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Although previous studies demonstrate that appropriate Notch signaling is required during angiogenesis
and in vascular homeostasis, the mechanisms by which Notch regulates vascular function remain to be
elucidated. Here, we show that activation of the Notch pathway by the ligand Jagged1 reduces the proliferation
of endothelial cells. Notch activation inhibits proliferation of endothelial cells in a cell-autonomous manner by
inhibiting phosphorylation of the retinoblastoma protein (Rb). During cell cycle entry, p21<'*! is upregulated
in endothelial cells. Activated Notch inhibits mitogen-induced upregulation of p21“"*' and delays cyclin
D-cdk4-mediated Rb phosphorylation. Notch-dependent repression of p21<*?! prevents nuclear localization of
cyclin D and cdk4. The necessity of p21<"*! for nuclear translocation of cyclin D-cdk4 and S-phase entry in
endothelial cells was demonstrated by targeted downregulation of p21“"*! by using RNA interference. We
further demonstrate that when endothelial cells reach confluence, Notch is activated and p21<'** is downregu-
lated. Inhibition of the Notch pathway at confluence prevents p21<'*' downregulation and induces Rb phos-
phorylation. We suggest that Notch activation contributes to contact inhibition of endothelial cells, in part

through repression of p21“?' expression.

The Notch pathway is a highly conserved intercellular sig-
naling mechanism that is activated by interactions of trans-
membrane ligands of the Jagged (Jaggedl and Jagged2) and
Delta (Delta-like 1 [DII-1], DII3, and DI114) families with Notch
receptors (Notchl to -4) expressed on adjacent cells (1). Notch
receptors and their ligands have been localized to the vascular
endothelium and supporting cells in both the embryo and the
adult (12, 20, 27, 34, 35, 37, 41).

Several studies demonstrate that perturbation of the Notch
pathway affects vascular development. Mice lacking the Notch
ligand Jagged1 die at embryonic day 11.5, exhibiting defects in
vascular remodeling. Similar defects are observed in Notchl
null mice (15, 43). Mice that are rendered null for both Notchl
and Notch4 die earlier and show a more severe vascular phe-
notype than Notchl null mutants (15). Mice deficient in pre-
senilin-1, which is involved in the cleavage and activation of
Notch, show perinatal lethality with a complex phenotype, in-
cluding abnormal blood vessel development and intracranial
hemorrhage (22, 31). Interestingly, vascular defects observed
when constitutively active Notch4 is expressed selectively in
endothelial cells are also consistent with altered vascular re-
modeling (17, 40). Hence, mutations inhibiting the Notch path-
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way, as well as a sustained activation of Notch, similarly affect
vascular development, suggesting that there is a requirement
for fine temporal and spatial regulation of Notch signaling.
Despite the preponderance of evidence implicating Notch sig-
naling in vascular development, the mechanisms by which
Notch exerts its effects on the vasculature remain to be eluci-
dated.

In other systems, Notch signaling determines cell fate by
influencing cell proliferation, differentiation, and apoptosis,
but the specific effects of Notch activation are related to the
cell type and context (1, 38). Activation of the pathway results
from engagement of Notch by ligand, which triggers a series of
proteolytic cleavages resulting in release of the intracellular
portion (NotchIC) from its membrane tether and subsequent
nuclear translocation (1). In the nucleus, binding of NotchIC
to the transcription factor CBF1 (RBP-Jk) upregulates expres-
sion of target genes of the HES (hairy/enhancer of split) and
HRT (hairy-related transcription factor) basic helix-loop-helix
family of proteins (1, 12).

In the quiescent vasculature of the adult, it is estimated that
only 0.01% of cells are actively proliferating (8, 11). In con-
trast, during angiogenesis, elongation of the new sprout de-
pends on the proliferation of endothelial cells (8, 11). It has
been suggested that Notch activation is absent in vessels at the
early stages of angiogenesis when endothelial cells are prolif-
erating but that Notch is reactivated when endothelial cells
stop proliferating and vessels begin to stabilize (9, 39). Notch
activation can stimulate or inhibit proliferation by modulating
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cell cycle regulation in a cell type-specific and context-depen-
dent manner (2, 13, 26, 28, 36, 42).

Cell cycle transitions are controlled by cyclin-dependent ki-
nase complexes, which are comprised of regulatory (cyclin) and
catalytic (serine-threonine kinase and cdk) subunits (32). Syn-
thesis of D-type cyclins and assembly with their catalytic part-
ners (cdk4 and cdk6) depends upon mitogenic stimulation.
Mitogen-dependent nuclear accumulation of cyclin D-depen-
dent kinases initiates the phosphorylation and inhibition of the
retinoblastoma gene product (Rb) (32). Rb phosphorylation
results in conformational changes that release transcription
factors of the E2F family, histone deacetylases, and chromo-
somal remodeling complexes, thereby promoting expression of
target genes necessary for progression towards S phase, includ-
ing cyclin E and cyclin A (32).

In this report we examine the hypothesis that the Notch
pathway is involved in regulation of endothelial cell prolifera-
tion. We have previously seen that activated Notch4 does not
affect proliferation of simian virus 40 (SV40) large T antigen-
transformed endothelial cells (17). Given that SV40 T antigen
is able to bind Rb and inhibit its antiproliferative function, we
investigated the role of Notch signaling in cell cycle regulation
of primary human endothelial cells that express functional Rb.
Our results show that Notch activation induces cell cycle arrest
in primary endothelial cells via a mechanism that inhibits Rb
phosphorylation. Inhibition of Rb phosphorylation is effected
by Notch-mediated p21<"! repression, which reduces cyclin
D-cdk4 nuclear targeting and thus Rb phosphorylation activity.
Further, endothelial cell-cell contact activates Notch and re-
duces p21<iP! expression, suggesting that activation of the
Notch pathway participates in contact inhibition of endothelial
cells.

