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v-secretase inhibitor up-regulates vascular endothelial growth
factor receptor-2 and endothelial nitric oxide synthase
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Abstract. Although previous studies have shown that
v-secretase inhibitors significantly suppress tumor growth via
anti-angiogenesis, the mechanism involved in the regulation
of tumor angiogenesis by y-secretase inhibitors has not been
clearly understood. The objective of this study was to inves-
tigate the regulation of vascular endothelial growth factor
receptor (VEGFR) and endothelial nitric oxide synthase
(eNOS) by a vy-secretase inhibitor in the HSV mouse micro-
vascular endothelial cell line. H5V cells were cultured with
different concentrations of the y-secretase inhibitor DAPT for
48 h and with 100 gmol/l DAPT at different incubation times.
Protein and mRNA expression of VEGFR-1, VEGFR-2,
VEGFR-3 and eNOS was measured by Western blotting and
real-time PCR, respectively. The VEGFR-2 kinase inhibitor
was used to assess the role of VEGFR-2 in eNOS regulation.
We found that the y-secretase inhibitor DAPT increased
protein and mRNA expression of VEGFR-2 and eNOS, but
decreased VEGFR-1 expression and had no significant effect
on VEGFR-3. Up-regulation of eNOS was blocked by the
VEGFR-2 kinase inhibitor. In conclusion, the y-secretase
inhibitor enhances VEGFR-2 and eNOS expression, and
the up-regulation of eNOS is dependent on an increase
in VEGFR-2. Thus, we suggest that administration of the
v-secretase inhibitor be combined with disruption of eNOS
or interruption of VEGF signaling, which may improve the
anti-angiogenic efficacy in tumor treatments.

Introduction

In a T-cell acute lymphoblastic leukemia xenograft model,
systemic administration of y-secretase inhibitor was found to
result in significant regression of tumors directly via apoptosis,
and indirectly via disturbance of tumor angiogenesis through
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the inhibition of non-cell-autonomous Notch signaling (1).
Bone marrow-derived vascular precursor cells pre-treated
with the y-secretase inhibitor DAPT failed to induce angio-
genesis at the wound site and did not promote wound healing
in vivo (2). Thus, the y-secretase inhibitor may be applied as
a pharmacological regulator of angiogenesis. However, the
mechanism of angiogenesis regulation by y-secretase inhibi-
tors has not been clearly understood.

Vascular endothelial growth factor receptor (VEGFR) is the
dominant angiogenic factor, and VEGFR inhibitors are useful in
treating cancer via anti-angiogenesis (3). Moreover, nitric oxide
(NO), synthesized by endothelial nitric oxide synthase (eNOS),
is the most effective endothelium-derived relaxing factor which
leads to vasodilation and better microvascular perfusion (4,5).
Thus, we used DAPT {N-[N-(3,5-difluorophenacetyl)-L-alanyl]-
S-phenylglycine t-butyl ester}, a y-secretase inhibitor, to deter-
mine the role of this y-secretase inhibitor on VEGFR and eNOS
regulation in in vitro models.

Materials and methods

Cell culture and reagents. The mouse microvascular endo-
thelial H5V cell line was obtained from the Cell Bank of the
Shanghai Institute of Biological Sciences, Chinese Academy
of Sciences. H5V cells were maintained in DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS; PAA,
Pasching, Austria). The cells were incubated at 37°C in a 5%
CO,-humidified atmosphere. DAPT and VEGFR-2 kinase
inhibitors were purchased from Sigma Aldrich and Merck,
respectively. DAPT was dissolved in DMSO (Sigma Aldrich) to
concentrations of 25x10%, 50x10°, 75x10° and 100x10* gmol/l.

DAPT treatment and VEGFR expression. H5V cells (1x10°)
were cultured with DAPT (final concentration 100 xmol/l)
or the equivalent amount of DMSO as a negative control.
Total protein or RNA was harvested 48 h later. Protein and
mRNA expression of VEGFR-1, VEGFR-2 and VEGFR-3 was
measured by Western blotting and real-time PCR, respectively.

