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CIC-3 promotes angiotensin II-induced reactive oxygen species
production in endothelial cells by facilitating Nox2 NADPH

oxidase complex formation

Guo-zheng Liang’, Li-min Cheng’, Xing-feng Chen’, Yue-jiao Li', Xiao-long Li', Yong-yuan Guan' and Yan-hua Du'

Recent evidence suggests that CIC-3, a member of the CIC family of CI~ channels or CI~/H" antiporters, plays a critical role in
NADPH oxidase-derived reactive oxygen species (ROS) generation. However, the underling mechanisms remain unclear. In this
study we investigated the effects and mechanisms of CIC-3 on NADPH oxidase activation and ROS generation in endothelial cells.
Treatment with angiotensin Il (Ang I, 1T umol/L) significantly elevated CIC-3 expression in cultured human umbilical vein endothelial
cells (HUVEGs). Furthermore, Ang Il treatment increased ROS production and NADPH oxidase activity, an effect that could be
significantly inhibited by knockdown of CIC-3, and further enhanced by overexpression of CIC-3. SA-B-galactosidase staining
showed that CIC-3 silencing abolished Ang ll-induced HUVEC senescence, whereas CIC-3 overexpression caused the opposite
effects. We further showed that Ang Il treatment increased the translocation of p47phox and p67phox from the cytosol to
membrane, accompanied by elevated Nox2 and p22phox expression, which was significantly attenuated by knockdown of CIC-3
and potentiated by overexpression of CIC-3. Moreover, overexpression of CIC-3 increased Ang ll-induced phosphorylation of
p47phox and p38 MAPK in HUVECs. Pretreatment with a p38 inhibitor SB203580 abolished CIC-3 overexpression-induced increase
in p47phox phosphorylation, as well as NADPH oxidase activity and ROS generation. Our results demonstrate that CIC-3 acts as a
positive regulator of Ang ll-induced NADPH oxidase activation and ROS production in endothelial cells, possibly via promoting both
Nox2/p22phox expression and p38 MAPK-dependent p47phox/p67phox membrane translocation, then increasing Nox2 NADPH

oxidase complex formation.
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INTRODUCTION

Reactive oxygen species (ROS) have been implicated in cellular
signaling processes and as causes of oxidative stress. Over the
past two decades, the term oxidative stress has often been used to
describe the effects of ROS derived from NADPH oxidases (Nox), a
membrane-localized protein. To date, seven members (Nox1,
Nox2, Nox3, Nox4, Nox5, Duox1, and Duox2) of the NADPH
oxidase family have been identified and shown to be involved in a
surprisingly varied array of functions [1, 2]. However, despite
tremendous advances in our knowledge of the role of ROS in cell
function, the process of NADPH oxidase activation remains not
fully understood.

CIC-3, a member of the CIC family of CI~ channels or CI~/H™"
antiporters, is localized to the plasma membrane or intracellular
vesicles and is ubiquitously expressed in almost all mammalian
cells [3, 4]. Historically, CIC-3 has been demonstrated to play an
important role in the regulation of a variety of physiological
activities, including intracellular pH, cell volume, proliferation,
differentiation, migration, apoptosis, cerebrovascular remodeling,
neointima formation, and atherosclerosis [5-9]. Recently, a
correlative link between CIC-3 and NADPH oxidase was made. It

was first reported that the activity of NADPH oxidase and Nox2-
mediated neutrophil functions are impaired in CIC-3 knockout
mice [10]. This unexpected involvement of CIC-3 in Nox activation
was further demonstrated by the same group with another Nox
family member, demonstrating that Nox1 activity and signaling
require CIC-3 [11]. Deficiency in CIC-3 inhibits Nox1-derived ROS
production induced by cytokines in the endosomes of vascular
smooth muscle cells [11]. The dependence of NADPH oxidase
activity on CIC-3 was also recently described in human blood
eosinophils [12]. Consistent with these findings, our recent study
showed that a lack of CIC-3 inhibited angiotensin Il (Ang II)-
induced endothelial progenitor cell apoptosis by suppressing ROS
generation from NADPH oxidase [13]. Although these findings
reveal the fact that CIC-3 controls Nox in various cell types, the
exact underlying mechanisms through which CIC-3 regulates
NADPH oxidase/ROS generation remain unclear.