MATERIALS AND METHODS

Cell culture. The human microvascular endothelial cell line HMEC-1 was
provided by the Centers for Disease Control and Prevention (Atlanta, Ga.) (17).
Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as
previously described (14). Primary human microvascular endothelial cells
(HMVEC) and human aortic endothelial cells (HAEC) were purchased from
Clonetics and cultured according to manufacturer’s instructions. HMEC-1 lines
and HUVEC were cultured in MCDB medium (Sigma, St. Louis, Mo.) contain-
ing, respectively, 10 or 20% heat-inactivated fetal calf serum (HyClone, Logan,
Utah). Cells were incubated for 24 to 48 h in MCDB containing 0.2% serum to
synchronize them in G,. To activate the fusion protein Notch4IC-estrogen re-
ceptor (Notch4IC-ER), cells were treated with 250 nM 4-hydroxytamoxifen (4-
OHT). In cell synchronization experiments, 4-OHT was added 8 h prior to serum
addition. The presenilin inhibitor N-[N-(3,5-difluorophenacetyl)]-L-alanyl-3-ami-
no-1-methyl-5phenyl-1,3-dihydro-benzo[e](1,4)diazepin-2-one (DFP-AA), was
purchased from Calbiochem.

Plasmids and gene transfer. Constructs encoding the C-terminal HA-tagged
Notch4IC (17), Notch1IC, and Jaggedl cDNA (a gift of L. Li) were subcloned
into the retroviral vector MSCV-IRES-YFP (MIY) (a gift of R. K. Humphries).
For the Notch4IC-ER fusion protein, cDNA encoding Notch4IC was subcloned
in frame N terminal to the binding domain of the mutated estrogen receptor
encoded in the retroviral vector pBabe-hb-ER (a gift of M. McMahon). Endo-
thelial cells were transduced as previously described with the following modifi-
cations (17): FuGENE 6 transfection reagent (Roche Diagnostic Corporation,
Indianapolis, Ind.) was used for transient transfections of the Ampho Phoenix
packaging cell lines, and multiple rounds of infections were performed. pBabe-
hb-ER alone was used as a control in experiments based on the inducible system.
Expression of Notch4IC, Notch1IC, and Notch4IC-ER fusion protein was con-
firmed by immunoblotting or immunofluorescence staining after each series of
transductions (see Fig. S1 in the supplemental material). cDNA encoding human
p21€iP! was obtained from the American Type Culture Collection and subcloned
into MIY.
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Luciferase assays. The p21-luc construct was obtained by excising the frag-
ment encoding the proximal 2.4-kb region of the human p21 promoter from
p53R-green fluorescent protein (a gift from G. Li) (5, 45) and subcloning it into
pGL3 Basic vector (Promega Corporation, Madison, Wis.). HA-tagged
Notch4IC and Notch1IC were subcloned into pcDNA3 (Invitrogen). For nor-
malization, cells were cotransfected with the Renilla luciferase plasmid pRL-
CMV (Promega). Endothelial cells were transfected with SuperFect transfection
reagent (Qiagen) according to the manufacturer’s recommendations. Dual-lucif-
erase reporter assays (Promega) were performed 48 h after transfection.

RNA interference. Retroviral delivery of interfering short-hairpin RNA
(siRNA) constructs was accomplished as previously described (7). Briefly, PCR
was used to generate an H1 short-hairpin RNA cassette, which was inserted into
the unique Nhel site in the downstream U3 region of the pBabePuro vector. The
siRNAs targeting p21<P! and p27XP!' correspond to nucleotides 431 to 452
(5'-AGACCAGCATGACAGATTTCTA-3") and 245 to 264 (5'-GCAGCTTGC
CCGAGTTCTAC-3") of each mRNA, respectively.

Reverse transcription-PCR (RT-PCR). Total RNA was isolated by using
TRIzol reagent (Invitrogen, Carlsbad, Calif.) and was DNase treated. A control
reaction omitting reverse transcriptase was performed in each experiment. PCR
was performed with the following primers: Notchl, 5'-CACTGTGGGCGGGT
CC-3" and 5'-GTTGTATTGGTTCGGCACCAT-3'; Notch2, 5'-CCCAATGGG
CAAGAAGTCTA-3" and 5'-CACAATGTGGTGGTGGGATA-3'; Notch3, 5'-
TGAGACGCTCGTCAGTTCTT-3" and 5'-TGGAATGCAGTGAAGTGAG
G-3'; Notch4, 5'-TAGGGCTCCCCAGCTCTC-3" and 5'-GGCAGGTGCCCC
CATT-3'; Jaggedl, 5'-CTATGATGAGGGGGATGCt-3" and 5'-CGTCCATT
CAGGCACTGG-3'; and DIl4, 5'-GCATTGTTTACATTGCATCCTG-3' and
5'-CAAGGGCGTGCGCGTCAAAGTA-3'".

Flow cytometry. For cell cycle analysis, exponentially growing cells were la-
beled with 5 pg of Hoechst 33342 (Sigma) per ml for 30 min, trypsinized, and
analyzed by flow cytometry as previously described (17). For analysis of bro-
modeoxyuridine (BrdU) incorporation versus DNA content, cells were labeled
with 10 uM BrdU for 2 h, fixed in 70% ethanol, and treated as previously
described (17). Samples were run on an EPICS ELITE-ESP flow cytometer
(Beckman Coulter), and data were analyzed by using FCS Express V2 (De Novo
Software, Thornhill, Ontario, Canada). Cells were sorted on a FACS 440 instru-
ment (Becton Dickinson).