DAPT treatment and eNOS expression. For the assessment of
the role of VEGFR-2 on eNOS regulation under DAPT treat-
ment, 1x10° H5V cells were cultured with DAPT (100 gzmol/l),
DAPT (100 pmol/l) + VEGFR-2 kinase inhibitor (200 gmol/
ml), or DMSO (equivalent amount) for 48 h. To assess the
effects of different concentrations of DAPT, 1x10° H5V cells
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Figure 1. VEGFR expression level under DAPT treatment. (A) VEGFR-1 protein levels analyzed by Western blotting in H5V cells treated with 100 gmol/l
DAPT or DMSO after 48 h. -actin was used as a loading control. (B) VEGFR-1 mRNA levels in H5V cells treated with 100 zmol/l DAPT after 48 h. Real-
time PCR results were normalized using f-actin as a calibrator gene and are shown as average expression fold change relative to VEGFR-1 mRNA in the
DMSO groups. (C) VEGFR-2 protein levels analyzed by Western blotting in H5V cells treated with 100 gmol/l DAPT or DMSO after 48 h. 3-actin was used as
a loading control. (D) VEGFR-2 mRNA levels in H5V cells treated with 100 pmol/l DAPT after 48 h. Real-time PCR results were normalized using 3-actin as
a calibrator gene and are shown as average expression fold change relative to VEGFR-2 mRNA in the DMSO groups. (E) VEGFR-3 protein levels analyzed by
Western blotting in H5V cells treated with 100 zmol/l DAPT or DMSO after 48 h. $-actin was used as a loading control. (F) VEGFR-3 mRNA levels in HSV
cells treated with 100 gmol/l DAPT after 48 h. Real-time PCR results were normalized using [3-actin as a calibrator gene and are shown as average expression
fold change relative to VEGFR-3 mRNA in the DMSO groups. Data are the means = SD. "P<0.01, “"P>0.05 vs. DMSO groups, n=3 for each group.

were cultured with DAPT (25, 50, 75 and 100 pmol/l) for 48 h,
and the equivalent amount of DMSO was used as a negative
control. To assess the effect of different treatment times, 1x10°
HS5V cells were cultured with 100 gmol/l DAPT or DMSO
(equivalent amount) for 0, 6, 12, 24 and 48 h. Protein and
mRNA expression of eNOS was measured by Western blot-
ting and real-time PCR, respectively.

Western blotting. HSV cells were dissolved and boiled in
Laemmli buffer for 10 min. The samples were then separated
by SDS-PAGE using 10% gel and transferred to polyvinyli-
dene fluoride membranes (Bio-Rad) at 80 mA for 2 h. After
blocking with Tris (hydroxymethyl) aminomethane-buffered
solution containing Tween-20 (TBST), the membranes were
incubated with the primary antibody in TBST at 37°C for
2 h. Secondary antibodies in TBST were added and incubated
for 2 h at room temperature. Bound secondary antibodies

were detected using an ECL detection system (Amersham
Pharmacia Biotech). P-actin (Santa Cruz) was used as a
loading control. The primary antibodies used were as follows:
monoclonal VEGFR-1 antibody (Santa Cruz), polyclonal
VEGFR-2 antibody (Cell Signaling), monoclonal VEGFR-3
antibody (eBioscience) and monoclonal eNOS antibody
(Abcam).

RNA extraction and real-time PCR analysis. Total RNA was
extracted from H5V cells using the RNeasy Mini kit (Qiagen,
Valencia, CA, USA), and 1 pug of total RNA was converted to
cDNA by using the ExScript RT reagent kit (Takara, Otsu
Shiga, Japan). Real-time PCR was carried out using the SYBR
Green PCR Master Mix (ABI) and i-Cycler (Bio-Rad)
according to the manufacturer's instructions. Target gene
expression levels in each sample were subsequently normal-
ized by the mRNA level of f-actin mRNA in the same mRNA
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Figure 2. DAPT induces up-regulation of eNOS via VEGFR-2. (A) eNOS protein levels analyzed by Western blotting in H5V cells treated with DMSO, DAPT
(100 gmol/l), or DAPT (100 pmol/l) + VEGFR-2 kinase inhibitor (200 #mol/ml) after 48 h. B-actin was used as a loading control. (B) DAPT induced an
increase in eNOS mRNA expression in H5V cells, and this effect was inhibited by VEGFR-2 kinase inhibitor. Real-time PCR results were normalized using
B-actin as a calibrator gene and are shown as average expression fold change relative to eNOS mRNA in the DMSO groups. Data are the means + SD. “P<0.05

vs. DAPT groups, n=3 for each group.

