p!116-45
Volume 117 Number 11~ November 2007
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Notch promotes HUVEC morphological changes in response to VEGF-C. (A)
3D assay of HUVEC/X or HUVEC/N1IC Ad-infected with LacZ, VEGF-A'65, or
VEGF-C and cultured in complete medium on a fibrin gel. The development of
processes extending into the underlying fibrin matrix of Ad-infected HUVEC/X
and HUVEC/N1IC after 6 days is shown. Original magnification, x10. (B)

Average number of processes per cell for Ad-infected HUVEC/N1IC.

reporters were introduced into Ad-LacZ- and Ad-N4/int-3-infect-
ed HMVECs. N4/Int-3 transactivated the wild-type mFlt4p!116-45
reporter 5.5-fold and the mutant mFle4p!!16-45 reporter only
1.4-fold relative to the Ad-LacZ control (Figure 2D). In the
Ad-LacZ-infected HMVECs, the mutant mFlt4p!116-45 reporter
had higher basal activity than the wild-type reporter, consistent
with a loss of CSL transcriptional repression (data not shown).

The 5'UTR of the human VEGFR-3 gene encodes 9 putative CSL
binding sites within 4 kb of the initiating ATG. To evaluate the
activity of a subset of the human CSL binding sites, we construct-
ed 2 human VEGFR-3 luciferase reporters, one encoding 3 CSL
binding sites hFlt4p!586-928 and the other encoding 2 CSL binding
sites hFlt4p!431-928 (Figure 2A). Reporter plasmids hFlt4p!586-928
hFle4p!431-928 and mFle4p!116-4S were introduced into HMVECs that
were infected with either Ad-LacZ or Ad-N4/int-3 and luciferase
reporter assays performed the following day. The human hFlt4p1586-928
reporter was induced 13-fold by Notch4 activation, similar to the
mouse mFle4p!116-45 reporter (15-fold; Figure 2E). The hFlt4p1431-928
reporter was induced nearly 3-fold less than the hFlt4p!586-928
reporter, consistent with this reporter containing 1 less CSL binding
site. Therefore, the upstream promoters of both human and mouse
VEGFR-3 genes contain Notch-responsive CSL elements.

To demonstrate that the N4/int-3 transactivation occurred
via a direct interaction between the Notch/CSL complex and
VEGFR-3 promoter, ChIP assays were performed. After cross-
linking of protein and DNA, cell lysates from Ad-LacZ-,
Ad-N1IC-, or Ad-N4/int-3-infected HMVECs were subjected to
immunoprecipitation with antibodies against N1IC, N4/int-3,
or CSL. The 5'UTR of the human VEGFR-3 gene contains mul-
tiple repetitive elements, making it difficult to amplify by PCR
(ref. 28 and data not shown). Thus we chose primers that flank 3
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CSL binding sites (-3818,-3687, and -3456) outside of the
repetitive elements to amplify the precipitated DNA. PCR
products were specifically amplified from N1IC and N4/
int-3 lysates precipitated with antibodies against N1IC or
N4/int-3 (Figure 2F). A PCR product was detected from the
LacZ lysate immunoprecipitated with an antibody against
CSL, consistent with CSL being bound to the VEGFR-3 pro-
moter in the absence of Notch (Figure 2F). PCR products
were not amplified from lysates precipitated with nonspe-
cific IgG. The Notch/CSL transcriptional activation com-
plex includes histone acetylases, such as p300 and CBP
(31). PCR products were detected from N1IC and N4/int-
3 lysates precipitated with antibodies against acetylated
histone 3 (H3; Figure 2F), suggesting that the Notch/CSL
complex is functional on the VEGFR-3 promoter.

Notch promotes VEGF-C—mediated HUVEC survival. Previous
studies have separately implicated Notch and VEGFR-3 sig-
naling in the promotion of endothelial cell survival (32-35).
Because Notch signaling induced VEGFR-3, we hypoth-
esized that Notch signaling may promote cell survival in
response to the VEGFR-3 ligand, VEGF-C. For these studies,
populations of stable HUVEC lines were generated by ret-
roviral transduction with either an empty retroviral vector
(HUVEC/X) or a retrovirus encoding N1IC (HUVEC/N1IC).
HUVEC lines were plated at confluency on a type I collagen
in complete medium. After 7 days, total RNA was isolated
and qRT-PCR performed to determine the expression of the
VEGFRs, VEGFR-2 and VEGFR-3 (Figure 3A). Consistent
with previous studies (32, 36), VEGFR-2 was downregulated
by Notch, while VEGFR-3 was strongly induced in the HUVEC/
N1IC relative to HUVEC/X. FACS analysis of the HUVEC lines
using antibodies against VEGFR-2 and VEGFR-3 confirmed that
the protein levels were also altered in response to Notch activation
(Figure 3B). Thus Notch signal activation dramatically changed
the expression pattern of the VEGFRs in HUVECs.