Immunoblotting. Cells were lysed in radioimmunoprecipitation assay buffer
(1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]),
with addition of fresh protease inhibitor cocktail (Sigma), 0.5 mM phenylmeth-
ylsulfonyl fluoride, and phosphatase inhibitors (0.5 mM sodium orthovanadate
and 30 mM sodium fluoride). Proteins were quantitated by the D¢ protein assay
(Bio-Rad Laboratories, Hercules, Calif.). Fifty micrograms of protein was sep-
arated by SDS-polyacrylamide gel electrophoresis, and transferred to nitrocel-
lulose membranes (Bio-Rad Laboratories) and developed by enhanced chemi-
luminescence (PerkinElmer Life Science, Boston, Mass.). The mouse
monoclonal antibody against the HA epitope was purchased from BAbCo (Rich-
mond, Calif.). Anti-ER, anti-cdk4, anti-cyclin D, anti-p21, anti-p15, anti-p16, and
anti-cyclin A antibodies were all obtained from Santa Cruz Biotechnology, Inc
(Santa Cruz, Calif.). Anti-p27 antibody was purchased from Transduction Lab-
oratories, anti-Rb (clone G3-245) antibody was purchased from BD Bioscience
(Bedford, Mass.), and anti-alpha-tubulin was from Sigma.

cdk4 kinase assay. Cells were treated as described in Results. Lysates from
exponentially growing untreated endothelial cells were used as a positive control.
Cells were lysed in HEB (50 mM HEPES [pH 7.5], 0.1% Tween, 150 mM NaCl,
1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 1 mM dithiothreitol) containing
protease inhibitors and phosphatase inhibitors as described above (with addition
of 10 mM glycerolphosphate). Six hundred micrograms of total protein was
precleared with protein-G Sepharose beads (Sigma) and incubated with anti-
cdk4 antibody (Santa Cruz Biotechnology). Incubation without primary antibody
was performed as a negative control. cdk4 complexes were incubated with pro-
tein G-Sepharose beads for 30 min. After three washes in HEB and two washes
in kinase buffer (20 mM HEPES [pH 7.5], 20 mM MgCl,, 0.1% B-mercapto-
ethanol), the beads were suspended in kinase buffer containing Rb-C fusion
protein (Rb residues 701 to 928) (Cell Signaling Technology, Beverly, Mass.) and
10 nCi of [**PJATP per sample (Amersham). Samples were incubated at 30°C
for 30 min and separated by SDS-polyacrylamide gel electrophoresis. Phosphor-
ylated Rb was visualized by autoradiography of the dried gels.

Immunofluorescence staining. Cells were fixed in 4% paraformaldehyde,
blocked, and permeabilized in phosphate-buffered saline containing 4% fetal calf
serum and 0.2% Triton-X. The anti-phospho-Rb antibody (specific for phos-
phorylation on Ser807/811 on human Rb) was obtained from Cell Signaling
Technology. Alexa 594-conjugated or Alexa 488-conjugated secondary antibod-
ies were used according to the recommendations of the manufacturer (Molecular
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Probes). For BrdU incorporation, cells were labeled for 2 h with 10 pM BrdU
prior to fixation. The anti-BrdU antibody was conjugated with Alexa 594 (Mo-
lecular Probes). Nuclear staining with 4’,6’-diamidino-2-phenylindole (DAPT)
was used for total cell counts. The proportion of positive cells was determined by
counting at least 200 cells per sample. Images were acquired with a 1350EX
cooled charge-coupled device digital camera (QImaging, Burnaby, British Co-
lumbia, Canada) on a Zeiss Axioplan IT Imaging inverted microscope (Carl Zeiss
Canada Ltd., Toronto, Ontario, Canada) and analyzed with Northern Eclipse
image analysis software (Empix Imaging, Mississauga, Ontario, Canada).

Statistical analysis. To determine statistical significance, a one-way analysis of
variance with a Tukey test for multiple comparisons was used in all experiments
except for the time course experiments. For the time course experiments, the
Mann-Whitney U test was used. Statistical significance was taken at a P value of
=0.05.

RESULTS

Activation of the Notch pathway induces cell cycle arrest in
primary endothelial cells. The Notchl and Notch4 receptors
and the Notch ligands D114 and Jaggedl have been reported to
be expressed in endothelial cells (12). To further define the
expression patterns of Notch family members in endothelia of
different vascular origins, we analyzed dermal microvascular
endothelial cells transformed with SV40 large T antigen
(HMEC-1), as well as primary endothelial cells from human
dermis-derived microvasculature (HMVEC), human aorta
(HAEC), and human umbilical vein (HUVEC). Primary hu-
man umbilical artery smooth muscle cells (UASMC) were also
tested. Notchl, Notch2, Notch4, and Jaggedl were expressed
in all endothelial cells examined (Fig. 1A). Interestingly, D114
mRNA was not detected in HMEC-1 and HUVEC, while
Notch3 was expressed only in these cells. In agreement with
previous reports suggesting that Notch4 is expressed selectively
on endothelial cells, UASMC expressed mRNAs of the ligands
tested and of all receptors except Notch4 (41).

Given that activation of Notch4 inhibits angiogenesis in vitro
and in vivo, we sought to determine whether Notch4 regulates
endothelial cell proliferation. Constitutively active Notch4
(Notch4IC) cDNA was inserted into a retroviral vector (MIY) in
which the transgene is linked to yellow fluorescent protein (YFP)
through an internal ribosomal entry site (17, 40). HUVEC were
transduced with the empty MIY vector (HUVEC-vector) or with
vector encoding Notch4IC (HUVEC-Notch4IC). In Fig. 1B we
show analysis of the cell cycle distribution in HUVEC-vector and
HUVEC-Notch4IC. In HUVEC-Notch4IC, YFP-positive cells
(Notch4IC expressing) showed arrest in G,/G, phase, whereas
YFP-negative cells (lacking Notch4IC) showed cell cycle profiles
similar to those of HUVEC-vector (Fig. 1B and data not shown).
Further, in the HUVEC-Notch4IC cultures we observed a reduc-
tion of the proportion of YFP-positive cells (Notch4IC express-
ing) with serial passages, while this was not the case with HU-
VEC-vector (Fig. 1B [ungated region in the dot plot] and data not
shown). This observation provides additional support for a
growth-inhibitory effect of Notch4IC. As previously demon-
strated, Notch4IC did not affect cell cycle progression in SV40
large-T-antigen-transformed HMEC-1 (data not shown) (17).