sample. The expression levels of each gene were expressed as
normalized fold expression. Results were reported as the
means + SD of triplicate experiments from three independent
samples per group. Primers and probes included: VEGFR-1
forward primer 5'-ggcccgggatatttataagaac-3'; VEGFR-1 reverse
primer 5'-ccatccattttaggggaagtc-3'; VEGFR-2 forward primer
5'-cagtggtactggcagctagaag-3'; VEGFR-2 reverse primer 5'-aca
agcatacgggcttgttt-3; VEGFR-3 forward primer 5'-gaatgag
agccccggaac-3'; VEGFR-3 reverse primer 5'-ggtctccagaccage
aactc-3'; eNOS forward primer 5'-ccagtgccctgcttcatc-3'; eNOS
reverse primer 5'-gcagggcaagttaggatcag-3'.

Statistical analysis. For all experiments triplicate measure-
ments were obtained, and the results are shown as the means
+ SD. Statistical analysis of data was performed using the
two-tailed Student's t-test. P<0.01 and P<0.05 were considered
statistically significant.

Results

DAPT down-regulates VEGFR-1 expression. To assess
whether the vy-secretase inhibitor DAPT affects VEGFR-1
expression, H5V cells were cultured with 100 gmol/l DAPT,
or the equivalent amount of DMSO as a negative control.
Western blot analysis revealed that the level of VEGFR-1
protein expression was decreased after 48 h. Upon real-time
PCR analysis, the mRNA level of VEGFR-1 was found to
be down-regulated to 32.2% compared to the DMSO-treated
H5V cells (Fig. 1A and B).

DAPT up-regulates VEGFR-2 expression. VEGFR-2 is the
primary VEGF signaling receptor, and its expression is abso-
lutely essential for vascular development and angiogenesis (6).
Therefore, an in vitro model was used to determine VEGFR-2
expression under 100 pgmol/l DAPT treatment. After 48 h,
VEGFR-2 protein expression was increased, as revealed by
Western blotting, and the mRNA level was up-regulated by
2.68-fold compared to the control groups (Fig. 1C and D).

DAPT has no significant effect on VEGFR-3 expression.
Although previous research showed that Notch signaling,
the target of the y-secretase inhibitor, altered VEGF respon-
siveness in murine endothelial cells by direct regulation
of VEGFR-3 expression (7), our result failed to show any
significant difference between the DAPT and DMSO groups
in VEGFR-3 protein and mRNA expression (Fig. 1E and F).

DAPT induces up-regulation of eNOS via VEGFR-2. The
eNOS expression level of H5V cells treated with DAPT was
measured by Western blotting and real-time PCR, and the
effect of VEGFR-2 was evaluated. After 48 h of DAPT treat-
ment, eNOS expression was up-regulated at both the protein
and mRNA level. Upon real-time PCR analysis, the level of
mRNA expression of eNOS in the DAPT group was found to
be increased by 2.13-fold compared to the control. This effect
was neutralized when H5V cells were pre-treated with the
VEGEFR-2 kinase inhibitor (Fig. 2).

DAPT up-regulates eNOS in a concentration-dependent
manner. The eNOS protein level of the 75 pymol/l DAPT
group was higher than that of the control, 25 and 50 ymol/l
DAPT groups, but demonstrated no significant different with
the 100 pgmol/l DAPT group. The mRNA level of eNOS
was up-regulated by DAPT in a concentration-dependent
manner, which increased by 1.73-fold in H5V cells treated
with 25 pmol/l DAPT, by 2-fold in H5V cells treated with
50 umol/l DAPT, by 2.37-fold in H5V cells treated with
75 umol/l DAPT and by 2.24-fold in H5V cells treated
with 100 gmol/l DAPT compared to the expression level of
DMSO-treated H5V cells (Fig. 3).