To determine whether Notch-mediated VEGFR-3 signaling
promoted endothelial cell survival, HUVEC/X and HUVEC/N1IC
were infected with Ad-LacZ, Ad-VEGF-A!%5 or Ad-VEGF-C and
plated at subconfluency in complete medium containing serum
and growth factors. After 6 days, HUVEC viability was ascer-
tained by a WST-8 assay that measured dehydrogenase activity.
Relative to the LacZ-expressing HUVEC/X, exogenous VEGF-A
or VEGF-C promoted endothelial cell viability of HUVEC/X by
8.8- and 3.5-fold, respectively (Figure 3C). HUVEC/N1IC num-
bers were reduced 1.5-fold in response to VEGF-A and increased
2-fold in response to VEGF-C relative to HUVEC/X controls
(Figure 3C). These experiments indicate that Notch modulates
the response of HUVEC to angiogenic factors by making them
more responsive to VEGF-C and less responsive to VEGF-A
through its induction of VEGFR-3.

We next asked if the Notch-mediated induction of VEGFR-3 pro-
moted serum-free survival in response to VEGF-C. Ad-LacZ- and
Ad-VEGF-C-infected HUVEC/X and HUVEC/N1IC were plated
at subconfluency in basal medium with or without serum and cell
viability determined 3 days later. In the absence of serum, VEGE-C
did not promote survival of the HUVEC/X controls (Figure 3D). In
contrast, VEGF-C increased HUVEC/N1IC cell survival more than
5-fold (Figure 3D). The addition of serum increased endothelial
cell survival of VEGF-C-expressing HUVEC/N1IC similar to the
increase observed for LacZ- and VEGF-C-expressing HUVEC/X
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Figure 5

VEGFR-3 is upregulated in E9.5 embryos in which Notch signaling has been activated
within the endothelium. (A—H) Control Tie1taeZ (A, C, E, and G) and gain-of-func-
tion Tie1tacZ;Flk1N4int-3 (B, D, F, and H) embryos were immunostained with antibodies
against PECAM (A, B, E, and F) or VEGFR-3 (C, D, G, and H). (E-H) The dorsal region
consisting of the intersomitic vessels was enlarged to demonstrate the similar mor-
phology of the intersomitic vessels (PECAM; green arrowheads) and the induction of
VEGFR-3 (blue arrowheads) in the Tie1LacZ; Flk1N4/int3 embryos relative to the controls.
(I) VEGFR-3, ephrinB2, and Hey2 qRT-PCR of pooled Tie1acZ or Tie1tacZ;Flk1N4/int-3
E9.5 embryos. Values were normalized by p-actin and VE-cadherin expression and
are presented as fold expression Tie1LacZ; Flk1N4/int3 relative to Tie1taeZ, Original mag-

nification, x5 (A-D); x7 (E—H).

and LacZ-HUVEC/N1IC. Taken together, these data suggest that
induction of HUVEC survival by VEGF-C is dependent on the
induction of VEGFR-3 by Notch.

VEGF-C can bind and activate both VEGFR-2 and VEGFR-3, but
Notch-mediated HUVEC survival is most likely to occur via VEGFR-3,
as VEGFR-2 expression is downregulated by Notch (Figure 3,
A and B). To confirm this hypothesis, we introduced a siRNA
against VEGFR-3 into the HUVEC/NI1IC line. The VEGFR-3
siRNA suppressed the Notch-mediated induction of VEGFR-3 by
nearly 39% relative to a control siRNA (Figure 3, E and F). When
the VEGFR-3 siRNA was introduced into the Ad-VEGF-C-infected
HUVEC/NI1C, endothelial cell survival was reduced 40%, consistent
with the inhibition of VEGFR-3 expression by the VEGFR-3 siRNA
(Figure 3G). Thus we conclude that Notch promotes VEGF-C-
mediated endothelial survival via the upregulation of VEGFR-3.
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Notch promotes VEGF-C—mediated morphological
changes in HUVECs. We have found that Notch sig-
naling promotes HUVEC morphological chang-
es as seen by the extension of processes into the
underlying extracellular matrix (Figure 4; ref. 37).
We asked whether Notch signaling would affect
HUVEC morphological changes in response to
VEGF-C. HUVEC/X and HUVEC/NI1IC infected
with Ad-LacZ, Ad-VEGF-A!%5 or Ad-VEGF-C were
plated at subconfluency on a fibrin matrix in com-
plete medium. After 6 days, none of the Ad-infected
HUVEC/X extended processes into the underlying
matrix (Figure 4A). VEGF-A- and VEGF-C-express-
ing HUVEC/X proliferated relative to the Ad-LacZ
endothelial control consistent with the known stim-
ulatory function of these angiogenic factors (data
not shown). All adenovirally infected HUVEC/N1IC
lines underwent morphological changes, including
elongation of the cells and extension of processes
into the underlying fibrin matrix (Figure 4B). How-
ever, the number of extensions differed between cell
types. Ad-LacZ-infected HUVEC/N1IC developed
an average of 2.14 + 1.07 processes per cell, as com-
pared with Ad-VEGF-A (2.67 + 0.52 per cell) and
Ad-VEGF-C (4.83 = 1.69 per cell) (Figure 4B). Thus
VEGEF-C was a more potent inducer of endothelial
cell morphological changes than VEGF-A when
Notch signaling was activated in HUVECs.

