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Contribution of NADPH Oxidase to Membrane CD38
Internalization and Activation in Coronary Arterial
Myocytes

Ming Xu, Xiao-Xue Li, Joseph K. Ritter, Justine M. Abais, Yang Zhang, Pin-Lan Li*

Department of Pharmacology and Toxicology, Virginia Commonwealth University School of Medicine, Richmond, Virginia, United States of America

Abstract

The CD38-ADP-ribosylcyclase-mediated Ca®* signaling pathway importantly contributes to the vasomotor response in
different arteries. Although there is evidence indicating that the activation of CD38-ADP-ribosylcyclase is associated with
CD38 internalization, the molecular mechanism mediating CD38 internalization and consequent activation in response to a
variety of physiological and pathological stimuli remains poorly understood. Recent studies have shown that CD38 may
sense redox signals and is thereby activated to produce cellular response and that the NADPH oxidase isoform, NOX1, is a
major resource to produce superoxide (O, ™) in coronary arterial myocytes (CAMs) in response to muscarinic receptor
agonist, which uses CD38-ADP-ribosylcyclase signaling pathway to exert its action in these CAMs. These findings led us
hypothesize that NOX1-derived O, ™ serves in an autocrine fashion to enhance CD38 internalization, leading to redox
activation of CD38-ADP-ribosylcyclase activity in mouse CAMs. To test this hypothesis, confocal microscopy, flow cytometry
and a membrane protein biotinylation assay were used in the present study. We first demonstrated that CD38
internalization induced by endothelin-1 (ET-1) was inhibited by silencing of NOX1 gene, but not NOX4 gene.
Correspondingly, NOX1 gene silencing abolished ET-1-induced O, ~ production and increased CD38-ADP-ribosylcyclase
activity in CAMs, while activation of NOX1 by overexpression of Racl or Vav2 or administration of exogenous O, ™
significantly increased CD38 internalization in CAMs. Lastly, ET-1 was found to markedly increase membrane raft clustering
as shown by increased colocalization of cholera toxin-B with CD38 and NOX1. Taken together, these results provide direct
evidence that Rac1-NOX1-dependent O, ~ production mediates CD38 internalization in CAMs, which may represent an
important mechanism linking receptor activation with CD38 activity in these cells.
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Introduction thapsigargin-insensitive lysosome-like acidic store to produce a
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) ) ) o ) ) local spatial Ca™" signal, which triggers Ca” -induced Ca”" release

CD38, first identified as a leukocyte differentiation antigen, is a (CICR) to cause global Ca®" increases through RyRs on the SR
type II transmembrane glycoprotein comprised of a short N-= g 9] These cADPR/RyR and NAADP-mediated Ca®" signaling
terminal cytoplasmic domain, a hydrophobic transmembrane pathways are now recognized as fundamental mechanisms

regtom, and a long .C—termmal e)ftracel.lular domain [1]. In regulating vascular function. However, the molecular mechanism
signaling, CD38 functions as a multifunctional enzyme that uses of CD38 activation remains largely unknown

+ + B .

NAD" or NAD_P as subs.trate to_ prodl_lce CYCI.IC ADP-ribose Accumulating evidence indicates that CD38 activity is stimu-
(cADPR) “or nicotinic 251(1 a('i(?nlne ‘dmucleotlde phosphate lated through cell-surface signals via activation of heterotrimeric
(N F), two potent Ca™" mobilizers [2]. Re'cent studies in our G-protein-coupled receptors including B-adrenergic, Ang II, and
laboratory and by others hav.e reported thz;Er in vascular smooth muscarinic receptors [10]. Upon stimulation, CD38 was reported
muscle cel.l 5 CADPR COIltI'lk.)utCS to Ca. I.‘ClCaSC fmn.l the to undergo a ligand-induced, vesicle-mediated internalization in a
sarcoplasmlc. reticulum (SR) .mduccd by inositol ,1 ,4,5-trispho- variety of cells including B-lymphocytic and human Namalwa cells
spbate (IP3)-independent agonists, such as acct.ylchohnc, oxotrem- [11,12]. CD38 topologic analysis explains the functionality of its
orine (Oxo), 5-hydroxytryptamine, angiotensin II (Ang 1I), and internalization since the enzymatic active site of CD38 is located in

epdothelm,. leading to the contrac.tlon qf arterial smoot{)}}r muscle the extracellular domain while the substrates (N AD* or N ADP*)
via ryanodine receptor (RyR)-mediated intracellular Ca™" release