It is well known that endothelial oxidative stress plays an
important role in vascular dysfunction and damage, in which
NADPH oxidase is a major source of excessive ROS production
[14]. Considering that the involvement of CIC-3 in the regulation
of endothelial NADPH oxidase is not known, the aim of our study
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was to investigate the effect and mechanism of CIC-3 on NADPH-
derived ROS generation in endothelial cells. Our results demon-
strated that Ang ll-induced NADPH oxidase activation in
endothelial cells requires the presence of CIC-3. Facilitating the
formation of an active Nox2 NADPH complex underlies, at least
in part, the upregulating effects of CIC-3 on enzyme activity.

MATERIALS AND METHODS

Cell isolation and culture

Human umbilical vein endothelial cells (HUVECs) were isolated
and cultured as described previously [15]. The experiments were
approved by the medical research ethics committee of Sun Yat-
Sen University and conducted according to the principles
expressed in the Declaration of Helsinki. Informed consents were
obtained from all subjects. In brief, HUVECs were harvested from
the umbilical vein and digested by 0.125% trypsin (Sigma-Aldrich,
USA) with 0.01% ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA). The cells were then cultured in M199
culture medium containing 20% fetal calf serum, 100 U/mL
penicillin, 100 U/mL streptomycin, 25U/mL heparin, 2 mmol/L
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L-glutamine, and 5ng/mL p-ECGF at 37°C, 5% CO, humidified
atmosphere. Cells between passages 4 and 8 were used in
this study.

Adenovirus transfection

Adenovirus (Ad)-CIC-3 shRNA and Ad-CIC-3 cDNA were designed
and produced by Sunbio Medical Biotechnology (Shanghai,
China). The sequence of the CIC-3 shRNA is 5-CCACGACTGGTT-
TATCTTT-3' (NM_001243374.1). The full-length gpCIC-3 cDNA was
kindly provided by Dr J.R. Hume, University of Nevada School of
Medicine, Reno, NV, USA. Cultured HUVECs at 50% confluence
were infected with Ad encoding CIC-3 shRNA or CIC-3 ¢cDNA for
6 h and then washed and incubated in fresh medium for an
additional 48 h before the experiment.

Detection of ROS production

ROS levels in Ang ll-treated HUVECs were measured using a
dihydroethidium (DHE) probe. HUVECs were rinsed with Hank’s
buffer and then incubated with DHE (5 umol/L) at 37 °C for 30 min
in the dark. The fluorescent signal was detected by a fluorescence
microscope (Olympus, Tokyo, Japan) at 535-nm excitation and
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Fig. 1 Effects of CIC-3 on Ang ll-induced ROS production in HUVECs. a Ang Il treatment increased CIC-3 expression in HUVECs (¥*P < 0.05 vs.
CON. n=5). b and c Effects of adenovirus (Ad)-CIC-3 shRNA and Ad-CIC-3 transfection on the expression of CIC-3 in HUVECs. Cells were
transfected with Ad-CIC-3 shRNA (100 MOI) (b) or Ad-CIC-3 (100 MOI) (c) for 48 h (*P < 0.05 vs. CON. n = 4). d and e Representative images (x
400) with quantitative analysis of the dihydroethidium (DHE) fluorescence intensity (in arbitrary units) were shown in HUVECs transfected with
Ad-CIC-3 shRNA (d) or Ad-CIC-3 (e) upon stimulation with Ang Il (1 pmol/L) for 24 h. Ang Il-induced ROS production was attenuated by
knockdown of CIC-3, and further enhanced by CIC-3 overexpression (n = 6, **P < 0.01 vs. CON, #P < 0.01 vs. Ang Il). f CIC-3 potentiated Ang II-
induced senescence of HUVECs. HUVECs were transfected with Ad-CIC-3 shRNA or Ad-CIC-3 for 48 h and then were incubated with or without
Ang Il (1 pmol/L) for 24 h. Representative photomicrographs (x 400) show the senescence-associated p-galactosidase (SA-p-Gal)-positive cells
with different treatments (n = 6)

read for another 1 min as the experimental RLU. Then, the basal
RLU was subtracted from the total count. The NADPH oxidase
activity was calculated from the ratio of mean light units to the
total protein level and expressed as arbitrary units.

610-nm emission. The results were quantified using Image-Pro
Plus software.