Notch upregulates VEGFR-3 in murine embryonic vas-
culature. Having established that Notch induced
VEGFR-3 in vitro, we examined whether Notch also
upregulated VEGFR-3 in the vasculature of murine
embryos. We used transgenic embryos in which
Notch4 had been constitutively activated specifi-
cally within the vascular endothelium under control
of the VEGFR-2 promoter (Tiel'FlkIN¥i*3). These
transgenic embryos die at E10.5 due to hemorrhag-
ing and vascular defects (8). Day 9.5 Tiel"<% Fll IN¥nt3
and phenotypically normal Tiell*Z embryos were
isolated and whole-mount immunostaining per-
formed with antibodies against VEGFR-3 or the
endothelial cell marker PECAM. We focused our
analysis on less severely affected double transgenic
embryos (Tiel**% Flk1N4"3) so as to minimize the
difference of endothelial cell numbers between the
2 groups. As compared with Tiel'” controls, Tiel'*? FlkIN¥nt3
embryos have less PECAM, as well as less VEGFR-3, staining in
the head and brachial arches, commensurating with the loss of
capillary vessels that results from defects in vascular remodeling
(Figure 5, A and B). Consistent with this observation, qRT-PCR of
RNA isolated from pooled embryos revealed a 2-fold decrease in
VE-cadherin expression in the Notch4 endothelial gain-of-func-
tion embryos (data not shown).

In contrast to the caudal portions of the embryos, the PECAM
staining of intersomitic vessels appeared to be similar between the
2 embryonic phenotypes (Figure 5, C and D), whereas VEGFR-3
was more strongly expressed in the intersomitic vessels of the
Tielt«Z Fll IN¥+3 embryos as compared with the Tiel*? controls
(Figure 5, G and H). In zebrafish, the sprouting intersomitic ves-
sels are one of the sites of VEGFR-3 expression outside of the
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Table 2
Viability of E9.5 and P21 mice from Notch1+-and VEGFR-3+~
Crosses

Genotype Predicted (%) E9.5 (%)A P21 (%)8
WT 25 22 29
N1+~ 25 32 30
VEGFR3+- 25 19 29
VEGFR3+-;N1+- 25 27 12

An=125; P >0.1.Bn=210; P < 0.001.

venous endothelium (38). qRT-PCR analysis of RNA isolated from
pooled embryos confirmed a nearly 2-fold increase in VEGFR-3
transcripts in the Tiel'*Z Flk1N¥#3 embryos relative to the Tiell*Z
embryos (Figure SI). This was similar to the induction of the known
endothelial Notch target genes, EphrinB2 and Hey2 (Figure 5I).
Notch1 and VEGER-3 genetically interact to regulate embryonic vascular
development. To determine if Notch and VEGFR-3 genes interact to reg-
ulate vascular development, we mated Notch1”~ (4) and VEGFR-3"/~
(25) mice and analyzed the genotypes of the offspring. As expect-
ed, NotchI*/~ or VEGFR3"~ mice were viable. We observed a great-
er than 50% reduction in the viability of Notch1”~;VEGFR-3"~
doubly heterozygous mice (Table 2). As embryos nullizygous for
either Notchl or VEGFR-3 display severe vascular abnormalities at
E9.5 (4, 25), embryos from Notch1*/~ and VEGFR-3"/~ crosses were
isolated at this stage and whole-mount immunohistochemistry
for PECAM performed (Figure 6, A-F). Vascular development of
Notch1”~ and VEGFR3*~ embryos was similar to wild-type litter-
mates. The majority Notch1”~;VEGFR-3"~ embryos were smaller in
size than their littermates but were not developmentally delayed,
as they contain the same number of somites (Figure 6, A-C, and

N
>

data not shown). In more than half of these double mutant embry-
os, vascular development was severely disrupted. In the affected
embryos, the overall PECAM staining was reduced compared
with Notch1”~ and VEGFR-3*/~ embryos (Figure 6, A-C). These
Notch1”/-;VEGFR-3"/~ embryos had coarctation and disorganiza-
tion of the dorsal aorta (Figure 6F). The intersomitic vessels of the
double heterozygous embryos appeared structural, similar to their
heterozygous littermates, but stained weaker for PECAM (Figure 6,
D-F). We also observed a reduction in the PECAM staining in the
left and right atria of the primary heart tube of the double mutant
embryos, indicative of reduced endothelium (Figure 6F), though
their hearts were beating.

As the VEGFR-3"/~ gene is disrupted by the introduction of LacZ
(25), we also performed whole-mount B-galactosidase staining
on E9.5 embryos (Figure 6, G-J). Strong vascular -galactosidase
staining was observed in the cranial and posterior blood vascula-
ture, and weaker staining was observed in the area of the dorsal
aorta and intersomitic vessels of VEGFR-3"~ embryos (Figure 6,
G and I). In the Notch1”~;VEGFR-3"/~ embryos, there were fewer ves-
sels that stained for B-galactosidase (Figure 6H). Moreover, vessels
that stained positive for B-galactosidase also showed a reduction
in the B-galactosidase expression consistent with Notchl pro-
moting vascular expression of VEGFR-3. These effects were most
evident in the cranial vasculature (Figure 6, I and J). There was
reduced density of B-galactosidase-positive vessels in the anterior
portion and almost complete loss of these vessels in the ventral
region of the head (Figure 6]). Taken together, these results indi-
cate that the reduced VEGFR-3 expression of the wild-type allele in
Notch1-;VEGFR-3"~ embryos compromises vascular development,
resulting in embryonic lethality.