[3,4,5]. NAADP is the newly difined and most potent intracellular
universal Ca®" messenger [6], which has also been shown to
participate in the regulation of vasoconstriction [7]. Accumulating
evidence has demonstrated that NAADP mediates a two-phase
Ca release response where NAADP mobilizes Ca®* from a

for CD38 activity are present in the cytoplasm and thus CD38
internalization may expose its active site to the substrates.
Although it is still unclear how CD38 in the internalized vesicles
produces Ca?" mobilizing messengers to exert its signaling action,
CD38 imternalization has been considered as a crucial step for
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Figure 1. NOX1 mediated ET-1-induced CD38 internalization in
CAMs. Mouse CAMs were treated with ET-1(100 nM) or U46619
(20 nM) for 10 min with or without transfection of NOX1 siRNA or NOX4
siRNA. Cells were then fixed, permeablized and stained with Alexa488
conjugated anti-CD38 antibodies. The expression of CD38 proteins in
the cytosol was analyzed by confocal fluorescent microscopy. (A)
Representative confocal fluorescent images of CD38 showing ET-1 but
not U46619 induced CD38 internalization in mouse CAMs. (B)
Summarized data showing the effects of NOX1 or NOX4 gene silencing
on ET-1-induced CD38 internalization in CAMs. *P<<0.05 vs. scramble
control; #P<0.05 vs. scramble ET-1 (n=6).
doi:10.1371/journal.pone.0071212.g001

CD38 activation [13,14]. To date, the molecular mechanism
regulating CD38 internalization is not completely understood.
Recent studies in our laboratory and by others have demon-
strated an important mechanism mediating the redox regulation of
CD38 activity [15]. It has been shown that enhanced oxidative
stress or thiol compounds increase both CD38 activity and Ca**
signaling, possibly via disulfide bond formation [14]. NADPH
oxidase has been reported to be a major source of reactive oxygen
species (ROS) in the vasculature [16]. Interestingly, NAD" and
NADP*, substrates for CD38, are the side products of NADPH
oxidase. In addition to superoxide (O, ~), NADP* was reported to
induce CD38 internalization [11,12]. Thus, NADPH oxidase may
play dual roles in CD38 internalization via redox regulation and
NADP*-mediated mechanisms. More recently, we have demon-
strated that in coronary arterial myocytes (CAMs), NOX1 and
NOX4 are two important NADPH oxidase isoforms, respectively,
responsible for extracellular and intracellular Oy~ production
[17]. Whereas, NOX2 was not found to have any significant effect
on extracellular and intracellular Oy~ production in response to
Ang II or oxotremorine in CAMs [15,17,18]. The topological
characteristic of NOX1-derived extracellular O, ™ has led us to
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Figure 2. Flow cytometric analysis of sureface CD38 expression
in living CAMs. Mouse CAMs were treated with ET-1(100 nM) or
U46619 (20 nM) for 10 min with or without transfection of NOX1 siRNA.
Cells were then stained with Alexa488 conjugated anti-CD38 antibodies
without fixation and permeablization. The expression of CD38 proteins
in these live cells were analyzed by flow cytometry. (A) Representative
flow cytometry analysis from six independent experiments. (B)
Summarized data showing the mean fluorescent intensity for
Alexa488-anti-CD38 staining. *P<0.05 vs. scramble control; #P<0.05
vs. scramble ET-1 (n=6).

doi:10.1371/journal.pone.0071212.9g002

wonder whether this extracellular O, could serve in an
autocrine fashion to enhance CD38 internalization and conse-
quent redox activation of this ecto-enzyme.

In the present study, we used a series of molecular and
physiological approaches to test this hypothesis. We first deter-
mined if NOX1-derived Oy~ production contributes to receptor-
coupled CD38 internalization and activation in mouse CAMs.
Then, we examined whether activation of NOX1 by overexpres-
sion of its activator, Racl GTPase also causes CD38 internaliza-
tion in these cells. Finally, we determined whether lipid rafts
(currently named as membrane raft (MR)) clustering mediates

August 2013 | Volume 8 | Issue 8 | 71212
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Figure 3. NOX1 activation by ET-1 decreased CD38 in the
plasma membrane measured by biotinylated trapping. Mouse
CAMs were treated with ET-1(100 nM) or U46619 (20 nM) with or
without transfection of NOX1 siRNA. The proteins in the plasma
membrane of these cells were biotinylated, precipitated by streptavidin
beads and analyzed by Western blot. (A) Representative Western blot
gel document showing the expression of CD38 and a plasma
membrane marker, transferrin receptor (TIR), in the plasma membrane
of CAMs. (B) Summarized data of Western blot. *P<<0.05 vs. scramble
control; #P<0.05 vs. scramble ET-1 (n=5).
doi:10.1371/journal.pone.0071212.g003

CD38-NOXI1 interaction leading to CD38 internalization and

activation.

Materials and Methods

Mice

Mice were purchased from the Jackson Laboratory. Eight-week
old male and female mice were used in all experiments. All
experimental protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of Virginia
Commonwealth University.