NADPH oxidase activity assay

The NADPH oxidase activity was measured by lucigenin-enhanced
chemiluminescence as described previously [13]. Briefly, for
cultured HUVECs, a cell suspension was created by detachment

Senescence-associated (3-galactosidase staining
Cell senescence was determined by in situ staining for

with phosphate buffer (50 mmol/L) containing EGTA (1 mmol/L)
and protease inhibitor cocktail (pH 7.0) and sonicated for 10 s on
ice. After incubation with lucigenin (5 pmol/L, Sigma) for 10 min at
37°C, the basal relative light units (RLU) of chemiluminescence
were read by a luminometer (GLOMAX-20/20, Promega) every 10 s
for 1 min. As soon as NADPH (100 pmol/L, Sigma) was added to
the suspension to start the reaction, the chemiluminescence was
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senescence-associated-galactosidase using a senescence cell
histochemical staining kit (Cell Signaling Technology, USA). In
brief, HUVECs were first fixed for 10 min at room temperature in
fixation buffer. After washing with phosphate-buffered saline
(PBS), cells were incubated with a [-Galactosidase staining
solution for 12h at 37°C in a dry incubator without CO,. The
reaction was stopped by the addition of PBS.
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Coimmunoprecipitation

Cell lysates were incubated with precoupled antibodies bound to
protein G beads overnight at 4 °C. The beads were centrifuged and
washed and then boiled in protein sodium dodecyl sulfate sample
buffer. Samples were resolved on 8% sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene
fluoride (PVDF) membranes. The bound proteins were determined
by immunoblotting with the indicated antibodies.

Subcellular fraction isolation

Membrane and cytosolic proteins were isolated by using a
Qproteome Cell Compartment Kit (QIAGEN, CA, USA) according
to the manufacturer’s instructions. In brief, the cell suspension was
rinsed by PBS and then lysed by ice-cold Extraction Buffer CE1 for
the cytoplasm and ice-cold Extraction Buffer CE2 for the
membrane.

Western blot

Western blot was performed according to the protocol as
described previously [15]. HUVECs were rinsed with ice-cold PBS
and lysed with radioimmunoprecipitation assay buffer lysis buffer
containing protease inhibitor cocktail (Merck, Germany). The
protein concentration was determined with a BCA kit. A total of
80 ug protein was separated with 10% SDS-PAGE and transformed
to PVDF membranes (Millipore, USA). After blocking in 5%
skimmed milk for 1 h at room temperature, the membranes were
incubated with primary antibodies against CIC-3 (Alomone, ISR),
Nox2 (gp91phox, Santa Cruz, USA), p22phox (Santa Cruz, USA),
p47phox (Santa Cruz, USA), p67phox (Santa Cruz, USA), Racl
(Santa Cruz, USA), phospho-p47phox (Abcam, USA), p38 MAPK or
phospho-p38 MAPK (Cell Signaling Technology, USA) at 4°C
overnight. Incubation with monoclonal mouse GAPDH (Santa
Cruz, USA) or Na"-K™-ATPase (Santa Cruz, USA) antibody was
performed as the loading sample control for the whole cell lysate
or plasma membrane fraction, respectively. After incubation with
the secondary antibody conjugated to horseradish peroxidase
(Cell Signaling Technology, USA) for 1h at room temperature,
bands were detected with Pierce ECL Western blotting substrate
(Thermo Scientific, USA) and quantified with a computer-aided
one-dimensional gel analysis system.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5. All
data were expressed as the mean £ SEM. A two-tailed Student's t
test for independent samples was used to detect significant
differences between two groups. One-way analysis of variance
followed by Bonferroni multiple comparison test was used to
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compare differences when there were more than two treatment
groups. Values of P < 0.05 were considered statistically significant.

RESULTS

CIC-3 potentiates Ang Il-induced ROS production

We first determined whether CIC-3 could affect Ang ll-induced
ROS generation in HUVECs. Ad-CIC-3 shRNA and Ad-CIC-3 were
used to silence or overexpress CIC-3, respectively (Fig. 1b, ¢
present the infection efficiency). As shown in Fig. 1, Ang Il
treatment significantly increased CIC-3 expression in HUVECs
(Fig. 1a). ROS production detected by DHE staining was also
remarkably increased in cultured HUVECs upon Ang Il adminis-
tration. However, this increase in the ROS level was abolished by
the silencing of CIC-3 (Fig. 1d) and was further increased by CIC-3
overexpression (Fig. 1e). CIC-3 overexpression alone by Ad
transfection was sufficient to increase intracellular ROS production
even without Ang Il stimulation. These results indicate that CIC-3
has an essential role in regulating ROS generation in endothelial
cells.