Notch and VEGFR-3 are coexpressed in the vasculature of the murine
ovary. In the adult, the ovary is an organ of robust physiological
angiogenesis, required for development of follicles and corpus

Figure 6

Notch1 and VEGFR-3 genetically interact to regulate vascular development. Notch1+- (A and D), VEGFR-3*- (B and E), and Notch1+-;VEGFR-3*-
(C and F) E9.5 embryos were immunostained for PECAM. (D-F) The dorsal region of embryos was enlarged to visualize the dorsal aorta (blue
arrowheads), atria of the primary heart tube (green arrowheads), and intersomitic vessels. E9.5 VEGFR-3+- (G and I) and Notch1+-;VEGFR-3*-
(H and J) embryos were (3-gal stained to visualize the VEGFR-3—positive vasculature. (I and J) The cranial region of the embryos was enlarged
to demonstrate the decrease in VEGFR-3 expression (red asterisks) and reduction of VEGFR-3—positive vessel density (yellow arrowheads).

Original magnification, x5 (A-C, G, and H); x15 (D-F); x10 (I and J).
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luteum formation. During folliculogenesis, a dramatic increase in
vessel density occurs in the theca layer surrounding the granulosa
cells and oocyte that later regresses after ovulation (Figure 7, K and
L; refs. 39-41). After oocyte release, the follicle granulosa cells pro-
liferate rapidly to form the corpus luteum. As the corpus luteum
matures, a vascular network of blood vessels derived from the thecal
layer grow into the corpus luteum via the process of angiogenesis
(Figure 7J; refs. 42, 43). Since the ovary is an active site of adult phys-
iological angiogenesis, we determined the expression patterns for
Notch4 and VEGFR-3 in the vasculature of the theca layer and cor-
pus luteum. Notch4 and VEGFR-3
had an overlapping expression pat-
tern in the angiogenic vessels of the
corpus luteum (Figure 7, A-C) and
in mature and angiogenic vessels
of the theca layer (Figure 7, D-I).
Notchl was also expressed in the
BECs of the ovary (data not shown;
ref. 44). Thus Notchl and Notch4
and VEGFR-3 are expressed in the
vasculature of the ovary, suggesting
arole for Notch/VEGFR-3 signaling
in follicular angiogenesis.

Notch, VEGFR-3, and LYVE-1 are
coexpressed in the vasculature of the
murine skin. After the formation of
the embryonic blood vasculature,
VEGFR-3 expression becomes most-
ly restricted to the lymphatic endo-
thelium and regulates lymphan-
giogenesis (20, 29, 45, 46). Thus we
explored whether Notch1 or Notch4
were coexpressed with VEGFR-3 in
the lymphatic vasculature. We evalu-
ated the expression of Notchl and
Notch4 in the vasculature of the .
dorsal skin isolated from P4 mice, Figure 8
as the dermal vasculature consists
of both blood and lymphatic vessels
(29). Five-micron cross-sections of
skin were costained with antibod-
ies against Notch1 or Notch4, and
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Figure 7

Notch4 and VEGFR-3 are coexpressed in
the vasculature of ovarian follicles. Murine
ovary sections immunostained with anti-
bodies against PECAM (J-L), Notch4 (A,
D, and G), and VEGFR-3 (B, E, and H).
(C, F, and I) Triple overlay of Notch4 and
VEGFR-3 and DAPI. (A-C and J) Angio-
genic blood vessels of the corpus luteum.
(D—F and K) Endothelial cells in the theca
layer of the ovarian follicles. (A-F, J, and
K) Original magnification, x25. (G-I and
L) Magnified (x50) view of theca layer
vasculature.

VEGFR-3 or PECAM (Figure 8). Notchl and Notch4 share an
overlapping pattern of expression with the BEC and LEC marker
PECAM (Figure 8, A-C and J-L). We also observed expression of
Notch4 with 2 different antibodies in the hair follicles (Figure 8, K,
N, and Q, and data not shown). As we observed in the ovary, Notch1
and Notch4 were coexpressed with VEGFR-3 in the dermal vascu-
lature (Figure 8, D-F and M-O). As VEGFR-3 has been reported to
be restricted to the lymphatic vessels of the skin, we also evaluated
the expression of Notch1 and Notch4 and the LEC specific marker,
LYVE-1. Both Notch1 and Notch4 were coexpressed with LYVE-1

Notchl

Notchl

Notchl

N4, LYVE-1

Notch1 and Notch4 are coexpressed with VEGFR-3 and LYVE-1 in the dermal vasculature. Murine
P4 dermal sections immunostained with PECAM (A and J), VEGFR-3 (D and M), LYVE-1 (G and P),
Notch1 (B, E, and H), or Notch4 (K, N, and Q) antibodies. Notch1 is coexpressed with PECAM (C),
VEGFR-3 (F), and LYVE-1 (I). Notch4 is coexpressed with PECAM (L), VEGFR-3 (0), and LYVE-1
(R). (M-R) White arrowheads highlight Notch4 staining in the dermal lymphatic endothelium. Original
magnification, x12.5 (A—C and J-L); x40 (D-1 and M-R).
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Figure 9