Jaggedl is expressed in the endothelial cells tested, and
Jagged1 null mice die in utero due to vascular defects (43). To
determine whether activation of the Notch pathway by the
vascular ligand Jaggedl induces cell cycle arrest, we trans-
duced HUVEC with MIY-Jaggedl (HUVEC-Jaggedl) or
MIY alone (HUVEC-vector). Transduced cells were not se-
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FIG. 1. Notch activation induces cell cycle arrest in primary endo-
thelial cells. (A) RT-PCR for Notch receptors (Notchl, -2, -3, and -4)
and ligands (Jaggedl and DIl4). Human endothelial cells from differ-
ent vascular beds (HMEC, HMVEC, HAEC, and HUVEC) and
UASMC were tested. GAPDH, glyceraldehyde-3-phosphate dehydro-
genase. (B) Asynchronously growing HUVEC, transduced with MIY
(vector) or MIY-Notch4IC (Notch4IC), were labeled with Hoechst
33342 and analyzed by flow cytometry. Dot plots show YFP expression
(v axis) and DNA content (x axis). The gated population represents
cells expressing YFP. Histograms illustrate cell cycle profiles of
HUVEC positive for YFP. Proportions of cells in the Gy/G,, S, and
G,/M phases of the cell cycle represent the means from four experi-
ments * standard errors of the means. (C) HUVEC transduced with
MIY (HUVEC-vector) or MIY-Jaggedl (HUVEC-Jaggedl) were la-
beled with Hoechst 33342 and analyzed by flow cytometry. Dot plots
show YFP expression (y axis) and DNA content (x axis). Upper gates
represent cells expressing YFP. Lower gates define the YFP-negative
population. Cell cycle profiles were analyzed, and the proportions of
cells in Gy/G, and S-G,/M are indicated on the right of each gate.
Experiments were repeated three times with similar results.

lected for YFP, so Jaggedl-expressing cells (YFP positive)
existed in coculture with parental HUVEC (YFP negative).
We have previously shown that in endothelial cells the over-
expression of Jagged1 induces activation of the Notch pathway
in a CBF-1-dependent luciferase reporter assay (23). Cell cycle
profiles from YFP-positive and YFP-negative populations
were compared to study the effect of Jaggedl on cocultured
parental HUVEC. In HUVEC-vector cocultures, YFP-nega-
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FIG. 2. Notch4IC and NotchlIC inhibit S-phase entry and Rb
phosphorylation in endothelial cells from veins, arteries, and microves-
sels. HUVEC, HAEC, and HMVEC were transduced with MIY (vec-
tor), MIY-Notch4IC (Notch4IC), or MIY-NotchlIC (NotchlIC).
Asynchronously growing cells were assayed for BrdU incorporation
(A) (see also Fig. S2 in the supplemental material) and phosphorylated
Rb (B) by immunofluorescence staining and enumerated by fluores-
cence microscopy. DAPI staining was used to define nuclear localiza-
tion and for total cell counts. Graphs represent the means =+ standard
deviations from at least three experiments. *, P < 0.05 compared to
vector.
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tive and YFP-positive cells showed similar cell cycle profiles
(Fig. 1C, left panel). In contrast, in HUVEC-Jaggedl cocul-
tures, HUVEC receiving the Jaggedl signal (YFP-negative)
had an increased proportion of cells in G,/G, compared to that
in the signaling cells (YFP positive) (Fig. 1C, right panel).
Coculture experiments performed with HAEC confirmed sim-
ilar results (data not shown). These data indicate that Notch
inhibits proliferation in endothelial cells in which Notch is
activated.

Notch4 and Notchl inhibit Rb phosphorylation in primary
endothelial cells of different vascular origins. Because of the
demonstrated synergy of Notch4 and Notchl in vivo during
vascular development and the potential redundancy of some of
their functions, we investigated whether Notchl would also
inhibit endothelial cell proliferation (15). We transduced
HAEC, HMVEC, and HUVEC with MIY alone, MIY-
Notch4IC, or MIY-NotchlIC. After sorting for YFP-positive
cells, S-phase entry was assayed by BrdU incorporation, using
immunofluorescence staining (see Fig. S2 in the supplemental
material). In all endothelial cells tested, expression of activated
Notch4 or Notchl reduced the proportion of cells entering S
phase (Fig. 2A).

During cell cycle progression, transition through the restric-
tion point is blocked by unphosphorylated or hypophosphory-
lated Rb (32). Phosphorylation of Rb by cyclin-cdk complexes
inactivates Rb and allows the cell to progress towards S phase
(32). To determine whether Notch-mediated inhibition of S-
phase entry was associated with reduced Rb phosphorylation,
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asynchronously growing HAEC, HMVEC, and HUVEC were
transduced as described above, stained with an antibody
against phosphorylated Rb, and examined by immunofluores-
cence microscopy. Activated Notch4 and Notchl reduced the
proportion of cells expressing phosphorylated Rb in all types of
endothelial cells assayed (Fig. 2B). Hence, both Notch4 and
Notchl negatively regulate S-phase entry by a mechanism that
prevents phosphorylation of Rb. This finding is consistent with
our data showing the inability of activated Notch to overcome
the proliferation advantage conferred by SV40 T antigen,
which binds and inhibits Rb (4, 17).

