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Directed migration of endothelial cells (ECs) is an important
process during both physiological and pathological angiogene-
sis. The binding of vascular endothelial growth factor (VEGF)
to VEGF receptor-2 (VEGFR-2) on the EC surface is necessary
for directed migration of these cells. Here, we used TAXIScan,
an optically accessible real-time horizontal cell dynamics assay
approach, and demonstrate that reactive oxygen species
(ROS)-producing NADPH oxidase 4 (NOX4), which is abun-
dantly expressed in ECs, mediates VEGF/VEGFR-2-dependent
directed migration. We noted that a continuous supply of
endoplasmic reticulum (ER)-retained VEGFR-2 to the plasma
membrane is required to maintain VEGFR-2 at the cell surface.
siRNA-mediated NOX4 silencing decreased the ER-retained
form of VEGFR-2, resulting in decreased cell surface expres-
sion levels of the receptor. We also found that ER-localized
NOX4 interacts with ER-retained VEGFR-2 and thereby stabil-
izes this ER-retained form at the protein level in the ER. We
conclude that NOX4 contributes to the directed migration of
ECs by maintaining VEGFR-2 levels at their surface.

Angiogenesis is the formation of new capillary blood vessels to
supply oxygen and nutrients to tissues (1) and is fundamental to
the process of recovery from tissue ischemia in adults (2). Patho-
logical angiogenesis occurs in an uncontrolled manner in reti-
nopathy of prematurity (3) and diabetic retinopathy (4), resulting
in excessive and abnormal vascular patterns. Abnormal angio-
genesis is essential for tumor growth, invasion, and metastasis
(5). Both physiological and pathological angiogenesis require the
migration, differentiation, and proliferation of the endothelial
cells (ECs) that line blood vessels to form capillary-like structures
(6). ECs are activated by vascular endothelial growth factor
(VEGF), which is themost potent and primary endothelium-spe-
cific angiogenic growth factor in both physiological and patho-
logical angiogenesis (6). The binding of VEGF to VEGF recep-
tor-2 (VEGFR-2) at the surface of ECs activates a tyrosine kinase
pathway that stimulates angiogenesis (7–9). VEGF/VEGFR-2

signaling is required for physiological angiogenesis for tissue is-
chemia but is also actively engaged in retinopathy and tumor
progression by pathological angiogenesis (10).
Reactive oxygen species (ROS) play a role in angiogenesis (11).

The ROS-producingNADPHoxidase (Nox) family is abundantly
expressed in the vasculature and is involved in angiogenesis (12–
14). The Nox family includes sevenmembers: Nox1–5 andDuox
1–2 (15–20). Nox4 is abundantly expressed in ECs (21), and the
global genetic deletion of Nox4 attenuates angiogenesis in
response to ischemia after femoral artery ligation (22). Trans-
genicmice overexpressing endothelial-specificWTNox4 showed
accelerated recovery from hind limb ischemia (23, 24). Use of a
mouse model overexpressing WT Nox4 showed that Nox4 plays
a positive role in cardiac adaptation to pressure overload (25).
Furthermore, deletion of Nox4 in an oxygen-induced retinopathy
mouse model prevented abnormal angiogenesis (26). Endothelial
Nox4-derived ROS was shown to play a role in the insulin-
induced pathological angiogenic response (27). Nox4 was also
shown to mediate tumor angiogenesis (28). Thus, Nox4 is
involved in physiological and pathological angiogenesis.
The directed migration of ECs is an important process

that occurs during angiogenesis. VEGF/VEGFR-2 signaling is
required for directed migration (29) and is frequently affected
by ROS (11). The present study investigated whether Nox4 is
involved in VEGF/VEGFR-2-dependent directed migration
using TAXIScan, which visualizes the migration of cells using
various parameters. The siRNA-mediated silencing of Nox4
leads to decreased cell surface levels of VEGFR-2, resulting in
decreased velocity and directionality of ECs. The maintenance
of surface VEGFR-2 levels depends on the continuous supply of
the endoplasmic reticulum (ER)-retained form of the receptor
to the plasma membrane, and Nox4 is involved in stabilization
of the ER-retained form at the protein level in the ER. Thus,
Nox4 regulates the directed migration of ECs by maintaining
surface VEGFR-2 levels.

Results

Regulation of EC migration by Nox4

We first investigated the migratory capacity of EA.hy926
cells, which are cells obtained from a cultured cell line derived
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from human umbilical vein endothelial cells and possess many
of the unique characteristics of ECs (30, 31), by assessing
directed migration toward fetal bovine serum (FBS). Cells were
tracked using TAXIScan, which is a real-time assay device for
imaging cell migration (Fig. 1A) (32), and collected images of
migrating cells at 0, 100, 200, and 300 min (Fig. 1B). Two-
dimensional trajectories using various concentrations of FBS
are shown in Fig. 1C. We calculated the mean values of direc-
tionality and velocity of individual cells during migration and
expressed these as velocity–directionality (VD) plots (33, 34)
(Fig. 1D). The mean migration directionality and velocity to-
ward the FBS gradient increased in a dose-dependent manner
from 0% to 5% (Fig. 1E).
Previous studies have demonstrated that Nox4 promotes