Notch1 and Notch4 are coexpressed with VEGFR-3 and LYVE-1 in IMC.
Human IMC immunostained with VEGFR-3 (B and E), LYVE-1 (H and L), podo-
planin (P), Notch1 (A and G), Notch4 (D and K), or activated Notch1 (N1Val)
(O) antibodies. Notch1 (C) and Notch4 (F) are coexpressed with VEGFR-3
in the extratumoral IMC vessels. Notch1 (I) and Notch4 (M) are coexpressed
with LYVE-1 in the extratumoral lymphatics. J and N represent magnified view
of boxed areas in | and M, showing lymphatic vessels. (N) White arrowhead
indicates Notch4-positive LEC. Yellow arrowheads highlight Notch4-positive
non-endothelial cells adjacent to the lymphatic endothelium. (Q) The activated
Notch1 peptide is localized to the LEC nuclei. White arrowheads highlight posi-
tive nuclei, and yellow arrowhead indicates a negative nucleus. Original magni-

fication, x50 (A—F and O-Q); x40 (G-I and K-M); x120 (J and N).

in the dermal lymphatic vessels (Figure 8, G-I and P-R). Thus we
report for the first time that Notch1 and Notch4 are expressed in
the lymphatic vessels of the neonatal dermis.

Notch, VEGFR-3, and LYVE-1 are coexpressed in human invasive
micropapillary breast carcinomas. Previous studies have shown that
both the Notch ligand, D114, and VEGFR-3 are strongly expressed
in the vasculature of breast ductal carcinomas, suggesting a role
for Notch and VEGFR-3 in tumor angiogenesis and lymphangio-
genesis (26, 47). Thus we next analyzed the expression of Notch1
and Notch4 in human invasive micropapillary breast carcinomas
(IMCs). IMCs are aggressive tumors that have a high propensity
for high lymphatic vessel density, lymphovascular invasion, and
lymph node metastasis (48). Five-micron paraffin sections were
3378
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costained with antibodies against Notch1 or Notch4, and
VEGFR-3 or LYVE-1 (Figure 9). Notch1 and Notch4 shared
an overlapping expression pattern with VEGFR-3 in both
the blood and lymphatic vasculature of IMC (Figure 9, A-F).
Costaining with antibodies against Notch1 or Notch4 and
LYVE-1 revealed that both Notch proteins are expressed
in the extratumoral LECs (Figure 9, G-N). Notch4 expres-
sion was also observed in cells adjacent to the lymphatic
vessels (Figure 9N). As expression of the Notch receptors
does not necessarily mean that the Notch is actively sig-
naling, we also costained with the lymphatic endothelial
marker podoplanin and an antibody that recognizes the
active Notch1 peptide that has been processed by y-secre-
tase/presenilin (N1Val; Figure 9, O-Q). Expression of the
activated Notch1 peptide was observed in the majority of
the lymphatic endothelial nuclei, indicating that Notch1 is
expressed and actively signaling in the lymphatic vessels of
IMCs (Figure 9Q).

*

Discussion

Mouse genetic studies have demonstrated that Notch sig-
naling is required for proper patterning of the embryonic
vasculature (49). Notch in complex with the CSL transcrip-
tion factor is thought to regulate cell fate decisions by
inducing tissue-specific genes that modulate the ability of
cells to respond to extracellular cues. Consistent with this
hypothesis, Notch has been proposed to regulate angiogen-
esis via the induction of ephrinB2 (15, 16) and the suppres-
sion of VEGFR-2 (32, 36, 50). Both of these Notch target
genes likely lie downstream of the HES/Hey proteins. Here
we describe VEGFR-3 as a direct target of Notch/CSL trans-
activation in endothelial cells, and what we believe to be a
novel mechanism of angiogenic regulation by Notch. Like
Notch, VEGFR-3 is essential for embryonic blood vessel
remodeling (3-7, 25). We found that Notchl and VEGFR-3
genetically interact to regulate embryonic vascular devel-
opment. In addition, Notch signaling through the direct
upregulation of VEGFR-3 promotes BEC survival and mor-
phological changes in response to VEGF-C. Our studies fur-
ther suggest that both Notch1 and Notch4 may function in
the lymphatic vessels as well as blood vessels.

Notch in complex with CSL binds to and transactivates VEGFR-3.
It has been suggested that the endothelial expression of
VEGEFR-3 is regulated at both the transcript and protein lev-
els (28,29), yet little is known about these regulatory mecha-
nisms. The portion of VEGFR-3 promoter that specifically
drives expression of VEGFR-3 in BECs and LECs has been
previously described (28). We identified 3 CSL consensus sequenc-
es (-747,-574, and -565) in this same VEGFR-3 regulatory region
(Figure 2A). The mFlt4p!!16-4 reporter encoding these same 3 CSL
consensus sites was transactivated by Notch in endothelial cells
but not in non-endothelial cells. Notch and additional endothelial
cell-specific transcription factors may interact to regulate expres-
sion of VEGFR-3 in endothelial cells. Further confirming that the
Notch/CSL complex directly activates VEGFR-3, Histone3 was acet-
ylated upstream of VEGFR-3 upon Notch activation. In transgenic
embryos, Notch4 signaling induced VEGFR-3 within the inter-
somitic endothelium but not within other endothelial cell types,
suggesting that other angiogenic factors cooperate with Notch to
transactivate VEGFR-3. Thus we present a mechanism for driving
November 2007
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expression of VEGFR-3 in BECs. These studies further indicate that
VEGFR-3 signaling may be elemental to the function of Notch in
the development of vascular systems.