Notch4 and Notchl downregulate p21<"*! expression and
inhibit cyclinD-cdk4 nuclear localization. Studies with murine
keratinocytes have shown that Notchl-mediated cell cycle ar-
rest is associated with upregulation of the cyclin-dependent
kinase inhibitor (CKI) p21<®! (26). In small-cell lung cancer
cells, Notch-mediated cell cycle arrest is associated with induc-
tion of two members of the Cip/Kip CKI family, p21<"! and
p27%iPt (36). To determine whether activated Notch4 or
Notchl also upregulates p21<"! or p27%®! in endothelial cells,
HUVEC-Notch4IC and HUVEC-NotchlIC were immuno-
blotted for p21“"! and p27*P'. Surprisingly, both activated
Notch4 and Notch1 inhibited p21<"?! expression in endothelial
cells, whereas a statistically significant difference in expression
of p27%iP! was not detected (Fig. 3A).

In keratinocytes, induction of p21<'P! expression by Notch
depends on a mechanism that induces transcriptional activity
of the p21<*! promoter (26). To determine the effect of con-
stitutively active Notch at the p21<"P! promoter in endothelial
cells, we performed promoter-luciferase assays in HUVEC
cotransfected with a p21-luc construct and with one of empty
vector, Notch4IC or NotchlIC. In contrast to the findings
reported for keratinocytes, Notch activation repressed p21<»!
promoter activity in HUVEC (Fig. 3B). These data demon-
strate that Notch-mediated p21<'P' downregulation in endo-
thelial cells is also dependent on a transcriptional mechanism,
albeit with an opposite effect on the p21“P' promoter com-
pared to keratinocytes, and they implicate cell-specific nuclear
events with respect to the p21<'P' promoter activity in the
context of Notch activation.

In addition to acting as inhibitors of cdks, p2 and
p27%iP! have been shown to promote activation of cyclin D-
dependent kinases, which initiate Rb phosphorylation during
cell cycle progression (3, 16). The role of the Cip/Kip proteins
as activators of cyclinD-cdk4 complexes depends, at least in
part, on their ability to bind and target cyclin D and cdk4 to the
nucleus (3, 16). To determine whether the lack of p21<"! leads
to decreased nuclear localization of cyclin D and cdk4 in
HUVEC-Notch4IC and HUVEC-NotchlIC, asynchronously
growing cells were stained with antibodies against cyclin D and
cdk4 (Fig. 4A). Both activated Notch4 and Notchl dramati-
cally reduced nuclear localization of cdk4 and cyclin D (Fig.
4B). These data suggest that Notch activation may decrease Rb
phosphorylation and S-phase entry, in part by preventing nu-
clear localization of cyclin D-cdk4 through the downregulation
of p21<iP!,

Nuclear localization of Notch4IC inhibits p21<"*! expres-
sion at early phases of cell cycle entry and delays activation of
cyclinD-cdk4. Based on the findings described above, we fur-
ther investigated the role of p21“P' in Notch-mediated cell
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FIG. 3. Activated Notch downregulates p21“P'. (A) HUVEC
transduced with MIY (vector), MIY-Notch4IC (Notch4IC), or MIY-
Notch1IC (Notch1IC) were assayed by immunoblotting for p21<P!,
p27%P! "and tubulin. Immunoblots were analyzed by densitometry and
normalized for tubulin. Graphs represent the means * standard errors
of the means from three experiments. *, P < 0.001 compared to vector.
(B) HUVEC were cotransfected with empty vector (vector), Notch4IC
or NotchlIC, a p21 promoter-luciferase construct (p21-luc), and a
constitutively active Renilla luciferase plasmid. The graphs show rela-
tive luciferase activity (means * standard errors of the means from
four experiments, each done in triplicate). *, P < 0.01 compared to
vector.

cycle arrest. In order to mimic ligand-induced nuclear local-
ization of Notch4IC, we used a tamoxifen (4-OHT)-inducible
system based on the fusion of Notch4IC to the mutated ligand-
binding domain of the ER (Notch4IC-ER) (29). HUVEC were
transduced with the vector encoding Notch4IC-ER (HUVEC-
Notch4IC-ER) or with vector alone (HUVEC-vector). Immu-
nostaining demonstrated translocation of the Notch4IC-ER
fusion protein to the nucleus following stimulation with 4-OHT
(Fig. 5A). Cell counts at 3-day intervals for 9 days demon-
strated reduced growth of 4-OHT-treated HUVEC-
Notch4IC-ER compared to HUVEC-vector (Fig. 5B). To ver-
ify that reduced growth following nuclear translocation of
Notch4IC-ER was associated with G,/G, arrest, HUVEC-vec-
tor and HUVEC-Notch4IC-ER were assayed for BrdU incor-
poration and total DNA content in the absence or presence of
4-OHT. Flow cytometry demonstrated reduced S-phase entry
in HUVEC-Notch4IC-ER treated with 4-OHT (Fig. 5C). We
have recently shown that activation of Notch4 protects
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FIG. 4. Activated Notch inhibits nuclear localization of cdk4 and
cyclin D. HUVEC transduced with MIY (vector), MIY-Notch4IC
(Notch4IC), or MIY-Notch1IC (Notch1IC) were immunostained with
antibodies for cdk4 and cyclin D, and the proportion of cells expressing
nuclear cdk4 and cyclin D was enumerated by fluorescence micros-
copy. DAPI staining was used to define nuclear localization and for
total cell counts. The graph represents proportions (means * standard
deviations) of cells with prevalent or exclusive nuclear staining from
one experiment performed in triplicate. The experiments were re-
peated twice with similar results. *, P < 0.01 compared to vector.