In addition, to further explore whether the contribution of CIC-3
to ROS generation would have an effect on endothelial cell
function, we examined the involvement of CIC-3 in the Ang II-
induced senescence of HUVECs, a process in which oxidative
stress has been shown to play an important role. f-galactosidase
staining revealed that knockdown of CIC-3 inhibited and CIC-3
overexpression enhanced the HUVEC senescence induced by Ang
Il (Fig. 1f).

CIC-3 increases Ang ll-induced NADPH oxidase activation

There is strong evidence that Ang Il stimulates ROS formation
by activating membrane-bound NADPH oxidase in the
vasculature [13, 14]. Therefore, the roles of CIC-3 in Ang II-
induced NADPH oxidase activation were examined. The results
revealed that Ang Il augmented the NADPH oxidase activity
from 52.10+1.81 to 78.99 £4.05 RLU/s/mg protein in HUVECs,
which was significantly inhibited by the knockdown of CIC-3 to
59.45 + 2,600 RLU/s/mg protein (Fig. 2a) and further enhanced to
1329+ 10.63 RLU/s/mg protein by the overexpression of CIC-3
(Fig. 2b). Moreover, consistent with the ROS production shown
in Fig. 1e, the overexpression of CIC-3 alone caused an increase
in NADPH oxidase activity without stimulation with Ang |l
(Fig. 2b).

CIC-3 increases the expression of Nox2 and p22phox

In endothelial cells, Nox2 NADPH oxidase has been shown to be
the primary source of Ang ll-induced O, [16]. Nox2 is a
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Fig.2 Effect of CIC-3 on Ang ll-induced NADPH oxidase activity in HUVECs. Cells were treated with Ang Il (1 pmol/L) for 24 h. Silencing of CIC-3
inhibited (a), whereas overexpression of CIC-3 promoted (b) Ang ll-induced NADPH oxidase activation (n =6, *P < 0.05 vs. CON, *P < 0.05 vs.

Ang ll). RLU indicates the relative light units
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Fig.3 Effect of CIC-3 on expression levels of NADPH oxidase subunits. a and b Ang Il (1 pmol/L) treatment for 24 h increased the expression of
Nox2 and p22phox, which was attenuated by knockdown of CIC-3 (a) and enhanced by overexpression of CIC-3 (b) (n =6, *P < 0.05 vs. CON,
#P < 0.05 vs. Ang II, **P < 0.01 vs. CON, *#P <0.01 vs. Ang Il). ¢ and d Knockdown or overexpression of CIC-3 did not alter the expression of

p47phox, p67phox and Racl. n=6

multisubunit complex, which consists of the membrane-bound
catalytic gp91phox (Nox2) subunit and p22phox subunit, as well
as three cytosolic regulatory subunits, p47phox, p67phox, and
Rac1 [14]. To understand the mechanism through which CIC-3
regulates NADPH oxidase activity, the expression of these subunits
was examined. The results showed that Ang Il significantly
increased the expression of the membrane-bound subunits
Nox2 and p22phox, which was attenuated by the knockdown of
CIC-3 and potentiated by the overexpression of CIC-3 in HUVECs
(Fig. 3a, b). However, the expression of cytosolic subunits
p47phox, p67phox, and Racl was not altered either by Ang Il or
by gene modulation of CIC-3 (Fig. 3¢, d).