Notchl and VEGFR-3 cooperate to regulate vascular development.
Disruption of either Notchl or VEGFR-3 signaling in mice results
in embryonic lethality prior to E10.5 (4, 25). Both knockout
embryos display collapsed dorsal aorta and cardinal veins and
disrupted cranial and yolk sac vascular remodeling. We observed
that disruption of one allele of NotchI and VEGFR-3 phenocopied
the dorsal aorta and cranial vascular defects present in either sin-
gle nullizygous embryo. At this embryonic time point, Notch1
and VEGFR-3 have been described to have an overlapping expres-
sion pattern in the aorta and cranial vasculature (25, 45, 51, 52).
In addition, these double heterozygous mutant embryos were
growth retarded, similar to what has been described for VEGFR-3-/~
embryos (25). As Notch directly transactivates VEGFR-3, we thus
propose that Notchl and VEGFR-3 signaling cooperate to regu-
late embryonic aortic and cranial vascular development. In the
adult vasculature, we show that Notch1 and Notch4 are coex-
pressed with VEGFR-3 in the angiogenic vessels of the murine
corpus luteum and theca layer of ovary. Therefore, we speculate
that the Notch-mediated induction of VEGFR-3 has a role in reg-
ulating the vascular development of a subset of blood vessels in
the embryo and may also have a function in adult physiological
angiogenesis. Alternatively, Notch1 and VEGFR-3 may function
in parallel pathways to effect vascular development.

Notch via its induction of VEGFR-3 mediates VEGF-C induced
endothelial cell survival and morphological changes. The concept
that Notch and VEGFR-3 signaling may cooperate to regulate
endothelial cell fate determination is supported by our observa-
tions that mice doubly heterozygous for null alleles of VEGFR-3
and Notchl display embryonic vascular remodeling defects and
that Notch activation within the endothelium results in VEGFR-3
misexpression. Consistent with this hypothesis, we find that
Notch, via induction of VEGFR-3, promoted endothelial cell
survival and morphological changes in response to VEGF-C. In
endothelial cells, activation of Notch has been shown to inhibit
apoptosis and promote survival of endothelial cells (53, 54). We
propose that Notch can regulate VEGF-C-mediated endothelial
cell survival by inducing VEGFR-3, as blocking the expression of
VEGFR-3 after Notch activation suppressed endothelial cell sur-
vival in response to VEGF-C. VEGFR-3 signaling has also been
shown to promote differentiation of BEC in culture (55). We
found that VEGF-C was a potent inducer of endothelial cell mor-
phological changes when Notch signaling was activated. There-
fore, Notch may also function to promote VEGF-C-induced BEC
morphological changes via its induction of VEGFR-3. However, it
remains to be determined if Notch alone or through its regulation
of VEGFR-3 expression also promotes LEC survival.

Notch modulates the ability of endothelial cells to respond to their
extracellular environment. Notch signaling is thought to regulate
multipotent cell fate decisions by ensuring that the proper number
of cells responds to the milieu of extracellular factors. Angiogenesis
requires endothelial cells to respond to a variety of external stimuli
such as those provided by bFGF, VEGF, ephrins, and angiopoietins
(56, 57). Thus we propose that Notch achieves this by altering the
expression of receptors at the cell surface of endothelial cells. We
show that Notch signaling suppresses VEGFR-2 expression, while
dramatically increasing VEGFR-3 expression in primary endothelial
cells. Consistent with this reciprocal change in expression, the sut-
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vival of HUVECs in which Notch signaling was activated was reduced
in response to VEGF-A and increased in response to VEGF-C.
Thus Notch signaling may regulate endothelial cell fate decisions by
decreasing VEGFR-2- and increasing VEGFR-3-based signaling. A
similar role for Notch signaling in regulating expression of VEGFRs
has been proposed during postnatal retinal angiogenesis. In the
retina of DI/4*/~ mice, the disruption of Notch signaling correlated
with an increase in vascular density, an increase in VEGFR-2, and a
reduction in VEGFR-1 endothelial expression (50).

VEGFR-2 and VEGFR-3 are able to form a heterodimeric com-
plex (58), and this VEGFR complex has been suggested to main-
tain vascular integrity and promote angiogenesis (59). In fact,
VEGEFR-3 cooperates with VEGFR-2 during morphogenesis of
the intersomitic arteries in zebrafish (38), indicating a wider role
for VEGFR-3 in the vasculature than previously appreciated.
Loss of the zebrafish Hey2 homolog, gridlock, inhibits the sprout-
ing of the intersomitic arteries, similar to the effect observed
when VEGFR-2 and VEGFR-3 signaling is disrupted (13), sug-
gesting a role for Notch signaling in regulating VEGFR-2
and VEGFR-3 function. We demonstrate that Notch activation
within the murine embryonic endothelium promoted VEGFR-3
expression within the developing intersomitic vessels. Thus we
propose that Notch may differentially regulate VEGFR-2 and
VEGFR-3 expression to guide the formation of specific vessels
such as the intersomitic vasculature.

Notch in physiological and pathological lymphangiogenesis. VEGFR-3
expression has been reported to be restricted to the lymphatic
endothelium in the dermis (29). Within the dermis, we found
that Notch1 and Notch4 are coexpressed with VEGFR-3 and the
LEC marker LYVE-1, demonstrating that Notchl and Notch4
are expressed in the lymphatic endothelium. The coexpression
of Notchl and Notch4 within the lymphatic endothelium may
indicate that these receptors compensate for each other and may
explain why a lymphatic phenotype has not yet been observed in
the viable Notch4 knockout mice (4).