Isolation and Culture of Mouse CAMs

CAMs were 1solated from mice as previously described [19]. In
brief, mice were deeply anesthetized with an intraperitoneal
injection of pentobarbital sodium (25 mg/kg). The heart was
excised with an intact aortic arch and immersed in a petri dish
filled with ice-cold Krebs-Henseleit (AH) solution (in mM 20
HEPES, 128 NaCl, 2.5 KCl, 2.7 CaCl,, 1 MgCl,, 16 glucose,
pH 7.4). A 25-gauge needle filled with Hanks’ buffered saline
solution (HBSS) (in mM: 5.0 KCl, 0.3 KH,PO,, 138 NaCl,
4.0 NaHCOs3, 0.3 NayHPO,4-7 HyO, 5.6 D-glucose, and 10.0
HEPES, with 2% antibiotics) was inserted into the aortic lumen
opening while the whole heart remained in the ice-cold buffer
solution. The opening of the needle was inserted deep into the
heart close to the aortic valve. The needle was tied in place with
the needle tip as close to the base of the heart as possible. The
infusion pump was started with a 20-ml syringe containing warm
HBSS through an intravenous extension set at a rate of 0.1 ml/
min for 15 min. HBSS was replaced with a warm enzyme solution
(1 mg/ml collagenase type I, 0.5 mg/ml soybean trypsin inhibitor,
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Figure 4. Effects of NOX1 gene silencing on ET-1-induced O, ~
production in CAMs. (A) Representative ESR spectrographs of O, ™
trapped by a spin probe CMH. (B) Summarized data showing the effects
of ET-1 or U46619 on O, production in CAMs transfected with
scramble or NOX1 siRNA. *P<0.05 vs. scramble control; #P<0.05 vs.
scramble ET-1 (n=6).

doi:10.1371/journal.pone.0071212.g004

3% BSA, and 2% antibiotic-antimycotic), which was flushed
through the heart at a rate of 0.1 ml/min. Perfusion fluid was
collected at 30-, 60-, and 90-min intervals. At 90 min, the heart
was cut with scissors and the apex was opened to flush out the cells
that collected inside the ventricle. The fluid was centrifuged at
1,000 rpm for 10 min, the cell-rich pellets were mixed with the
one of the media described below, and the cells were plated on 2%
gelatin-coated six-well plates and incubated in 5% COy-95% O,
at 37°C. Advanced DMEM with 10% FBS, 10% mouse serum,
and 2% antibiotics was used for isolated smooth muscle cells. The
medium was replaced three days after cell isolation and then once
or twice each week until the cells grew to confluence. As previously
described [17], mouse CAMs were identified according to their
morphology, immunohistological staining, Western blot analysis of
marker proteins, and flow cytometric characteristics.

RNA Interference

Small interference RNAs (siRNAs) were commercially available
(QIAGEN, CA), and the sequences were as follows: NOXI
siRNA: 5'-UGGAGUCACUCCAUUUGCAUCGAUA-3';
NOX4 siRNA: 5'-UUUAGGGACAGCCAAAUGAGCAGGC-
3’. NOXI1 and NOX4 siRNA have been demonstrated to
efficiently inhibit the protein expression of NOX1 and NOX4 as
we recently described [17]. The scrambled small RNA (5'-
AAUUCUCCGAACGUGUCACGU-3') was also confirmed as
non-silencing double stranded RNA and used as a control in the
present study. In addition, Racl ¢cDNA and Vav2 cDNA were also
used in our previous study [20], and their effects were further
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Figure 5. NOX1 activation by ET-1 increased CD38 activity in
CAMs. The enzyme activity of CD38 was determined by HPLC analysis
of conversion of NADP* into NAADP in CAMs. (A) Typical HPLC
chromatograms of NADP* and NAADP in CAMs. (B) Summarized
conversion rate showing the effects of NOX1 gene silencing on CD38
activity in CAMs treated with ET-1 or U46619. *P<<0.05 vs. scramble
control; #P<0.05 vs. scramble ET-1 (n=6).
doi:10.1371/journal.pone.0071212.g005

confirmed with Western blot in the present study. Transfection of
siRNA or c¢cDNA was performed using the silentlFect Lipid
Reagent or TransFectin Lipid Reagent (Bio-Rad, CA, USA)
according to the manufacturer’s instructions.

Confocal Microscopy of Internalized CD38

After treatment, CAMs were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS) and incubated at 4°C for 1 h
and then washed three times with ice-cold PBS. The cells were
permeabilized with 0.1% Triton X-100 in PBS at 4°C for 30 min
and incubated with goat anti-CD38 mAb (1:200; Santa Cruz
Biotechnology, CA), followed by Alexa 488-conjugated anti-goat
secondary antibody (1:500, Molecular Probes, Carlsbad, CA) in

PLOS ONE | www.plosone.org
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the presence of 0.1% BSA at 4°C for 8 h. After mounting, the
internalization was visualized by a confocal laser scanning
microscope (Fluoview FV1000, Olympus, Japan). In addition,
positive cells with internalized CD38 were counted and the
percentage of positive cells was calculated.

Flow-cytometric Analysis of CD38 Expression on the Cell
Membrane

The expression of CD38 on the cell membrane was also assessed
by flow cytometry. As described previously [21], CAMs were
harvested and washed with PBS, and then blocked with 1% BSA
for 10 min at 4°C. Cell viability, assessed by trypan blue staining,
was always greater than 96%. After two washes, the pellet was
added to 100 pl PBS and incubated with goat anti-CD38 IgG
(1:200), followed by incubation with Alex488-labeled rabbit anti-
goat secondary antibody (BD Biosciences; 1:500). Stained cells
were run on a Guava Easycyte Mini Flow Cytometry System
(Guava Technologies, Hayward, CA) and analyzed with Guava
acquisition and analysis software (Guava Technologies).