DAPT up-regulates eNOS in a time-dependent manner.
Up-regulation of eNOS induced by DAPT treatment was
found to be time-dependent. After treatment with 100 gmol/l
of DAPT, the level of eNOS protein began to increase at
6 h and achieved peak levels at 12 and 48 h, separately. As
determined by real-time PCR analysis, mRNA expression
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Figure 3. eNOS levels at different concentrations of DAPT. (A) eNOS protein levels analyzed by Western blotting in H5V cells treated with different con-
centrations of DAPT (25, 50, 75 and 100 gmol/l) after 48 h. An equivalent amount of DMSO was used as a negative control. 3-actin was used as a loading
control. (B) eNOS mRNA expression induced by different concentrations of DAPT after 48 h. An equivalent amount of DMSO was used as a negative control.
Real-time PCR results were normalized using B-actin as a calibrator gene and are shown as average expression fold change relative to eNOS mRNA in the

DMSO groups. Data are the means + SD. "P<0.01 vs. DMSO groups, “P<0.05,
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Figure 4. eNOS levels during the time course of DAPT treatment. (A) eNOS protein levels analyzed by Western blotting during the time course of 100 zmol/l
DAPT treatment. $-actin was used as a loading control. (B) eNOS mRNA expression in time course of 100 ymol/l DAPT treatment. Real-time PCR results
were normalized using 3-actin as a calibrator gene and are shown as average expression fold change relative to eNOS mRNA in the 0 h groups. Data are the

means + SD. “P<0.01, “P<0.05 vs. 0 h, n=3 for each group.

increased by 1.58-fold at 6 h, by 2.48-fold at 12 h and by 2.25-
fold at 48 h, compared to the eNOS mRNA level of the control
H5V cells at 0 h. The alternating pattern of eNOS mRNA
was similar to the pattern displayed by the eNOS protein as
showed in the Western blot analysis (Fig. 4).

Discussion

Previous studies have shown that y-secretase inhibitors may
find application as pharmacological regulators of angiogen-
esis. In a T-cell acute lymphoblastic leukemia xenograft model,
v-secretase inhibitor indirectly suppressed tumor growth via
disturbance of tumor angiogenesis (1). In another wound-
healing model, bone marrow-derived vascular precursor cells
pre-treated with the y-secretase inhibitor DAPT failed to
induce angiogenesis at the wound site in vivo (2). However,
the mechanism of how y-secretase inhibitors regulate angio-
genesis has not been clearly understood. Given the important
role of VEGFR and eNOS in angiogenesis, in vitro models
were used to define the role of y-secretase inhibitor DAPT on
VEGFR and eNOS regulation.

In our study, after DAPT treatment for 48 h, the expres-
sion level of VEGFR-1 was lower compared to the control

groups, and VEGFR-2 was up-regulated compared to the
control groups at both the protein and mRNA level. However,
VEGFR-3 expression displayed no significant difference
between DAPT-treated H5V cells and the control. To our
knowledge, this is the first study to demonstrate that the
v-secretase inhibitor DAPT regulates VEGF signaling via
alteration of the expression of VEGFR-1 and VEGFR-2. The
mechanism will be investigated in subsequent research, and
the results may aid in future vy-secretase inhibitor therapy
strategies.

The effects of the y-secretase inhibitor DAPT on eNOS
expression were investigated. VEGF-A has been described to
increase eNOS mRNA and protein expression in endothelial
cells via VEGFR-2, but not VEGFR-1 in vivo, and the phos-
phatidylinositol 3-kinase (PI3-K) signaling pathway plays a
crucial role in this process (8,9). Blockage of VEGFR-2 via
a monoclonal antibody was found to cause a marked reduc-
tion in the expression of eNOS and iNOS, which decreased
NO generation and led to robust hypertension (10). Here, we
found that the eNOS expression level was up-regulated in
the DAPT-treated groups, at both the protein and mRNA
level. This effect was neutralized by the VEGFR-2 kinase
inhibitor. These findings indicate that DAPT regulates
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eNOS via VEGFR-2. Furthermore, our research showed that
DAPT up-regulated eNOS in a concentration- and time-
dependent manner. Given that eNOS leads to vasodilation
and better microvascular perfusion via NO production, it
is rational to infer that enhancement of eNOS expression
may offer some compensation in the microvascular after
v-secretase inhibitor therapy, which may be beneficial to
normal tissues, but detrimental to cancer treatment. Further
research by us will focus on this issue.

In summary, we initially demonstrated the relationship
between VEGFR and eNOS under y-secretase inhibitor treat-
ment. The y-secretase inhibitor down-regulated VEGFR-1, but
up-regulated VEGFR-2, and the up-regulation of VEGFR-2
resulted in an increase in eNOS expression. Our findings
suggest that administration of a y-secretase inhibitor should
be combined with disruption of eNOS or VEGF signaling to
improve the anti-angiogenic therapeutic efficacy.
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