angiogenesis (22–24), which requires directed migration. To
investigate whether Nox and Nox-derived ROS are involved in
FBS-dependent cell migration, we treated EA.hy926 cells with
the Nox inhibitor diphenyleneiodonium (DPI) or the antioxi-
dantN-acetylcysteine (NAC). The H2O2 released by the treated
cells was measured by a sensitive fluorimetric assay; the assay is
based on the oxidation of homovanillic acid (HVA) into a fluo-
rescent dimer, which is catalyzed by horseradish peroxidase
(HRP) (Fig. 2A). H2O2 (0.2 mM) was added from a standard
H2O2 solution to the HVA-HRP detection system, and then
any corresponding increase in fluorescence was checked (Fig.
2B). The H2O2-dependent relative fluorescence intensity was
attenuated to background level by the addition of 6,000 units/
ml catalase, which decomposes H2O2 to water and oxygen. The
H2O2 generated by the EA.hy926 cells increased fluorescence
intensity, which was decreased by DPI treatment. The cell via-
bility was determined by propidium iodide (PI) exclusion using
flow cytometry and was unaffected by the DPI or NAC treat-
ment (Fig. 2C). The mean migration directionality and velocity
toward the FBS of DPI- or NAC-treated cells were significantly
lower than those of control cells (Fig. 2, D and E). Thus, endo-
thelial Nox activity and ROS are required for cell migration.
Nox4 is abundantly expressed in the endothelial cells (21).

To investigate whether Nox4 is involved in directed migration,
we treated EA.hy926 cells with siRNA targeting Nox4, resulting
in an almost complete depletion of Nox4 (Fig. 3,A and B). Spec-
ificity of the rabbit polyclonal anti-Nox4 antibody was con-
firmed by immunoblot analysis of HeLa cells transfected with
FLAG–Nox1–5 (a FLAG tag inserted at the N terminus of
Nox1–Nox5) expression vectors (Fig. 3C). Nox4 knockdown
markedly decreased H2O2 levels in EA.hy926 cells (Fig. 3D).
Nox2 knockdown (Fig. 3E) did not affect the H2O2 generation
by EA.hy926 cells (Fig. 3D). These results suggest that Nox4 is a
major source of H2O2 produced in EA.hy926 cells. Transfection
with Nox4- or Nox2-targeted siRNA did not affect the cell via-
bility (Fig. 3F). We examined the migration of Nox4- or Nox2-
knockdown EA.hy926 cells and found that the mean migration
directionality and velocity of Nox4-silenced cells was signifi-
cantly lower than those of control cells (Fig. 3, G and H). We
obtained the same results using another siRNA sequence (Fig.
S1). Treatment of EAhy.926 cells with Nox2-specific siRNA did
not affect the directionality or velocity of cell migration (Fig. 3,
G andH).

Maintenance of cell surface VEGFR-2 levels by Nox4

Several studies have identified the mechanisms of Nox-
derived ROS-mediated angiogenesis driven in a VEGF/
VEGFR-2 signaling-dependent manner (11). VEGF/VEGFR-2
signaling is required for the directed migration of ECs (29, 35,
36). Because Nox4 knockdown cells showed reduced direc-
tional migration, we investigated the expression pattern of
VEGFR-2. Transfection with Nox4-targeted siRNA reduced
VEGFR-2 protein expression by around 70% compared with
that of cells transfected with control siRNA (Fig. 4A). A second
Nox4-specific siRNA also blocked VEGFR-2 protein expression
compared with control RNA, whereas Nox2-specific siRNA did
not decrease VEGFR-2 protein expression (Fig. S2). However,
Nox4 silencing did not affect VEGFR-2 mRNA levels (Fig. 4B),
demonstrating that the link between Nox4 and VEGFR-2
expression is not transcriptionally controlled. To examine
whether the decreased amount of VEGFR-2 protein seen with
depletion of Nox4 affected the cell surface levels of VEGFR-2
protein, we performed a cell surface biotinylation assay to ana-
lyze the effect of Nox4 knockdown on levels of VEGFR-2 at the
plasma membrane. The results showed that Nox4 knockdown
markedly reduced the cell surface levels of VEGFR-2 (Fig. 4C).
The reduction of surface VEGFR-2 levels induced by Nox4
knockdown attenuated the migration of ECs toward human
recombinant VEGF-A injected as a ligand (Fig. 4,D and E).