Cell Surface Biotinylation Assay for Expression of CD38
Protein

As described previously [22], after treatment, CAMs (1x10°
cells/well) were washed twice with PBS and then incubated twice
with 0.5 mg/ml Sulfo-NHS-LC-Biotin in DMEM without serum
for 10 min at 4°C. After washing with serum-free DMEM for
10 min and three times with PBS for 5 min at 4°C, cells were
solubilized in lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM
EDTA, 0.1% SDS, 1% Triton X-100 with protease inhibitor
mixture, pH 7.4) for 30 min at 4°C.. Lysates were then centrifuged
for 5 min at 1,500 xg, and streptavidin beads were added to the
supernatant to isolate cell membrane proteins. After incubation of
the mixture for 16 h at 4°C, biotin-streptavidin beads complexes
were sedimented at 13,000 rpm for 3 min. The supernatant was
used as control and after two washes with PBS, bead-bound
proteins were denatured in Laemmli buffer and analyzed by SDS-
PAGE followed by Western blotting. Transferrin receptor (TIR)
was a conserved membrane protein used as a loading control in
this study. Cell surface exposure of protein was normalized to
25 ug of total lysate for each sample.

Electron Spin Resonance (ESR) Detection of O, ~

For detection of the Oy~ production dependent on NADPH
oxidase in the membrane, CAMs were gently collected and
resuspended in modified Krebs-Hepes buffer containing deferox-
imine (100 pmol/L; Sigma, St. Louis, MO, USA) and dicthyl-
dithiocarbamate (5 umol/L; Sigma). These mixtures containing
1x10° cells were subsequently mixed with 1 mM of the O, ™~
specific spin trap, 1-hydroxy-3- methoxycarbonyl-2,2,5,5-tetra-
methylpyrrolidine (CMH) in the presence or absence of manga-
nese-dependent superoxide dismutase (SOD) (200 U/ml; Sigma).
The mixtures were then loaded into glass capillaries and
immediately analyzed for Oy~ formation kinetics for 10 min in
a Miniscope MS200 ESR spectrometer (Magnettech Ltd., Berlin,
Germany) as described [23]. The ESR settings were as follows:
biofield, 3350; field sweep, 60 G; microwave frequency,
9.78 GHz; microwave power, 20 mW; modulation amplitude,
3 G; 4096 points of resolution; receiver gain, 50 for cells. The
results were expressed as the fold change of the treatment group
versus the control.

August 2013 | Volume 8 | Issue 8 | 71212
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Figure 6. Rac1-GTPase activation by overexpression of Rac1 and Vav2 increased CD38 internalization and activity. Mouse CAMs were
transfected with plasmids encoding Rac1 or Vav2 cDNA in the presence or absence of diphenyleneiodonium sulfate (DPI, 50 puM). Then these cells
were analyzed for O, ™ production (A), CD38 internalization by confocal microscopy (B), surface CD38 staining in living cells by flow cytometry (C),
CD38 expression in the plasma membrane by Western blot (D) and CD38 activity by HPLC (E) as described above in Figure 1-5. Displayed are

summarized data from six independent experiments. *P<<0.05 vs. vehicle control;

doi:10.1371/journal.pone.0071212.g006

HPLC Analysis of NAADP Conversion Rate in CAMs

To determine CD38-associated NAADP production, we mea-
sured base-exchange-related NAADP conversion using HPLC in
CAMs. Within a 100 uL reaction mixture, 1 mM NADP" and
30 mM nicotinic acid (NA) as substrates were added to 100 pg of
cell homogenates in HEPES buffer containing (in mM) 20
HEPES, 1 EDTA, and 255 sucrose (pH 4.5). After incubation at
37°C for 30 min, the proteins were removed by centrifugation
using an Amicon microultrafilter at 13,000 rpm for 15 min. The
reaction product in the ultrafiltrate was then analyzed using
HPLC as described previously [7]. Peak identities were confirmed
by comigration, and absorbance spectra were compared with the
known standards. Quantitative measurements were performed by
comparison of known concentrations of standards.

PLOS ONE | www.plosone.org

P<0.05 vs. Rac1 or Vav2 cDNA alone.

Confocal Microscopy of the Colocalization of MR Clusters
and NOX1 or CD38

For dual-staining detection of the colocalization of MR marker
with NOX1 or CD38, the CAMs were first incubated with
Alexa488-Cholera-toxin B (Al488-CitxB), as described previously
[24], and then as needed, with rat anti-NOXI1 IgG antibody
(1:200; Abcam, MA) followed by Texas red-conjugated anti-rat
secondary antibody (Molecular Probes, Eugene, OR), or goat anti-
CD38 mAb (1:200; Santa Cruz Biotechnology, CA) followed by
Texas red-conjugated anti-goat secondary antibody. Then, the
colocalizations were visualized by confocal microscopic analysis.
In addition, CtxB clusters positive cells were counted from total 50
cells under fluorescent microscope. Then, the percent changes of
CitxB clusters positive cells were calculated.