Acta Pharmacologica Sinica (2018) 39:1725-1734

CIC-3 increases the translocation of p47phox and p67phox

The translocation of p47phox and p67phox from the cytosol to the
cell membrane is the key step in the assembly of the NADPH
complex and is a crucial mechanism for enzyme activation [17].
We therefore further examined whether CIC-3 regulates p47phox
and p67phox translocation. As shown in Fig. 4a, immunoprecipita-
tion showed that Ang Il remarkably increased the p47phox
interaction with p22phox and p67phox in HUVECs, which was
significantly inhibited by CIC-3 shRNA silencing (Fig. 4a) and
further potentiated by CIC-3 overexpression (Fig. 4b). This finding
indicates that CIC-3 might facilitate the translocation of p47phox
and p67phox to the cell membrane, increasing the interaction
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Fig. 4 CIC-3 potentiated Ang ll-induced translocation of p47phox and p67phox to the plasma membrane. a and b Immunoprecipitation
showed the interaction of p47phox with p22phox (a) or p67phox (b) in HUVECs treated with or without Ang Il (1 pmol/L) for 24 h. The cell
lysates were immunoprecipitated with anti-p22phox or anti-p67phox antibody and then immunoblotted with anti-p47phox antibody.
Knockdown of CIC-3 attenuated, and overexpression of CIC-3 facilitated, Ang Il-induced interaction of p47phox with p22phox or p67phox
(n=5, *P < 0.05 vs. CON, P <0.05 vs. Ang Il, **P <0.01 vs. CON, *P <0.01 vs. Ang Il). ¢ and d Western blotting measurements showed that
knockdown of CIC-3 decreased (c), whereas overexpression of CIC-3 enhanced (d), Ang Il-induced expression of p47phox and p67phox on the
cell plasma membrane fraction (n =6, *P < 0.05 vs. CON, *P < 0.05 vs. Ang II, **P < 0.01 vs. CON, **P <0.01 vs. Ang Il)
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with p22phox. This suggestion was further demonstrated by the
expression of p47phox and p67phox in the cell membrane. As
shown in Fig. 4¢, d, knockdown of CIC-3 decreased the Ang II-
induced expression of p47phox and p67phox in the membrane
fraction, whereas the overexpression of CIC-3 produced the
opposite effect. These findings indicate that CIC-3 promotes
the translocation of p47phox and p67phox from the cytoplasm to
the cell membrane and subsequent association with membrane
subunits, thus potentiating the assembly and activation of NADPH
oxidase in endothelial cells.

CIC-3 increases p47phox phosphorylation

The general view of NADPH oxidase activation initiates from
p47phox phosphorylation, which leads to translocation of the
p47phox/p67phox complex to the plasma membrane, where
p47phox interacts with p22phox and initiates the formation of the
active, membrane-bound enzyme complex [18]. To further under-
stand the mechanism underlying the effects of CIC-3 on NADPH
oxidase activation, we examined the phosphorylation of p47phox.
Treatment with Ang Il increased p47phox phosphorylation in
HUVECs, which started 15 min after Ang Il administration (Fig. 6a).
However, the Ang ll-induced phosphorylation of p47phox was
attenuated significantly in CIC-3 shRNA-treated cells (Fig. 5a) and
increased in CIC-3-overexpressing cells (Fig. 5b) compared with
phosphorylation in the non-transfected groups. Moreover, con-
sistent with the increased NADPH oxidase activity (Fig. 2b),
p47phox phosphorylation was also increased by CIC-3
overexpression alone independently of Ang Il stimulation (Fig. 5b).
These data suggest that facilitating p47phox phosphorylation
might account for the effect of CIC-3 on NADPH oxidase activation.

CIC-3 increases p47phox phosphorylation through the p38 MAPK
pathway

The activation of mitogen-activated protein kinase (MAPK) signaling,
particularly p38 MAPK, has been shown to play an important role in
the regulation of p47phox phosphorylation [19, 20]. To identify the
possible signaling pathway underlying the effects of CIC-3 on
NADPH oxidase activation, p38 MAPK phosphorylation was further
examined. Treatment with Ang Il increased the phosphorylation of
P38 MAPK in HUVECs in a manner similar to that of p47phox, with
an earlier starting time of 5 min after Ang Il administration (Fig. 6a).
Moreover, consistent with the changes caused by CIC-3 in p47phox
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phosphorylation, Ang Il-induced phosphorylation of p38 MAPK was
attenuated by CIC-3 knockdown and increased by CIC-3 over-
expression (Fig. 6b, c).

To further demonstrate the causal link between p38 activation
and p47 phosphorylation, we performed additional experiments
using the p38 inhibitor SB203580 in CIC-3-overexpressing HUVECs.
The results showed that transfection with Ad-CIC-3 significantly
increased p47phox phosphorylation in Ang Il-treated HUVECs.
However, this effect caused by CIC-3 was abrogated by pretreat-
ment with the p38 inhibitor (Fig. 6d). Accordingly, increased
NADPH oxidase activity and ROS production in CIC-3-
overexpressing cells was also abolished by blockage of the
p38 signaling pathway (Fig. 6e, f). These results confirmed our
proposed mechanistic pathway through which CIC-3 might affect
Nox-derived ROS formation by regulating p38 MAPK-dependent
p47phox phosphorylation.