Similar to findings in murine skin, Notch1 and Notch4 were
coexpressed with VEGFR-3 in the extratumoral blood and lym-
phatic vessels of IMCs. The cleaved and activated Notch1 peptide
was observed in a subset of the lymphatic endothelial nuclei, indi-
cating that Notchl is not only expressed but is activated in tumor
lymphatic vessels. In IMCs of breast, VEGF-C, via VEGFR-3 signal
activation, has been proposed to promote LEC proliferation, tumor
lymphatic invasion, and tumor metastasis (60). Thus our findings
implicate Notch1 signaling in tumor lymphangiogenesis. Could
Notch signaling participate in pathological tumor lymphangio-
genesis and contribute to metastatic disease in the breast? If so,
therapeutic Notch antagonists may block breast tumor metastasis
by disrupting VEGFR-3 signaling, in turn perturbing tumor lym-
phangiogenesis and angiogenesis.

Methods

Constructs and cell culture. N4/int-3 (Genbank accession no. M80456; ref.
30), GFP, and LacZ cDNAs were engineered in the vector pAd-Lox. The
N4/int-3 construct encodes 1 HA epitope at the 3’ end. The Ad-N1IC
encodes the cytoplasmic domain of human Notch1, generously provided
by Paulo Dotto (University of Lausanne, Lausanne, Switzerland) (61).
Human VEGF-A% and VEGF-C cDNAs were generated by RT-PCR and
engineered in pAdLox. Adenovirus was generated and tittered as previ-
ously described (62). For retroviral infection, LacZ or the entire murine
cytoplasmic domain of Notchl was engineered into pHyTc.
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HUVECs, HUAECs, and neonatal dermal HMVECs were purchased from
Cambrex. GP2-293 cells (BD Biosciences) and HeLa were maintained in
DMEM, 10% FBS. BECs were isolated from HMVECs (29).

Adenoviral infections. Early passage HUVECs, HUAECs, and HMVECs
were trypsinized. 1 x 10° to 3 x 10° cells in 2 ml EGM-2 Bulletkit medium
(Cambrex) were transferred to a 10-cm? bacterial plate coated with 5% BSA
and infected with adenoviruses at 25 pfu/cell for 1 hour at 37°C. Then
cells were plated in growth medium for RNA or protein isolation or for
reporter assays. For coculture assays, HUVECs were Ad-infected in suspen-
sion and mixed in a 1:3 ligand/receptor ratio of infected cells. Ad-LacZ- or
Ad-GFP-infected HUVECs were used as negative controls.

Retroviral infections. GP2-293 cells were CaPO transfected with pVSV-G vector,
and either pHyTC LacZ or pHyTC N1IC and supernatants were collected and
used to infect early passage HUVECs, as previously described (37).

Luciferase reporter assays. The pGA981-6 (63) luciferase reporter was
used to measure CSL activity. For the mFlt4p!116-45 Juciferase report-
er, a DNA fragment encoding -1116 to -45 upstream of the initiat-
ing ATG was PCR amplified and subcloned into pGL3-Promoter vec-
tor (Promega), and mFlt4pAl116-444 was generated by removing a BglII
fragment. Mutant mFlt4p!!16-45 was generated by mutating the CSL
sites, RTGDGAD to RTGCTGC (64), using QuickChange Site-Directed
Mutagenesis Kit (Stratagene). The hFlt4p!%86-928 and hFlt4p!431-928 DNA
fragments were generated by PCR, and amplicons were cloned into the
pGL3-Promoter vector.

Ad-infected cells were seeded at 1.5 x 105 cells per well in 12-well plates.
The following day 750-775 ng of reporter plasmid and either 125 ng
pHyTC LacZ or 25 ng phRL-SV40 renilla (Promega) were introduced
using Lipofectamine2000 (Invitrogen) in triplicate. Lysates were harvested
24 hours later. For CSL reporter assays, luciferase activity was determined
(Enhanced Luciferase Assay Kit; BD Biosciences — Pharmingen) and
normalized by B-galactosidase activity (Galacto-light Plus; Tropix). For
VEGFR-3 reporter assays, luciferase and renilla activity was determined
with Dual-Luciferase Reporter Assay System (Promega). All values were
normalized by renilla values.

ChIP assays. Ad-infected HMVECs (3 x 10°) were seeded in 10-cm?
plates. The next day, ChIP assays were performed using the ChIP assay kit
(Upstate). Lysates were immunoprecipitated with bTan20 (N1; Develop-
mental Studies Hybridoma Bank), 12CAS5, RBPJk (D-20; Santa Cruz Bio-
technology Inc.) or acetyl-H3 (Upstate) antibodies. Precipitated DNA was
amplified by PCR using human VEGFR-3-specific primers (GCTCCATCG-
CAAACAAAAAATAATAG and GGTGCTGGCTGTTGTCCAGAAG).