Stabilization of VEGFR-2 by Nox4 in the ER

Immunoblotting using the anti-VEGFR-2 antibody showed
that VEGFR-2 existed as a doublet, with the higher-molecular-
weight form being the predominant species (Fig. 5A, lane 1).
The higher-molecular-weight band was endoglycosidase H
(Endo H) resistant, whereas the lower-molecular-weight band
was Endo H sensitive (Fig. 5B, lane 3). Furthermore, the Endo
H-resistant species was sensitive to treatment with peptide:N-
glycosidase F (PNGase F) (Fig. 5B, lane 2). Thus, in ECs,
VEGFR-2 was found at both the cell surface (Endo H-resistant
form) and the ER (Endo H-sensitive form), which is responsible
formembrane proteinmaturation.
The binding of VEGF leads to rapid internalization of

VEGFR-2 (37, 38), followed by the uptake of VEGFR-2 by lyso-
somes for degradation (39). To investigate the role of ER-
retained VEGFR-2 in the maintenance of surface VEGFR-2
levels, we examined the effects of brefeldin A (BFA), which
inhibits protein transport from the ER to the Golgi apparatus,
by inhibiting coat protein complex I (40). VEGFR-2 carrying
complex-type glycan (Endo H resistant) was reduced in a time-
dependent manner (Fig. 5C). Consistent with this, BFA treat-
ment decreased the cell surface VEGFR-2 levels (Fig. 5D). These
data suggest that the maintenance of cell surface VEGFR-2
depends on the continuous transport of VEGFR-2 from the ER.
Interestingly, the Endo H-sensitive band was decreased in

Nox4 knockdown cells (Fig. 5A, lane 2, and B, lanes 7–9), sug-
gesting that VEGFR-2 protein is influenced by Nox4 expression
in the ER. To test this hypothesis, we investigated the effects of
Nox4 on the stability of ER-retained VEGFR-2. Nox4-silenced
or control EA.hy926 cells were preincubated with BFA to retain
VEGFR-2 in the ER. Cells were then treated with cycloheximide
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Figure 1. Migration of ECs in TAXIScan. A, schematic illustration of the experiment. See Experimental procedures for details. B, images of ECs migrating to-
ward FBS in TAXIScan channels. The concentration of injected FBS and their gradient are indicated schematically on the left axis. The distance between the
start line (bottom) and finish line (top) of each channel is 260mm. Scale bar, 100mM. C, trajectory patterns of ECsmigrating toward FBS. The images ofmigrating
cells in TAXIScan channels were filmed, and their paths were traced. Each point shows the direction and distance of each cell in 5 min, from which the mean
values of directionality and velocity were calculated. Traces in different colors indicate an independent cell migration. D, velocity–directionality (VD) plots of
EC migration. The methods used to calculate each value are described in Experimental procedures. Representative VD plots obtained from 0% FBS and each
concentration in panel B are shown. E, statistical analysis of the data of panel D. Each graph represents the mean6 S.D. of pooled data of migrating cells (n�
30) from three independent experiments: *, p, 0.05; **, p, 0.01; ***, p, 0.001. Statistical analysis used the Tukey–Kramer test. The data are representative
of results from three independent experiments.
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(CHX) to inhibit the de novo synthesis of VEGFR-2 in a time
course experiment (0, 1, 3, 6, and 7.5 h), and cell lysates were
analyzed by immunoblotting. In Nox4 knockdown cells, the
VEGFR-2 protein levels decreased to;40% after 7.5 h of expo-
sure to CHX (Fig. 5E), indicating that existing VEGFR-2 protein
is easily degraded in the absence of Nox4 protein.

H2O2 diffuses easily between extra- and intracellular envi-
ronments (41). Indeed, ER-localized Nox4-derived H2O2 was
trapped by extracellular catalase in the HVA-HRP detection
system (Fig. 2, A and B). We investigated whether removal of
extracellular H2O2 affects cell migration. Addition of catalase
had no effect on FBS- or VEGF-A-dependent cell migration

Figure 2. Directedmigration of DPI or NAC-treated ECs. A, schematic illustration of the experiment. See also the Experimental procedures for details. B, cata-
lase-inhibitable H2O2 production by EA.hy926 cells. The panel shows the H2O2 production by EA.hy926 cells with or without DPI treatment. C, assay of cell via-
bility. Viable cells were assessed as those that excluded PI staining (PI-negative). D and E, cell migration assay. Left, images of ECs migrating toward FBS in
TAXIScan channels. The concentration of injected FBSwas 1%. EA.hy926 cells were exposed to 3 mM DPI with or without 1 mM NAC for 48 h (added every 12 h).
The distance between the start line (bottom) and finish line (top) of each channel was 260 mm. Scale bar, 100 mm. The bar graphs show the statistical analysis.
Each graph represents themean6 S.D. of pooled data of migrating cells (n� 30) from three independent experiments. ***, p, 0.001. Statistical analysis used
the Tukey-Kramer test. The data are representative of results from three independent experiments.
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(Fig. 6, A and B, and Fig. S3). VEGFR-2 protein expression lev-
els were decreased in DPI-treated cells (Fig. 6C, lane 2). The
addition of exogenous H2O2 did not restore the expression level
of VEGFR-2 (Fig. 6C, lane 3). These results indicate that the
stabilizing effect of ER-retained VEGFR-2 by Nox4 required
the production of H2O2 in the closed space between Nox4 and
VEGFR-2.
To determine the effect of Nox4 on the stabilization of ER-