August 2013 | Volume 8 | Issue 8 | 71212
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Figure 7. Effects of exogenous O, on CD38 internalization in
CAMs. Mouse CAMs were treated with X/XO (10 uM/0.1 U/ml),
hydrogen peroxide (H,O,, 100 uM) and sodium nitroprusside (SNP,
100 nM) in the presence or absence of O, scavenger 4-hydroxyl-
tetramethylpiperidin-oxyl (TEMPOL, 1 mM). Then the cells were
analyzed for CD38 internalization (A), surface CD38 staining in living
cells (B) and CD38 expression in the plasma membrane (C). Displayed
are summarized data from six independent experiments. *P<<0.05 vs.
vehicle control; #P<0.05 vs. X/XO alone.
doi:10.1371/journal.pone.0071212.g007

Statistics

Data are presented as means * SE. Significant differences
between and within multiple groups were examined using
ANOVA for repeated measures, followed by Duncan’s multiple-
range test. The Students ¢ test was used to detect significant
differences between two groups. P<<0.05 was considered statisti-
cally significant.

PLOS ONE | www.plosone.org
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Results

CD38 Internalization in CAMs before and after Silencing
of NOX1 or NOX4 Gene

We first detected CD38 internalization in CAMs by confocal
microscopic analysis of cytosolic expression of CD38 using Alexa
488-conjugated anti-CD38 antibodies. As shown in Figure 1A,
under control conditions, CD38 staining was primarily observed
around the edges of cells indicating the localization of this protein
in the plasma membrane. Stimulation of CAMs with ET-1, a
CD38 agonist, significantly increased CD38 localization in the
peri-nuclear region of the cells, which is indicative of redistribution
of CD38 proteins from the plasma membrane into cytosol, i.e.
CD38 internalization in these cells. We also demonstrated that this
ET-1-induced CD38 internalization was markedly attenuated in
NOXI1 siRNA, but not NOX4 siRNA-transfected CAMs.
However, U46619, an inositol 1,4,5-trisphosphate (IPs) receptor-
mediated Ca®" release agonist had no effect on CD38 internal-
ization in CAMs. To quantify CD38 internalization, the
percentage of cells showing cytosolic expression of CD38 was
calculated and summarized in Figure 1B, demonstrating that E'T-1
increased CD38 internalization in a NOXI-dependent man-
ner.We further investigated whether ET-1 induces CD38 inter-
nalization by examining the surface expression of CD38 proteins
in living CAMs using flow cytometry. As shown in Figure 2A and
2B, the results demonstrated that ET-1 but not U46619 induced
significant decreases in surface CD38 staining of CAMs. Such E'T-
I-induced decreases in surface CD38 staining were not observed
in CAMs with NOXI1 gene silencing. To further quantify the
changes in the CD38 expression in the plasma membrane,
proteins were biotinylated on the plasma membrane and then
pulled down by streptavidin beads and analyzed by Western blot.
As shown in Figure 3A and 3B, the intensity ratio of CD38 to
transferrin receptor (TIR, a plasma membrane marker) decreased
by almost half when CAMs were treated with ET-1, suggesting
that 47.4% of the CD38 protein in the plasma membrane was
internalized upon ET-1 stimulation. However, ET-1 did not
decrease the CD38 expression in the plasma membrane when
CAMs were first transfected with NOX1 siRNA. Consistently,
U46619 had no effects on CD38 expression in the plasma
membrane of CAMs.

NOX1 Required for ET-1-induced O, ~ Production in
CAMs

To examine whether NOXI1 is indeed activated by ET-1 in
CAMs, we directly measured Oy~ production using ESR
spectrometry. In these experiments, SOD-sensitive signals in cell
suspensions were measured to represent extracellular NADPH-
dependent Oy ™. Although this ESR spectrometric assay could not
be used to detect Oy~ levels from a single cell [25], it is important
that the signal, which is highly specific to Oy ™, can be detected
outside CAMs. Figure 4A shows representative changes in the
SOD-inhibitable ESR spectrometric curve recorded under control
conditions and after ET-1 stimulation. The summarized data
demonstrated that ET-1 significantly increased production of
SOD-sensitive Oy~ in CAMs, which was markedly attenuated by
knockdown of NOXI (Figure 4B). In contrast, U46619 had no
significant effect on Oy~ production in CAMs.

Activation of NOX1 Enhanced CD38 Activity in CAMs
To determine whether NOXI1 activation leads to CD38
internalization and thereby activates this signaling enzyme, we
measured CD38 activity in CAMs. Since CD38 is the major
enzyme for the NAADP synthesis [7,26,27], we used HPLC to
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Figure 8. MRs clustering and its role in CD38 internalization of CAMs. (A) Representative confocal fluorescent images showing the
colocalization between CD38 and NOX1 or NOX4 in mouse CAMs. (B) Summarized data showing the effects of ET-1 on the colocalization of NOX1 or
NOX4 and CD38 in CAMs. (C) Representative confocal fluorescent images showing the colocalization of MRs marker CtxB clustering with CD38 or with
NOX1 in mouse CAMs. (D) Summarized data showing the effects of ET-1 on the colocalization between MRs clustering and CD38 or with NOX1 in
CAM:s. (E) Summarized data showing the effect of MR-disrupting agent MCD (1 mM) on CD38 internalization in CAMs. (F) Summarized data showing
the effects of MCD on the mean fluorescent intensity for Alexa488-anti-CD38 staining in CAMs. *P<<0.05 vs. vehicle control; #P<0.05 vs. vehicle ET-1.