HUVEC against apoptosis, confirming that the inhibition of
growth is due to decreased cell proliferation and not to in-
creased apoptosis (19).

To test whether Notch4IC-ER nuclear localization inhibits
Rb phosphorylation and to further study the role of Notch4
during cell cycle entry from quiescence, HUVEC were syn-
chronized by serum starvation, pretreated with 4-OHT, and
induced to reenter the cell cycle by the addition of serum. Cell
cycle profiles were analyzed at the indicated time points, and
cell lysates were tested by immunoblotting with an antibody
that recognizes both hypophosphorylated and hyperphospho-
rylated Rb. As expected, upon mitogenic stimulation HUVEC-
Notch4IC-ER treated with 4-OHT showed reduced S-phase
entry coinciding with a delay in the initiation of Rb phosphor-
ylation (Fig. 5SD).
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FIG. 5. Translocation to the nucleus of the Notch4IC-ER fusion protein reduces S-phase entry and Rb phosphorylation in HUVEC. HUVEC
were transduced with vector alone or vector encoding the Notch4IC-ER fusion protein and selected in puromycin. (A) Cells treated with 4-OHT
(+) and treated with vehicle alone (—) were stained with an antibody against ER. DAPI was used for nuclear staining. (B) Cells (2 X 10°) were
plated (day 0), and medium containing 4-OHT was replaced daily. Cells were counted by trypan blue exclusion after 3, 6, and 9 days. By 6 days,
HUVEC-vector reached confluence. The graph shows the means * standard deviations for an experiment performed in triplicate. (C) Asynchro-
nously growing HUVEC-vector and HUVEC-Notch4IC-ER were treated for 24 h with 4-OHT (+) or with vehicle alone (—). Cell cycle
distributions were analyzed by flow cytometry for BrdU incorporation and DNA content. (D) HUVEC-vector or Notch4IC-ER were synchronized
in quiescence by serum starvation and induced to reenter the cell cycle by addition of serum. Cells were treated with 4-OHT (+) to induce
Notch4IC-ER nuclear translocation, and asynchronously growing untreated cells (—) were used as a control (Exp). HUVEC were analyzed at the
indicated time points by flow cytometry for BrdU incorporation and DNA content and by immunoblotting with an antibody against hypophos-
phorylated (pRb) and hyperphosphorylated (ppRb) Rb. Tubulin was used as a loading control. The proportion of cells in S phase at each time point
is indicated.

Interestingly, in several cell types, p21<"P! is induced follow- cells and HUVEC-Notch4IC-ER (Fig. 6C; see Fig. S3A in the
ing serum stimulation, consistent with a role for p21<""* as an  supplemental material). We also confirmed that p16™4* (Fig.
activator of cyclin D-cdk4 (3, 6, 16, 18, 24, 33). To determine 6D; see Fig. S3C in the supplemental material) and other CKIs
whether serum stimulation upregulates p21<"P! in endothelial of the INK4 family (data not shown) were not affected by
cells and whether Notch4 activation inhibits this induction, Notch activation. The above data suggest that Notch impairs
HUVEC were synchronized by serum starvation and treated as Rb phosphorylation by preventing induction of p21<"*! and
described above. Cells harvested at the indicated time points nuclear localization and activation of cyclin D-cdk4 complexes.

were tested by immunoblotting for p21€P! expression. p21©*! is required for nuclear entry of cyclin D-cdk4. Given
HUVEC-vector showed induction of p21<'P! between 2 and the inhibitory effect of activated Notch on endothelial cell
12 h after serum stimulation, and as expected, this upregula- proliferation and the downregulation of p21“"P! associated
tion was inhibited by activation of Notch4IC-ER (Fig. 6A). In with decreased nuclear localization and activation of cyclin
contrast, p27<P! expression was downregulated following se- D-cdk4, we sought to determine whether reintroduction of

rum stimulation, but no differences between HUVEC-vector ~ p21<P! into Notch-activated endothelial cells was sufficient to
and HUVEC-Notch4IC-ER were detected (Fig. 6A). To test restore nuclear targeting of cyclin D and cdk4. HUVEC-
whether inhibition of p21<"P! induction by Notch4 was associ- Notch4IC-ER were transduced with MIY vector or MIY en-
ated with reduction of cyclin D-cdk4 kinase activity, cyclin coding p21°P! (MIY-p21). YFP-positive cells were sorted by
D-cdk4 kinase activity was determined by in vitro kinase assay flow cytometry, and immunofluorescence staining was used to
on a C-terminal Rb fusion protein. Delayed and reduced cyclin evaluate cyclin D and cdk4 nuclear expression. As expected,
D-cdk4 kinase activity was observed in HUVEC-Notch4IC-ER control cells (HUVEC-Notch4IC-ER transduced with MIY)
following mitogenic stimulation (Fig. 6B). However, there was treated with 4-OHT to activate Notch4 showed reduced cyclin
no difference in cdk4 or cyclin D expression between control D and cdk4 nuclear localization compared to vehicle-treated
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FIG. 6. p21©P! is required for progression towards S phase in en-
dothelial cells. HUVEC transduced with vector or Notch4IC-ER were
synchronized in quiescence by serum starvation and induced to reenter
the cell cycle by addition of serum. Cells were treated with 4-OHT (+)
to induce Notch4IC-ER nuclear translocation. Untreated (—) asyn-
chronously growing cells were used as a control (Exp). At the indicated
times after serum stimulation, cells were assessed for expression of cell
cycle regulators. (A) p21<P! and p27%iP! expression was tested by
immunoblotting, analyzed by densitometry, and normalized to tubulin.
Graphs represent the means =+ standard errors of the means for three
experiments. *, P < 0.001. (B) Phosphorylation of a C-terminal Rb
fusion protein was tested by in vitro kinase assay of immunoprecipi-
tated cdk4 complexes. (C and D) Expression of cdk4 and cyclin D
(C) and p16™¥4* (D) was assayed by immunoblotting (see also Fig. S3
in the supplemental material).
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FIG. 7. p21°P! is essential for cyclin D and cdk4 nuclear localiza-
tion. (A and B) HUVEC-Notch4IC-ER were transduced with MIY
vector (MIY) or MIY encoding p21<"P" (MIYp21). YFP-positive cells
were sorted by flow cytometry. Immunofluorescence staining was used
to evaluate cyclin D and cdk4 nuclear expression in the presence or
absence of 4-OHT. (A) Proportion of cells with prevalent or exclusive
cdk4 or cyclin D nuclear staining. The graph represents one experi-
ment done in triplicate (means * standard deviations) and is repre-
sentative of two independent experiments. (B, C, and D) Following
retroviral delivery of siRNA targeting either p21<! (p21siRNA) or
p27%iP! (p27siRNA), cells were assayed for expression of p21<'P! and
p27%P! by immunoblotting (B), nuclear localization of cdk4 and cyclin
D by immunofluorescence staining (C), and entry into S phase by
monitoring BrdU incorporation (D). Empty vector was used as a
control. The graph in panel C shows the means =+ standard deviations
from a single experiment done in triplicate and is representative of two
independent experiments. The graph in panel D represents a single
experiment done in triplicate (means *+ standard deviations) and is
representative of three independent experiments. *, P < 0.05.
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HUVEC-Notch4IC-ER (Fig. 7A). In contrast, enforced ex-
pression of p21<'P! permitted cyclin D and cdk4 nuclear local-
ization despite activation of Notch4 (HUVEC-Notch4IC-ER
transduced with MIY-p21 and treated with 4-OHT).