retained VEGFR-2, we investigated whether Nox4 physically
interacts with VEGFR-2. Confocal imaging showed that GFP–
Nox4 was predominantly present in the compartments of the
ER (Fig. 6D, upper), which is consistent with previous studies
(42–45). Interestingly, GFP–Nox4 was partially colocalized
with VEGFR-2 (Fig. 6D, lower). To demonstrate the binding of
endogenous Nox4 to ER-retained VEGFR-2, cell lysates derived
from BFA-treated cells, which did not include cell surface-
localized VEGFR-2 protein (Fig. 5, B–D), were subjected to a
coimmunoprecipitation assay. Immunoprecipitation of endog-
enous Nox4 using an anti-Nox4 antibody led to an expected
coprecipitation of endogenous p22phox (Fig. 6E), a partner pro-
tein that forms a complex in the membrane with Nox4 (46, 47).
Under the same experimental conditions, we also observed that
ER-retained VEGFR-2 was coimmunoprecipitated with Nox4
(Fig. 6E), demonstrating that Nox4 interacts with the ER-
retained form in the ER compartments.

Discussion

Nox frequently affects VEGF/VEGFR-2 signaling, which is
required for physiological and pathological angiogenesis. Nox-
derived ROS can mediate VEGF-stimulated VEGFR-2 dimeri-
zation and autophosphorylation of VEGFR-2, leading to the
activation of downstream signaling pathways (11, 12, 48).
VEGF/VEGFR-2 signaling can also activate Nox, leading to
increased ROS production, indicating a positive feedback loop
between Nox4 and VEGF/VEGFR-2 signaling. VEGF binding
stimulates rapid surface VEGFR-2 internalization (37, 38) and
degradation (39). In the present study, we demonstrated that
Nox4 contributes to the stabilization of ER-retained VEGFR-2,
which is responsible for increasing the amount of surface
VEGFR-2, and enhances the directed migration of ECs, which
is an important process during angiogenesis.
Previous studies have shown that Nox4 promotes endothe-

lial angiogenesis in a mouse hind limb ischemia model (22–
24). Nox4 plays a positive role in cardiac adaptation to pres-
sure overload (25), whereas overexpression of Nox4 and excess
production of ROS are associated with undesirable angiogene-
sis, indicating a pathogenic role for Nox4 (49, 50). Nox4 was
reported to induce angiogenesis in retinopathy (26, 27) and

during tumor development (28), and it has also been shown to
enhance the velocity of EC migration (24, 51). The present
study demonstrated that Nox4 controls the directionality of
EC migration. Thus, Nox4 is clearly involved in physiological
and pathological angiogenesis via Nox4-mediated directed
migration.
Previous studies have demonstrated that the overexpression

of Nox4 results in increased VEGFR-2 protein in ECs (23). Con-
sistent with this observation, RNAi inhibition of Nox4 protein
led to the downregulation of VEGFR-2 at the protein level (Fig.
4). A surface biotinylation assay (Fig. 4) showed that the
amount of VEGFR-2 on the plasma membrane was substan-
tially reduced in response to Nox4 knockdown. VEGFR-2 was
reported to be required for the directed migration of ECs (29).
Our results suggest that the decrease in the directed migration
of Nox4 knockdown cells is because of decreased levels of
VEGFR-2.
We used immunoblot analysis to detect a 200-kDa doublet

band of VEGFR-2 in EAhy.926 cells (Fig. 5). Previous studies
have reported the detection of a double band using the anti-
VEGFR-2 antibody in human umbilical vein ECs (52). A sur-
face biotinylation assay (Fig. 5) showed that VEGFR-2 was
present on the cell surface as an Endo H-resistant form (high
molecular weight) but not as an Endo H-sensitive form (low
molecular weight). These findings are consistent with those of
previous studies that reported that the higher-molecular-
weight form is the major form of VEGFR-2 on the cell surface
(52, 53). Thus, in ECs, VEGFR-2 is found at both the cell sur-
face and the ER, which is responsible for the maturation of
membrane protein.
BFA treatment blocks the transport of protein from the ER

to the Golgi apparatus, leading to the rapid degradation of cell
surface VEGFR-2 (with complex N-glycan) within 3 h (Fig. 5).
A continuous supply of the ER-retained form of VEGFR-2 to
the plasma membrane appears to be important for maintaining
the cell surface receptor level. Surface VEGFR-2 levels are
maintained by various molecules. Myoferlin, a member of the
ferlin family, prevents VEGFR-2 polyubiquitination and protea-
somal degradation, resulting in increased levels of surface
VEGFR-2 (54). The chaperone protein PDCL3 protects ER-
retained VEGFR-2 from misfolding and aggregation (55). Ring
finger protein 121 is an ER ubiquitin E3 ligase that recognizes
ER-retained VEGFR-2 and promotes the ubiquitination of
VEGFR-2 (56), suggesting its potential in regulating the matu-
ration of VEGFR-2 by controlling its exit from the ER. We also
demonstrated that Nox4 contributes to the stabilization of ER-
retained VEGFR-2 (Fig. 5), resulting in increased amounts of
surface VEGFR-2 (Fig. 4).