doi:10.1371/journal.pone.0071212.g008

analyze the conversion rate of NADP* to NAADP as a measure of
CD38 activity. Figure 5A is a representative reversed-phase HPLC
chromatogram depicting the profile of NADP* and its CD38
enzymatic metabolite, NAADP. Figure 5B summarized the effects
of ET-1 and U46619 on NAADP production. ET-1 markedly
increased the NAADP in CAMs from
0.73+0.043 umol'min~ '*mg protein~' to 1.47+0.247 umol-
min~"'mg protein”'. This ET-l-induced increase in NAADP
conversion was significantly attenuated by NOXI1 siRNA. In
contrast, U46619 had no effect on the NAADP conversion rate.

conversion rate

PLOS ONE | www.plosone.org

Activation of Rac1-GTPase Increased the Internalization
of CD38 in CAMs

We further investigated whether activation of NOXI by its
direct activator, Racl-G'TPase, increases CD38 internalization
and activation. Overexpression or increase in Racl and Vav2
within cells have been reported to activate NADPH oxidase
[28,29]. In particular, Vav2 as a member of the guanine
nucleotide exchange factor-Vav subfamily has been reported to
lead to increased Racl activity and consequent activation of
NADPH oxidase [20]. In the present study, Vav2 was detected in
mouse CAMs and increased by 5 folds in Vav2 cDNA-transfected
CAMs compared with control, and Rac 1 activity was significantly
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Figure 9. Working model for NOX1-derived redox regulation of CD38 internalization in CAMs. In this model, NOX1-dependent
extracellular O, ™~ production contributes CD38 internalization. Membrane raft clustering facilitates the spatial translocation and interaction of NOX1-
derived O, ™ with CD38 leading to its internalization and exposure of active enzymatic site to its substrate NAD* or NADP*,
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increased in CAMs transfected with Rac 1 cDNA (such validation
data not shown). It was shown that overexpression of Racl or
Vav?2 significantly increased Oy~ production, which was blocked
by a non-selective NADPH oxidase inhibitor diphenyleneiodo-
nium sulfate (DPI) (Figure 6A). Correspondingly, CAMs trans-
fected with Racl or Vav2 cDNA had significant increases in CD38
internalization (Figure 6B), decreases in CD38 surface staining
(Figure 6C), CD38 expression in the plasma membrane (Figure 6D)
and increases in CD38 activity (Figure 6E). All these changes were
blocked by DPI. ML171 is proved to be a highly selective, cell-
permeable, and reversible 2-acetylphenothiazine that is shown to
inhibit NOX1 activity. As shown in Figure S2, ML171 effectively
reversed the decrease in membrane CD38 protein and increase in
O, ™ production in CAMs with the overexpression of Racl and
Vav2. The results provide further evidence that NOXI1 plays a
crucial role in mediating endothelin signaling in CAMs.

Effects of Exogenous ROS on CD38 Internalization in
CAMs

To further confirm the role of extracellular Oy~ in CD38
internalization, we treated cells with the xanthine and xanthine
oxidase (X/XO) system to produce exogenous Oy~ . As compared
with control cells, CD38 internalization was clearly observed in
mouse CAMs treated with X/XO (Figure 7A-C). CD38
internalization induced by X/XO-derived Oy~ was inhibited
when CAMs were pretreated with cell-permeable Oy~ scavengers
4-hydroxyl-tetramethylpiperidin-oxyl (TEMPOL). These data
suggest that it is Oy~ that mediates CD38 internalization and
activation. In contrast, neither hydrogen peroxide (HyOg) nor
sodium nitroprusside (SNP), a NO donor, had a significant effect
on CD38 internalization (Figure 7A-C).

Role of MRs Clustering in CD38 Internalization in CAMs

To explore the mechanism mediating the action of NOXI on
CD38 internalization or activation, we first observed the spatial
location between NOXI1 with CD38 in CAMs. The results in
Figure 8A and 8B showed that ET-1 significantly induced the
colocalization for NOX1 with CD38 in CAMs. In contrast, no
significant colocalization was found for NOX4 with CD38 in
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response to ET-1. These results suggest that NOX1 and CD38
colocalize in special plasma membrane domains upon ET-1
stimulation. To examine the role of MR clustering on CD38
internalization, we further assessed the colocalization of NOXI or
CD38 with a marker for MR, cholera toxin B subunit (CtxB). As
shown in Figure 8C and 8D, ET-1 dramatically increased the
colocalization of CtxB clustering with CD38 or with NOXI,
suggesting that both NOX1 and CD38 became clustered in MRs
upon stimulation. In addition, the percentage of cells showing
cytosolic expression of CD38 markedly decreased after the
pretreatment with methyl-B-cyclodextrin (MCD), a MR-disrupting
agent (Figure 8E). Using a flow cytometric assay, surface CD38
staining in living CAMs increased in the presence of MCD
(Figure 8F). These results suggest that clustered MRs provide
membrane signaling platforms to facilitate the spatial translocation
of NOXI1 with CD38, where O, ™ may be produced to promote
CD38 internalization and activation.