Given the capacity of exogenous p21©"P! to rescue cyclin
D-cdk4 nuclear localization, we tested whether downregula-
tion of p21<"! alone was sufficient to block nuclear localization
of cyclin D and cdk4 and to impair cell cycle progression in
endothelial cells. Retroviral vectors were used to express
siRNA against p21<"P' (p21siRNA) or p27%"P! (p27siRNA)
(7). HUVEC were infected with empty vector, p21siRNA, or
p27siRNA. After antibiotic selection, exponentially growing
cells were tested by immunoblotting for expression of Cipl/
Kipl proteins. In HUVEC, transduction of p21siRNA and
p27siRNA specifically decreased expression of p21<'P' and
p27%"P! respectively (Fig. 7B). While cells lacking p21<'P* were
defective in targeting cdk4 and cyclin D to the nucleus, the
absence of p27%P! did not affect the nuclear translocation of
cdk4 or cyclin D (Fig. 7C). This is not surprising given the fact
that only p21<"! is induced by mitogens in primary endothelial
cells entering the cell cycle (Fig. 6A). Furthermore, the lack of
p21<"P! was sufficient to reduce S-phase entry in endothelial
cells, whereas targeted downregulation of p27%iP! had no effect
on this process (Fig. 7D). Taken together, our data provide
evidence for a role of p21<"P! in initiating endothelial cell cycle
progression, as well as a mechanism for Notch-induced endo-
thelial cell cycle arrest.

Endothelial cell-cell contact activates the Notch pathway
and downregulates p21<"P' expression. As we have shown
above, endothelial cells from different vascular beds express
Notch receptors and their ligands. Cell fate control by Notch
during development requires cell-cell contact in a process re-
ferred to as lateral inhibition (1). Thus, we hypothesized that
endothelial cell-cell contact would activate Notch. To test this
hypothesis HUVEC were plated at low density (~30% conflu-
ent), medium density (~60% confluent), and high density
(100% confluent) and assayed for Notch activation. The Hairy-
related transcription factor HRT1 is a target gene of Notch
activation in endothelial cells (9, 39). To monitor Notch acti-
vation, expression of HRT1 was analyzed by RT-PCR. Up-
regulation of HRT1 correlated with increasing confluence of
HUVEC (Fig. 8A; see Fig. S4A in the supplemental material)
as well as HAEC and HMVEC (data not shown). To deter-
mine whether activation of endogenous Notch as a result of
cell-cell contact would reduce p21<'P* expression, cell lysates
from HUVEC at various levels of confluence were immuno-
blotted for p21<'P! and p27¥iP!, As expected, at high HUVEC
density, Notch activation was associated with downregulation
of p21°P! (Fig. 8A; see Fig. S4B in the supplemental material),
and as previously described for endothelial and other cell
types, HUVEC showed induction of p27%'P! at increasing den-
sity (Fig. 8A; see Fig. S4C in the supplemental material) (10,
25). To confirm that the density-dependent downregulation of
p21'P! was mediated by activation of Notch, we used the
v-secretase inhibitor DFP-AA, which inhibits Notch activation
by preventing ligand-dependent cleavage of Notch (21, 30, 42).
Treatment with DFP-AA abolished downregulation of p21<!
in HUVEC plated at high density, thus confirming the role of
Notch activation (Fig. 8B; see Fig. S4D in the supplemental
material). In contrast, induction of p27%'P! was not affected by

MoL. CELL. BIOL.