Figure 3. Directed migration of Nox4 knocked down ECs. A, Nox4 mRNA levels. The bar graph represents the relative density of the bands normalized to
b-actin (n = 3). B, Nox4 protein levels with or without Nox4-specific siRNA. Immunoblotting showing control and Nox4 siRNA-treated cell samples. The bar
graph represents the relative density of the bands normalized to b-tubulin (n = 3). C, specificity of the rabbit polyclonal anti-Nox4 antibody used in this study.
Protein levels expressed in FLAG-tagged Nox-transfected HeLa cells were analyzed by immunoblotting using the indicated antibodies. The positions of the
marker proteins are indicated in kDa. D, H2O2 production by EA.hy926 cells transfected with siRNA. ¶, the same data set as that in Fig. 2B. E, Nox2 mRNA levels
with or without Nox2-specific siRNA. F, assay of cell viability. Viable cells were assessed as those that excluded PI staining (PI negative).G, images of ECsmigrat-
ing toward FBS in TAXIScan channels. The concentration of injected FBS was 1%. The distance between the start line (bottom) and finish line (top) of each chan-
nel was 260 mm. Scale bar, 100 mm. H, statistical analysis of VD plots. Each graph represents the mean6 S.D. of pooled data of migrating cells (n � 30) from
three independent experiments. ***, p, 0.001. Statistical analysis used the Tukey-Kramer test. The data are representative of results from three independent
experiments.
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As Nox4 was reported to be localized in the ER (42, 43),
we believe that it may be involved in the stabilization of ER-
retained VEGFR-2 at the protein level. Indeed, Nox4 expres-

sion affected the stability of VEGFR-2 in the ER at the
protein level (Fig. 5). Nox4 is known to bind to calnexin
(57) and protein disulfide isomerase (PDI) (42) in the ER.

Figure 4. Maintenance of surface VEGFR-2 levels by Nox4. A, Nox4 and VEGFR-2 protein levels. Protein expression levels were analyzed by immunoblot-
ting using the indicated antibodies. The bar diagram represents the relative density of the bands normalized to b-tubulin (n = 3). B, Nox4 and VEGFR-2 mRNA
levels. The bar diagram represents the relative density of the bands normalized to b-actin (n = 3). C, cell surface VEGFR-2 levels. EA.hy926 cells were treated
with Nox4 or control siRNA for 72 h. Cell surface biotinylation experiments were performed as described in Experimental procedures. Protein levels were ana-
lyzed by immunoblotting using anti-VEGFR-2. The positions of the marker proteins are indicated in kDa. D, images of ECs migrating toward FBS in TAXIScan
channels. The concentration of injected human recombinant VEGF-A was 500 pg/ml. The distance between the start line (bottom) and finish line (top) of each
channel was 260 mm. Scale bar, 100 mm. E, statistical analysis of VD plots. Each graph represents the mean 6 S.D. of pooled data of migrating cells (n � 30)
from three independent experiments. ***, p , 0.001. Statistical analysis used the Tukey-Kramer test. The data are representative of results from three inde-
pendent experiments.
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Calnexin transiently associates with newly synthesized N-
linked glycoproteins in the ER (58). PDI catalyzes disulfide
oxidation, reduction, and isomerization, thereby playing an
important role in protein folding (59–61). These proteins
comprise an ER chaperone system that ensures the proper
folding and quality control of newly synthesized proteins.
VEGFR-2 is a glycoprotein with multiple disulfide bonds.
Thus, Nox4 may form a complex with VEGFR-2 as well as
chaperone proteins that facilitate protein folding in the ER.
In conclusion, we found that Nox4 enhances the directed
migration of ECs by maintaining surface VEGFR-2 levels via
stabilization of VEGFR-2 in the ER.

Experimental procedures

Materials

Chemicals, reagents, and materials—All general ultrapure-
grade reagents were purchased from Nacalai Tesque (Kyoto,

Japan), Wako Pure Chemicals Industries (Tokyo, Japan), or
Sigma–Aldrich Japan (Tokyo, Japan), unless otherwise stated.
Primers were purchased from Eurofins Genomics (Tokyo,
Japan).
Plasmids and cDNA—pcDNA3.1-hNox1 was a gift from

Botond Bánfi and Karl-Heinz Krause (Addgene plasmid 58344;
http://n2t.net/addgene:58344; RRID: Addgene_58344). pcDNA3.1-
hNox3 was a gift from Botond Bánfi (Addgene plasmid 58341;
http://n2t.net/addgene:58341; RRID: Addgene_58341). pcDNA3.1-
hNox4 was a gift from Karl-Heinz Krause (Addgene plasmid
69352; http://n2t.net/addgene:69352; RRID: Addgene_69352).
pcDNA3.1-hNox5 was a gift from Karl-Heinz Krause (Addgene
plasmid 69354; http://n2t.net/addgene:69354; RRID: Addgene_
69354). FLAG-HA-pcDNA3.1 was a gift from Adam Antebi
(Addgene plasmid 52535; http://n2t.net/addgene:52535; RRID:
Addgene_52535). Human Nox2 cDNA was prepared as previ-
ously described (62).