Discussion

The present study for the first time demonstrated that NOX1-
derived extracellular Oy~ production is involved in CD38
internalization in CAMs upon ET-1 stimulation. Furthermore,
the activation of Racl GTPase increased NOX1-derived extra-
cellular Oy~ production and thereby induced CD38 internaliza-
tion and activation. These results provide direct evidence that
Racl-NOXI1-dependent Oy~ production mediates CD38 inter-
nalization in CAMs, which represents an important novel
mechanism linking receptor activation to CD38 activity in these
cells.

Despite increasing evidence that CD38-cADPR/NAADP sig-
naling is an essential mechanism in the regulation of the
intracellular Ca®' levels in a variety of mammalian cells
[4,7,30,31], so far it remains unknown what mechanism mediates
CD38 activation and cADPR/NAADP production in response to
various agonists or stimuli and how agonist stimulation couples
with CD38 activation to lead to the responses of intracellular
effectors. Because CD38 is mainly present on the surface of cells
serving as an ecto-enzyme, it is imperative to know how an ecto-
enzyme could produce a second messenger cADPR to mediate
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intracellular Ca®" signaling. In this regard, CD38 internalization
has been considered as the prime prerequisite for its enzymatic
activation. In the present study, we tested a novel hypothesis that
membrane-bound NADPH oxidase NOXI1 controls CD38 inter-
nalization in CAMs when these cells are stimulated by agonists.
ET-1 was used as a CD38 stimulator, which is an important
endothelium-derived vasoconstrictor and exerts a wide spectrum
of biological effects on smooth muscle cells via ET, and ETj
receptors, including inhibition of voltage-gated K* channels,
activation of L-type Ca®" channels, as well as mobilization of
intracellular Ca®" [32]. Recent studies have indicated that ET-1
mainly exerts its Ca®* mobilizing action in pulmonary arteries
through NAADP [33]. Our previous studies have also demon-
strated that ET-1 activated CD38 to produce NAADP and
NAADP-induced two-phase Ca** response associated with lyso-
some Ca**-triggering action and subsequent CICR, which results
in a large global increase in [Ca®'];. This lysosome-associated Ca**
regulatory mechanism through NAADP has been shown to
contribute to the coronary vasoconstrictor response to ET-1.
Thus, these previous studies have identified ET-1 as a potent
CD38 activator to produce NAADP [7]. The present study
explored whether and how ET-1 receptor activation leads to
CD38 internalization in CAMs. Using confocal microscopic
analysis of CD38 localization, we have clearly shown that ET-1
increased translocation of CD38 into cytosolic compartments,
indicating that CD38 internalization occurs in CAMs upon ET-1
receptor activation. Further, this ET-1-induced CD38 internali-
zation was accompanied by subsequent decreases in CD38
expression in the plasma membrane of CAMs as detected by flow
cytometry and biotinylation assay of membrane CD38. To our
knowledge, these results provide the first evidence that ET-1
receptor activation couples with CD38 internalization in CAMs.
This CD38 internalization in CAMs was also observed in response
to other stimuli such as Ang II which was blocked by the
transfection of NOX1 siRNA (data not shown). It is suggested that
NOXI is necessary for CD38 activation in response to different
stimuli or agonists. It seems that the prerequisite for CD38
internalization depends upon whether the agonist use CD38
signaling pathway, which may be associated with receptor linking
or clustering into membrane rafts on the cell membrane as we
have reported in previous studies [23,34].

Previous studies have indicated that CD38 activity is stimulated
through cell-surface signaling via activation of heterotrimeric G-
protein-coupled receptors including endothelin, Ang II, B-adren-
ergic, and muscarinic receptors [10]. Interestingly, activation of
these receptors have been shown to increase vascular NADPH
oxidase-dependent Oy~ production, resulting in local oxidative
stress and cardiovascular dysfunction [33,36]. For example, E'T-1
has been shown to activate NADPH oxidase via the ET receptor-
proline-rich tyrosine kinase-2 (Pyk2)-Racl pathway in neonatal
ventricular cardiomyocytes [37]. Thus, NADPH oxidase-depen-
dent O, ™ production may represent a novel mechanism initiating
CD38 internalization and subsequent signaling cascades. In this
regard, we previously demonstrated that NOX1 and NOX4, but
not NOX2 are the major NADPH oxidase isoforms in CAMs,
which are respectively responsible for extracellular and intracel-
lular Oy ™ production [17]. Further, NOX1-derived extracellular
O, ™ production is independent of CD38 activity, whereas CD38-
Ca** signaling controls NOX4-derived intracellular O, produc-
tion [15,17]. In the present study, we detected NAADP conversion
rate by HPLC analysis to reflect CD38 activity and found that
NOXI gene silencing abolished ET-1-induced increases in CD38
activity. Thus, NOX1-derived extracellular Oy~ production is an
upstream signaling event of CD38 activation. Consistently, CD38
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internalization induced by ET-1 was also markedly inhibited in
CAMs when the NOXI1 gene was silenced in these cells, whereas
silencing of NOX4 gene had no effect on CD38 internalization.
Together, these results suggest that NOX1-derived Oy~ may
serve in an autocrine-fashion to initiate CD38 internalization and
subsequent signaling cascades.