DISCUSSION

In our present study, we explored the correlation between the CIC-
3 and NADPH oxidase activation induced by Ang Il in endothelial
cells. The major findings of this study are as follows. (1) CIC-3 is
required for NADPH oxidase-derived ROS generation in endothe-
lial cells. CIC-3 silencing inhibits Ang ll-induced ROS production,
whereas CIC-3 overexpression shows the opposite effect. (2) The
pro-oxidative effects of CIC-3 on NADPH oxidase occur by
facilitating the translocation of p47phox/p67phox to the plasma
membrane as well as the upregulation of Nox2 and p22phox
expression. (3) CIC-3 increases NADPH oxidase activity in a p38
MAPK-dependent pathway.

Increased ROS levels play an important role in the development
of vascular dysfunction in cardiovascular diseases including
hypertension [21]. In recent years, it was demonstrated that the
Nox, a membrane-localized protein, is one of the major sources of
ROS in the vasculature [14, 22]. There is strong evidence that Ang
I, a major member of the renin-angiotensin-aldosterone system,
stimulates endothelial ROS formation by upregulating Nox-
derived ROS production [23]. Consistently, our present study
showed that Ang Il treatment increased endothelial NADPH
oxidase activity and ROS production and induced cell senescence
in HUVECs, further demonstrating that Nox is an important culprit
for Ang ll-induced endothelial injury. The most interesting finding

b
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Fig. 5 CIC-3 increased p47phox phosphorylation in HUVECs. HUVECs were treated with CIC-3 shRNA or Ad-CIC-3 for 48 h and then were
incubated with or without Ang Il (1 pmol/L) for 30 min. Ang Il-induced p47phox phosphorylation was decreased by knockdown of CIC-3 (a)
and enhanced by overexpression of CIC-3 (b) (n = 5,*P < 0.05 vs. CON, *P < 0.05 vs. Ang Il). Quantification data are presented as the mean +

SEM in relative units
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of this work, however, is that these changes induced by Ang Il are
significantly inhibited by CIC-3 knockdown and further poten-
tiated by CIC-3 overexpression, suggesting the requirement of CIC-
3 for NADPH oxidase-derived ROS generation in endothelial cells.
Over the past decade, the correlation between CIC-3 and
intracellular ROS generation has been suggested in several
studies, in which CIC-3 has been shown to be involved in Nox-
dependent oxidative stress in vascular smooth muscle cells,
neutrophils, eosinophils and endothelial progenitor cells [10-13].
The present study, to our knowledge, is the first to provide
evidence that Ang ll-induced Nox activity and signaling require
CIC-3 in endothelial cells.

An important question that remains to be answered is how
Nox is regulated by CIC-3. Although the previous studies

mentioned the above reported modulation of Nox-derived
ROS generation by CIC-3 [10-13], the underlying mechanisms
remained to be determined. It has been speculated that CIC-3
might work to compensate for the charge imbalance generated
by O, production from Nox1 and prevent the accumulation of
negative charges in the endosomes of vascular smooth muscle
cells [11]. However, owing to a lack of evidence, this interpreta-
tion remains controversial, as a large body of evidence shows
that charge compensation for Nox, including Nox1 and Nox2,
results from proton channels, with little or no chloride
conductance [24, 25]. In our present study, we showed that
treatment with Ang Il remarkably increased the expression of
the membrane-bound subunits p22phox as and Nox2, the key
catalytic subunit of NADPH oxidase, which is consistent with the
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Fig.6 CIC-3 increased p47phox phosphorylation through p38 MAPK pathway. a The time course of p47phox and p38 MAPK phosphorylation

in Ang ll-treated HUVECs (n =

5, *P < 0.05 vs. CON, **P < 0.01 vs. CON). b Knockdown of CIC-3 decreased p38 MAPK phosphorylation induced

by Ang Il (1 pmol/L) treatment for 30 min. ¢ Overexpression of CIC-3 enhanced p38 MAPK phosphorylation (n = 5, *P < 0.05 vs. CON, *P < 0.05
vs. Ang ll). d-f Cells were pretreated with the p38 MAPK inhibitor SB203580 (10 pmol/L) for 6 h before Ad-CIC-3 transfection. SB203580
abolished the increase in p47phox phosphorylation (d), NADPH oxidase acthlty( e), and ROS generation (f) induced by CIC-3 overexpression in