Figure 5. Stabilization of ER-retained VEGFR-2 stabilized by Nox4. A, VEGFR-2 protein levels. Proteins were resolved using SDS-PAGE (7.5% gel). The bar
diagram represents the relative density of the lower-molecular-weight bands normalized to that of the highest (n = 3). B, N-glycosylation of VEGFR-2. Nox4
knockdown or control EA.hy926 cells were treated with 10 mg/ml BFA for 3 h. Cell lysates were extracted using Triton X-100 and digested with PNGase F or
Endo H. C, effect of BFA on the surface VEGFR-2 level. EA.hy926 cells were exposed to 10 mg/ml BFA for the indicated times. D, cell surface VEGFR-2 levels. EA.
hy926 cells were treated with or without 10 mg/ml BFA for 3 h. Cell surface biotinylation experiments were performed as described in Experimental procedures.
E, stability of ER-retained VEGFR-2 in Nox4 knockdown cells. Upper, Nox4 knockdown or control EA.hy926 cells were exposed to 10 mg/ml BFA for 3 h.Middle,
cells were then treated with or without 10 mg/ml CHX for the indicated times. Protein levels were analyzed by immunoblotting with anti-VEGFR-2. The protein
band density was quantitated and plotted on a graph, with the value obtained for untreated cells set as 100% (n = 3). The data are representative of results
from three independent experiments.
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Cells and cell culture

HeLa cells were obtained from RIKEN Cell Bank (Tsukuba,
Japan), and EA.hy926 cells were purchased from the ATCC.
Both cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Sigma–Aldrich) supplemented with 10% (v/v) FBS
(Sigma–Aldrich) at 37 °C in a humidified 5% (v/v) CO2

atmosphere.

Migration of ECs

Directed migration experiments were performed using a
TAXIScan (ECI, Tokyo, Japan), as previously described (32, 34,
63). Briefly, we used silicon chips with a 10-mm-high terrace,
which forms a 10-mm-deep microchannel. After filling the
space at the top end of the holes with assay buffer, 1 ml of EC
suspension (2 3 106 cells/ml) was injected into one of the two
compartments, and the cells were aligned along the start line
on the edge of the channel. After starting to record the images,
1 ml of attractant/stimulus solution (0.1%–5% FBS or 500 pg/ml
VEGF-A) was injected into the compartment opposite that
containing the cells. Cellular migration at 37 °C was recorded
using a camera focused on the migration path every 5 min for 5
h. Themigration profile was then analyzed using TAXIScan an-
alyzer 2 software (33). The concentration of VEGF-A injected
as a ligand during the assay did not affect the protein levels of
Nox4 and VEGFR-2 (Fig. S4).

Assay of H2O2 production

Production of H2O2 by EA.hy926 cells was assayed using
HVA (Nacalai Tesque) and HRP (TOYOBO), according to the
methods by Ruch et al. (64) and Martyn et al. (65), with minor
modifications. Briefly, EA.hy926 cells were harvested by incu-
bation with trypsin–EDTA for 1 min at 37 °C. 1 ml HVA solu-
tion (100 mM HVA, 4 units/ml HRP in PBS [137 mM NaCl, 2.7
mM KCl, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.4]) with
or without 6,000U/ml catalase was added to each tube, and 13
105 cells were incubated for 30 min at 37 °C; 150 ml of HVA
stop buffer (0.1 M glycine–0.1 M NaOH, pH 12) was then
added per 1 ml of HVA solution. The HVA oxidation product,
as a measure of the amount of H2O2, was determined fluori-
metrically using a fluorescence spectrophotometer F-2700
(Hitachi); excitation was at 312 nm, and emission was meas-
ured at 420 nm.

Estimation of cell viability

Cell viability was assessed using the annexin V apoptosis
detection kit (BD Pharmingen, San Diego, CA, USA), with
minor modifications. Briefly, siRNA- or reagent-treated EA.
hy926 cells were washed by ice-cold PBS and then resuspended

in PBS at a concentration of 13 106 cells/ml. 100 ml of suspen-
sion was transferred to a 5-ml culture tube, mixed with 5 ml of
PI, and incubated for 15 min at 25 °C in the dark. After incuba-
tion, 400 ml of PBS was added to each tube. All samples were
analyzed with the BD FACSCANTO II and Diva software (Bec-
tonDickinson Franklin Lakes, NJ, USA).

RNAi knockdown of Nox2 and Nox4

The following 25-nucleotide modified synthetic double-
stranded siRNAs targeting Nox2 and Nox4 (Stealth RNAi)
were purchased from Invitrogen: Nox4 siRNA number 1, 59-
ACAGUGAAGACUUUGUUGAACUGAA-3’ (sense) and 59-
UUCAGUUCAACAAAGUCUUCACUGU-39 (antisense); Nox4
siRNA number 2, 59-AUCUGGUGGAGGUAGUGAUAC-
UCUG-39 (sense) and 59-CAGAGUAUCACUACCUCCA-
CCAGAU-39 (antisense); and Nox2 siRNA number 1, 59-
CCGAGUCAAUAAUUCUGAUCCUUAU-39 (sense) and
59-AUAAGGAUCAGAAUUAUUGACUCGG-39 (antisense).
Low- or high-GC duplex of stealth RNAi negative-control
duplexes (Invitrogen) was used as a negative control. EA.
hy926 cells (1.93 104 cells/cm2) were cultured in 15- or 6-cm
dishes or six-well plates and then transfected with 50–100
pmol RNA using Lipofectamine RNAiMAX (ThermoFisher
Scientific) in 50 ml of Opti-MEM (ThermoFisher Scientific)
according to the manufacturer’s instructions. Transfected
cells were cultured for 72 h and used to measure EC migra-
tion, total protein, surface VEGFR-2 levels, and mRNA levels.