A LD MD HD
HRT [ = ]
oo =]
] —

B LD HD LD HD

vehicle DFP-AA

p21|_-- —-4

p27|-— - - —‘
|

tubulin| — |

20
18
1.6
1.4
1.2
1.0
0.8
06
0.4
0.2
0.0

phosphorylated Rb
relative to vector

DFP-AA

FIG. 8. Endothelial cell-cell interactions activate the Notch path-
way and downregulate p21<"P'. (A) HUVEC were plated at low (LD)
(~30% confluent), medium (MD) (~60% confluent), and high (HD)
(100% confluent) densities. mRNA expression of the Notch target
gene HRT-1 and GAPDH was assayed by RT-PCR. Expression of
p219P! and p27%P! was assessed by immunoblotting. GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase. (B) HUVEC at LD and HD
were treated with the y-secretase inhibitor DFP-AA (0.1 wM) or with
vehicle alone, and p21©P! and p27XiP! expression was assayed by im-
munoblotting. (C) HUVEC plated at HD underwent 48 h of treatment
with DFP-AA (0.1 pM) or vehicle alone and were stained by immu-
nofluorescence with an antibody against phosphorylated Rb. DAPI
staining was used for total cell counts. Graphs represent the means *
standard errors of the means for four experiments. *, P < 0.005. See
also Fig. S4 in the supplemental material.

vehicle

DFP-AA (Fig. 8B; see Fig. S4E in the supplemental material),
confirming that regulation of p27%'P! expression does not de-
pend on Notch activation in endothelial cells. To determine
whether maintenance of higher levels of p21<'P! as a result of
Notch inhibition would promote Rb phosphorylation in con-
fluent endothelial cells, HUVEC at high density were treated
with DFP-AA for 2 days and stained by immunofluorescence
with an antibody against phosphorylated Rb. The results show
an increased proportion of cells expressing phosphorylated Rb
in confluent endothelial cells treated with DFP-AA (Fig. 8C),
suggesting that inhibition of Notch affects the capacity of con-
fluent endothelial cells to impede cell cycle progression. These
findings suggest that Notch activation may be involved in the
phenomenon of contact inhibition, in part through downregu-
lation of p21<P!,
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DISCUSSION

The demonstration that Notch activation prevents mitogen-
induced p21<'P! upregulation in endothelial cells provides a
novel mechanism for Notch-mediated inhibition of prolifera-
tion. Our findings suggest that activation of the Notch pathway
is involved in the phenomenon of contact inhibition in the
endothelium, supporting the hypothesis that Notch partici-
pates in the control of vessel homeostasis by maintaining en-
dothelial cell quiescence (9). Interestingly, it has previously
been shown that p21<"P! is not expressed in the intima of
quiescent adult vessels but is induced 7 days after balloon
injury, when a high proportion of cells are proliferating (44).
Given the requirement for endothelial cell proliferation during
angiogenesis, the antiproliferative effect mediated by Notch
explains, at least in part, the defects in vascular remodeling
secondary to Notch4 activation in endothelial cells (17, 40).
Further, the observation that Notch is not activated early in
angiogenesis when endothelial cells begin to proliferate but is
reactivated as vessels stabilize complements our data showing
that Notch is activated at confluence with concomitant down-
regulation of p21<iP! (9).

Notchl is also expressed on endothelial cells, and our data
support the notion of a redundancy of function of Notch4 and
Notchl by demonstrating that both members of the Notch
family regulate endothelial cell proliferation via a mechanism
that converges on inhibition of Rb phosphorylation (15).

Previous studies demonstrate a dual function for p21<P!
that depends on the relative level of expression; low levels of
p21<'P! activate cyclin D-ckd4, but at higher p21<"!/cyclin
D-cdk4 stoichiometric ratios, p21<P! becomes an inhibitor (16,
32). Our studies showing upregulation of p21<"P! upon serum
stimulation and downregulation of p21<'P! in confluent endo-
thelial cells imply that p21<"P! has a role in endothelial cell
cycle progression. Our data indicate that one mechanism
through which Notch interferes with the cell cycle machinery in
endothelial cells is the downregulation of p21<"P!, which im-
pairs cyclin D-cdk4 nuclear localization and activation. We
show that exogenous p21<"P! restores cyclin D-cdk4 nuclear
localization in cells expressing activated Notch4. Accordingly,
siRNA-targeted downregulation of endogenous p21<P! ham-
pers nuclear localization of cyclin D and cdk4 and also impairs
the capacity of endothelial cells to enter S phase. Although
both p21<iP! and p27%P! have been reported to shuttle cyclin
D and cdk4 to the nucleus, we show that only targeted knock-
down of p21<'P! inhibits cyclin D and cdk4 nuclear localization
in endothelial cells (3, 16). This is likely related to the fact that
only p21<"P! is induced during progression towards S phase,
whereas p27%P! is downregulated following serum stimulation
but is induced at confluence. Previous studies have shown that
murine embryonic fibroblasts that are null for p21<'P' and
p27%iP! demonstrate reduced cyclin D-cdk4 nuclear transloca-
tion and Rb kinase activity but no apparent defects in prolif-
eration (3). It is likely that targeted downregulation of p21<"!
by RNA interference in adult cells has an acute effect that
cannot be evaded by compensatory mechanisms, as may be
seen in gene-targeted animals. Alternatively, p21<'P! may have
a role in cell cycle regulation that is cell type specific. The fact
that other cell types show upregulation of p21<! with Notch
activation indicates that Notch-mediated regulation of expres-
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sion is modulated by cell-type-specific factors (1, 38). Our data
suggest that the specificity of action of Notch on the regulation
of p21<'P! expression may depend on cell-type-specific part-
ners of Notch that are involved in the control of the p21<"!
promoter.

Other signaling mechanisms must also be required for
Notch-induced cell cycle arrest, since reduction of S-phase
entry mediated by targeted downregulation of p21<'P! is not as
efficient as the block mediated by Notch. Additionally, Notch
must act in concert with other signaling mechanisms, as indi-
cated by a Notch-independent upregulation of p27%P! at con-
fluence. In conclusion, our studies provide strong evidence that
Notch activation participates in the phenomenon of endothe-
lial cell contact inhibition, in part through downregulation of
p21Cip1_
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