HUVECs with Ang Il treatment, respectively (n =

previous reports that Ang Il is a well-established stimulus for
Nox2 upregulation in arteries [23, 26, 27]. Importantly, this
increase in Nox2 was significantly inhibited by knockdown of
CIC-3 and further increased by overexpression of CIC-3,
indicating that promoting Ang ll-induced Nox2 expression
might be one of the mechanisms of CIC-3 modulation of Nox
activity.

More importantly, it is well known that for Nox2 activation,
translocation of the cytosolic subunits p47phox and p67phox to
the biological membrane is necessary, where they interact with the
membrane-bound subunits to form the active enzyme complex
[17, 18]. In view of this, our results showed that although the total
expression levels of p47phox and p67phox were not altered by
CIC-3, the Ang ll-induced translocation of these two subunits to the
plasma membrane, as demonstrated by increased membrane
expression and interaction with p22phox, was significantly
inhibited by CIC-3 silencing and further potentiated by CIC-3
overexpression. Given the pivotal role of p47phox/p67phox
translocation in Nox activation, it is reasonable to suggest that
facilitating p47phox and p67phox translocation might play an
essential role in the upregulation of Nox activity by CIC-3. This
implication is of great importance because the cytosolic subunit
translocation appears to be a general process for several Nox
isoform activation. Regarding the present study, it is likely that at
least for Nox2-containing NADPH oxidase in endothelial cells, by
upregulation of the cytosolic subunits translocation, together with
increased membrane-bound subunits expression, CIC-3 potentiates
the assembly of NADPH oxidase subunits in the membrane and
thus promotes the activation of the enzyme complex.
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6, **P<0.01 vs. Ang I, *

#p<0.01 vs. Ang II+-Ad-CIC-3)

A number of studies have revealed that the translocation of
cytosolic subunits is initiated from p47phox phosphorylation
[18, 28]. The activation of p38 MAPK has been shown to contribute
to the phosphorylation of p47phox [19, 20]. In our previous study,
CIC-3 was found to be an essential regulator of p38 phosphoryla-
tion via the reduction of intracellular chloride concentration
([CI"T) through CIC-3-dependent ClI~ efflux in foam cells [8]. Based
on these implications, another interesting finding of our study is
that both p47phox and p38 MAPK phosphorylation induced by
Ang Il were significantly inhibited by CIC-3 knockdown. Moreover,
pretreatment with the p38 MAPK inhibitor SB203580 remarkably
abrogated the increase in p47phox phosphorylation as well as the
NADPH oxidase activity and ROS production induced by CIC-3
overexpression. These results indicated that there is a close causal
link between CIC-3 and p38 MAPK/p47phox phosphorylation.
CIC-3 might facilitate active NADPH oxidase complex formation
via the upregulation of p38 MAPK-dependent p47phox
phosphorylation.

It is also noteworthy that p47phox phosphorylation and
translocation as well as Nox activity and ROS production
were all increased in ClC-3-overexpressing cells without Ang I
treatment, indicating that CIC-3 might be an independent risk
factor for oxidative stress. A high level of CIC-3 alone is sufficient
to cause Nox-derived ROS production. It has been shown that CIC-
3 expression is upregulated in various cardiovascular diseases
featured by increased oxidative stress, including hypertension
[29], atherosclerosis [8], and diabetes [30]. Consistently, our
present study also showed an increase in CIC-3 expression in
Ang lI-treated endothelial cells. Therefore, the inhibition of CIC-3
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might be a rational therapeutic strategy to treat ROS-associated
diseases.

In summary, our findings reveal that CIC-3 is required for Nox
activation by Ang Il in endothelial cells. Promoting the formation
of the active enzyme complex of Nox2 might represent an
important mechanism for the dependence of Nox on CIC-3. The
present study might provide new mechanistic insights for
understanding how CIC-3 regulates Nox activity in the vasculature
and might therefore open the door to new therapy for
cardiovascular disease.
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