Estimation of protein levels

EA.hy926 and HeLa cells were lysed using lysis buffer (20mM

Tris–HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100). Cell lysates
were subjected to SDS-PAGE, transferred to polyvinylidene
difluoride membranes (Millipore), and probed using anti-
Nox4 polyclonal antibody (no. GTX121929, GeneTex), anti-
DYKDDDDK tag (FLAG) mouse mAb (no. 014-22383, Wako
Pure Chemical Industries), anti-b-tubulin mouse mAb (no.
014-25041, Wako Pure Chemical Industries), or anti-VEGFR-2
rabbit mAb (no. 2479, BD Transduction Laboratories). Blots
were developed using ImmunoStar Zeta or ImmunoStar LD
(Wako Pure Chemical Industries), and band intensities were
quantified using NIH Image J software.

Protein expression in HeLa cells

Sequences encoding peptide epitopes (FLAG–Gly–Gly–
Gly–FLAG–Gly–Gly–Gly) recognized using commercially
available monoclonal antibodies were inserted into FLAG-
HA-pcDNA3.1. A modified vector, termed pcDNA3.1–N-
FLAG, allows a FLAG tag to be inserted at the N terminus of
the protein. Human cDNA encoding full-length Nox1–Nox5

Figure 6. Interaction of Nox4 with VEGFR-2. A and B, statistical analysis of VD plots. EA.hy926 cells were exposed to 6,000 units/ml catalase for 48 h (added
every 12 h). Each graph represents the mean6 S.D. of pooled data of migrating cells (n� 30) from three independent experiments. ***, p, 0.001. Statistical
analysis used the Tukey-Kramer test. C, VEGFR-2 protein levels. Proteins were resolved with SDS-PAGE (7.5% gels). EA.hy926 cells were exposed to 3 mM DPI
with or without 1 mM H2O2 for 48 h (added every 12 h). D, distribution of GFP–Nox4 and VEGFR-2 in EA.hy926 cells. EA.hy926 cells were transfected with the
expression plasmid for GFP–Nox4. After fixation, the immunofluorescence signals were observed by confocal microscopy; anti-PDI was used to detect the ER
marker PDI (magenta), anti-VEGFR-2 (magenta) was used to detect VEGFR-2, and Hoechst staining was used to detect cell nuclei (blue). Scale bars, 20 mm. E,
interaction of endogenous Nox4 with VEGFR-2. EA.hy926 cells were exposed to 10 mg/ml BFA for 3 h. Cell lysates were extracted with Triton X-100. Immuno-
precipitation experiments were performed as described in Experimental procedures. The positions of themarker proteins are indicated in kDa. The data are rep-
resentative of results from three independent experiments.
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was subcloned into pcDNA3.1–N-FLAG for expression as a
FLAG-tagged protein, as previously described (62). All con-
structs were sequenced to confirm their identities using an
ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, War-
rington, UK) and a BigDye Terminator cycle sequencing kit
version 3.1 (Applied Biosystems, Foster City, CA, USA). Plas-
mids were purified using a QIAfilter plasmid kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. Transfections were performed using the TransIT-X 2
dynamic delivery system (Mirus Bio) according to the man-
ufacturer’s instructions.

RT-PCR

Total RNA was extracted and purified from EA.hy926 cells
(1 3 105 cells) using an RNeasy mini kit (Qiagen) according to
the manufacturer’s instructions. Total RNA (0.5 mg) was reverse
transcribed into cDNA using random primers and Ready-To-
Go You-Prime first-strand beads (GE Healthcare) according
to the manufacturer’s instructions. The following primers
were used: Nox4, 59-CACAGAAGGTTCCAAGCAGGA-39 and
59-AGTCAGGTCTGTTCTCTTGCC-39 (65); b-actin, 59-
TGACGGGGTCACCCACACTGTGCCCATCTA-39 and 59-
CTAGAAGCATTTGCGGTGGACGATGGAGGG-39 (66);
and VEGFR-2, 59-GGAAGACCAAGAAAAGACATTGCG-
39 and 59-GGTTGACCACATTGAGATGGTGAC-39 (66);
and Nox2, 59-CATGTTTCTGTATCTCTGTGA-39 and 59-
GTGAGGTAGATGTTGTAGCT-39 (44). PCR products were
analyzed using 2% agarose gel electrophoresis.