3D in vitro bioassays. Retrovirally infected HUVECs (1 x 10*) were seeded
in 24-well plates. For qRT-PCR, cells were plated on porcine type I collagen
(Nitta gelatin). After 7 days in complete media, cells were collagenased and
trypsinized and RNA isolated (65). For proliferation/survival and differen-
tiation assay, Ad-infected HUVECs were seeded on fibrin (Sigma-Aldrich)
in complete growth medium. After 5-6 days, cell numbers/viability were
determined relative to a calibration curve using Cell Counting Kit-8 (CCK-8;
Dojindo). HUVEC morphological change was scored as the number of cel-
lular extensions per cell. For assays utilizing siRNAs, Ad-infected HUVECs
grown on collagen were lipofected with either negative control siRNA
(Ambion) or VEGFR-3 siRNA AM461 (Ambion) with Effectene (Qiagen),
and the following day 2 x 10* HUVECs were seeded on fibrin. After 3 days,
cell viability was determined.

qRT-PCR. RNA was isolated 24 hours after adenoviral infections
(65). qQRT-PCR was performed as described in ref. 16. PCR primers
were designed to amplify transcripts for f-actin, Tiel, Tie2, VEGFR-1,
VEGFR-2, VEGFR-3, VEGF-A, VEGF-C, VEGF-D, Prox1, and LYVE-1.
Human PCR amplicons for each gene in pDrive (Qiagen) were used as
reference standards. A standard curve for each gene was generated from

3380 The Journal of Clinical Investigation

http://www.jci.org

serially diluted standards, and values for unknown samples were extrap-
olated. B-Actin qRT-PCR was used to normalize samples.

Biotinylation and western blot analysis. Twenty-four hours after adenovirus
infection, HUVECs, HUAECs, and HMVECs were incubated with 0.5 mg/ml
EZ Link Sulfo-NHS-Biotin (Pierce) at 4°C for 40 minutes, then incubated
in DMEM at 4°C for 10 minutes. Cells were lysed in TENT (50 mM Tris
pH 8.0, 2 mM EDTA, 150 mM NacCl, 1% Triton X-100). Equal amounts
of protein as determined by Bradford were incubated with ImmunoPure
Immobilized Streptavidin beads (Pierce Biotechnology), and bound pro-
teins were eluted in protein sample buffer. Streptavidin-purified and total
cell lysates were separated on SDS-PAGE and transferred to nitrocellulose
(MSI). Membranes were probed with antibodies against HA tag (12CAS),
Notch1 (C-20; Santa Cruz Biotechnology Inc.), a-tubulin (Sigma-Aldrich),
or VEGFR-3 (C-20; Santa Cruz Biotechnology Inc.). Proteins were visual-
ized by ECL (Amersham) in conjunction with complimentary HRP-conju-
gated antibodies (Bio-Rad).

FACS. Ad-infected BECs were plated on type I collagen in triplicate. Twen-
ty-four hours later, cells were detached by scraping, blocked in PBS/5%
FBS, and incubated with antibodies against VEGFR-2 (1121; ImClone)
or VEGFR-3 (3CS; ImClone). Primary antibodies were detected with RPE
anti-human fluorescent antibody (Jackson ImmunoResearch Laborato-
ries) and separated by FACS (FACSCaliber; Becton Dickinson). Total RNA
and TENT lysates were also extracted from replica plates for RT-PCR and
western blot analyses. For retroviral HUVEC lines, HUVECs were grown on
type I collagen and VEGFR-2 and VEGFR-3 detected with the Monoclonal
Anti-Human VEGF Receptor Phycoerythrin Sampler (R&D Systems) fol-
lowing the manufacturer’s protocol.

Immunohistochemistry. All studies using human breast tissue were
approved by Columbia University Institutional Review Board. All stud-
ies using mice were approved by Columbia University Institutional Ani-
mal Care and Use Committee (IACUC). Human IMCs and murine ovary
and dorsal skin sections (5 um) immunostained with antibodies against
PECAM (Pharmingen), Notch4 (J. Kitajewski laboratory or Santa Cruz Bio-
technology Inc.), VEGFR-3 (eBioscience or R&D Systems), LYVE-1 (R&D
Systems), Podoplanin (Angiobio), or Cleaved Notch1 (Val1744) Antibody
(Cell Signaling Tech). Primary antibodies were detected with biotinylated
antibodies (Vector Laboratories) and visualized with either Vectastain Stan-
dard ABC Elite kit (Vector Laboratories) or streptavidin-conjugated Alexa
Fluor 488 or Alexa Fluor 594 (Invitrogen). Images were photographed with
Nikon ECLIPSE E800 microscope and Nikon DXM 1200 digital camera.
Double- and triple-overlay images were made using Photoshop.

Tiel'sZ and Tiel'“?Flk1N4»*3 ES cell embryos were generated (8).
Notch1*/~ (4) and VEGFR-3*/~ (25) mice were mated to generate double
mutant E9.5 embryos as well as control littermates. Embryos were fixed in
4% paraformaldehyde, bleached, and stored in 100% methanol. Embryos
were rehydrated and immunostained with antibodies against PECAM
and VEGFR-3 (eBioscience). Primary antibodies were detected with anti-
rat HRP antibody (Sigma-Aldrich) and Vectastain Standard ABC Elite kit.
Staining for f-galactosidase activity was done using standard methods
(66). Images were photographed with Nikon SMZ1000 microscope and
Spot Insight QE digital camera.

Statistics. CSL-reporter, Flt4-reporter, survival, and qRT-PCR data are
expressed as mean standard deviation. P values were determined by 1-tailed
Student’s ¢ test. Statistical significance was defined as Pvalue less than 0.05.
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