Glycosidase treatment

EA.hy926 cells were lysed using a solution of 20 mM Tris-
HCl, pH 7.4, and 150 mM NaCl containing 1% (w/v) Triton
X-100, and lysates were centrifuged for 10 min at 20,000 3 g.
The supernatant was digested using peptide:N-glycosidase F
(PNGase F; New England Biolabs) or endoglycosidase H (Endo
H; New England Biolabs), as previously described (67). The
treated proteins were then separated using 7.5% SDS-PAGE,
followed by immunoblot analysis with an anti-VEGFR-2
antibody.

Cell surface biotinylation assay

Cell surface biotinylation experiments were performed as
previously described (67). EA.hy926 cells (8 3 106 in a 15-cm
dish) were cultured with or without 10 mg/ml BFA for 3 h at 37 °
C in a humidified 5% (v/v) CO2 atmosphere. Monolayer cul-
tures were washed three times with PBS to remove contaminat-
ing FBS and other soluble proteins and then incubated with or
without the membrane-impermeable biotinylation reagent 0.5
mM EZ-link Sulfo-NHS-SS-biotin (ThermoFisher Scientific)
for 2.5 min at room temperature. The reaction was quenched
with 50 mM glycine, and then the cells were lysed using lysis
buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-
100). Lysates were incubated at 4 °C for 1 h and then centri-
fuged for 20 min at 20,000 3 g. The resulting supernatants
were precipitated using streptavidin–Sepharose (GE Health-
care Biosciences). The precipitants were analyzed by immuno-
blotting with an anti-VEGFR-2 antibody.

Protein stabilization

Nox4 knockdown or control EA.hy926 cells (6 3 105 in six-
well plates) were treated with 10 mg/ml BFA for 3 h at 37 °C in a
humidified 5% (v/v) CO2 atmosphere. Monolayer cultures were
exposed to 10 mg/ml CHX for 0, 1, 3, 6, and 7.5 h and then
washed using PBS. The cells were lysed using lysis buffer (20
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100). Cell
lysates were incubated at 4 °C for 1 h and then centrifuged
for 20 min at 20,000 3 g before subjecting them to SDS-
PAGE followed by immunoblot analysis using the anti-
VEGFR-2 antibody.

Immunofluorescent microscopy

pEGFP-C1-Nox4 plasmid transfection was performed using
the TransIT-X 2 Dynamic Delivery System (Mirus Bio) accord-
ing to the manufacturer’s instructions. To stain VEGFR-2 and
GFP–Nox4, EA.hy926 cells grown on glass coverslips were
fixed for 15 min in 4% formaldehyde at room temperature and
permeabilized for 60 min with 0.3% Triton X-100 in PBS with
5% BSA. To stain PDI (ER marker) and GFP–Nox4, EA.hy926
cells were fixed for 15min in 4% formaldehyde at room temper-
ature and then for 10 min in ice-cold 100%methanol at220°C,
followed by permeabilization for 60 min in 0.3% Triton X-100
in PBS with 5% BSA. The samples were incubated overnight at
4 °C with the indicated primary antibodies in PBS with 1% BSA
and 0.3% Triton X-100 and subsequently incubated for 1–2 h at
room temperature with secondary antibodies in PBS with 1%
BSA and 0.3% Triton X-100. Immunofluorescence analysis was
performed using Alexa Fluor 647-labeled goat anti-rabbit anti-
body (no. ab150083, Abcam) as a secondary antibody. Nuclei
were stained with Hoechst 33342 (no. 346-07951, Dojindo).
Images were captured at room temperature with an LSM700
confocal microscope (Carl Zeiss) and analyzed using ZEN (Carl
Zeiss) and Fiji/ImageJ (version 2.0; National Institutes of
Health).

Immunoprecipitation assay

Monolayer cultures of EA.hy926 cells (8 3 106 in a 15-cm
dish) were treated with 10 mg/ml BFA for 3 h at 37 °C in a
humidified 5% (v/v) CO2 atmosphere and then washed three
times with PBS. Cells were lysed using lysis buffer (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100). Cell lysates were
incubated at 4 °C for 1 h and then centrifuged for 20 min at
20,000 3 g. Proteins in the lysates of EA.hy926 cells were pre-
cipitated with the anti-Nox4 antibody or control IgG in the
presence of protein G–Sepharose (GE Healthcare Biosciences).
Precipitants were incubated with SDS sample buffer for 1 h at
4 °C and centrifuged for 3 min at 10,000 3 g. Supernatants
(including the immunoprecipitated and coimmunoprecipitated
proteins) were analyzed by immunoblotting using the anti-
Nox4 and anti-VEGFR-2 antibodies.

Statistical analysis

Data were expressed as means 6 standard deviations (S.D.).
Between-group comparisons were performed with t test and
the Tukey-Kramer multiple-comparison of means test.
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Statistical analyses were performed with EZR (SaitamaMedical
Center, Jichi Medical University, Saitama, Japan), which is a
graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). Normal distribution of the veloc-
ity and directionality values was confirmed by the Kolmogorov-
Smirnov test.

Data availability

All data are contained within the manuscript and supporting
information.
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