To further investigate whether NOX1-dependent Oy~ plays a
triggering role in CD38 internalization, we directly activated
NOXI1 by enhancement of Rac GTPase activity via overexpression
of Racl or its guanine nucleotide exchange factor Vav2 and then
observed CD38 internalization and activation. It is known that
NOXI associates with the membrane subunit p22”**, which is
activated by forming a complex with cytosolic activators p47/"",
p67”"*, and a small Rac GTPasc [38]. Racl is onc of Rac GTPases,
which controls NOX1-dependent Oy~ generation in a variety of
mammalian cells such as HEK293H cells, in guinea pig gastric
mucosal cells, and rat dopaminergic cells [39,40,41,42]. Racl has
been shown to activate NOXI1 by anchoring other cytosolic
subunits to the transmembrane NOX complex [28,43], while
guanine nucleotide exchange factors (GEFs) facilitate the exchange
of GDP for GTP and thus are directly responsible for the
activation of Rac GTPases [44]. The Vav family is a well-studied
subfamily of GEFs regulating the activity of Rac GTPases in a
variety of mammalian cells [45,46]. Previous studies by us and
others have demonstrated that Vav2 activation caused constitutive
upregulation of Racl resulting in enhancement of ROS production
wm vitro and i vivo [47,48]. In the present study, we found that
activation of Racl by overexpression of Racl or Vav2 induced
extracellular Oy~ production in CAMs, which was blocked by
DPI or NOXI1 specific inhibitor ML171. These data confirm that
Racl activation causes NOXI1 activation and subsequent extracel-
lular Oy~ production in CAMs. Consistently, overexpression of
Racl or Vav2 significantly increased CD38 internalization and
activation, which were also blocked when NOX1 was inhibited.
These results suggest that not only agonists-induced production of
O, 7, but also direct activation of NOXI leads to CD38
internalization and corresponding activation to produce NAADP
in CAMs.

Next, we demonstrated that exogenous administration of
extracellular Oy~ also triggered CD38 internalization. By
incubation of CAMs with xanthine and xanthine oxidase (X/
XO), a typical exogenous Oy~ generating system, we found that
this exogenous Oy~ producing system by X/XO induced CD38
internalization, which is consistent with our previous findings that
0, from X/XO enhances CD38 activity and its Ca”" signaling
in CAMs leading to coronary vasoconstriction [15]. As a
comparison, HyOy and NO donor SNP had no significant effects
on CD38 internalization, which is consistent with previous reports
where HyOy did not significantly alter the ADP-ribosylcyclase
activity of CD38 [15] and NO decreased ADP-ribosylcyclase
activity in CAMs [49]. Collectively, these data strongly support the
view that Racl-dependent NOXI activity is responsible for
extracellular production of Oy ™, which triggers CD38 internal-
ization in CAMs.

The present study did not attempt to further explore how
NOX1-dependent Oy ™ triggers CD38 internalization by binding
to or reaction with its domains. It has been demonstrated that
CD38 has 12 highly conserved cysteine residues in the extracel-
lular domain, and oxidation of cysteine molecules leads to the
formation of one or several disulfide bonds, which may change
CD38 protein conformation to trigger CD38 internalization [50].
Further, cysteine 119 and cysteine 201 of CD38 were found to be
essential sites for CD38 internalization [14,50]. Since Oy " is a
short-lived molecule, the oxidation and activation of CD38 may
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require NOXI in proximity with CD38 in the plasma membrane.
Therefore, we determined whether a membrane raft (MRs)
NOXI1 redox signaling platform is formed to cluster CD38 to
trigger its internalization and activation through redox modifica-
tion in the membrane platforms. By confocal microscopy, we
observed that ET-1 significantly induced the colocalization
between NOXI1 and CD38 in CAMs, indicating clustering of
both Nox1 and CD38 in MRs platforms. In contrast, no significant
colocalization was found between NOX4 and CD38 in respond to
ET-1. It appears that NOX1 and CD38 tends to colocalize in
special plasma MR domains upon ET-1 stimulation and such
spatial organization supports the view that NOX1-derived Oy ™
interacts with CD38 in such MR domains, which may oxidize the
cysteine residues of CD38 leading to its internalization and
activation. Recent studies have reported that MRs are closely
associated with the CD38 pathway in various lymphocytes and
that these MRs may be responsible for the endocytosis of CD38
[34,51,52]. Our previous studies also showed that ceramide-
enriched lipid macrodomains contribute to CD38 activity to
produce cADPR in CAMs [34] and that MRs platforms mediate
the aggregation of membrane NADPH oxidase subunits and
subsequent activation of this enzyme in bovine coronary arterial
endothelial cells [53]. In addition to findings on colocalization of
MR marker CtxB clustering with CD38 or with NOX1, we also
demonstrated that methyl-f-cyclodextrin (MCD), MR-dis-
rupting agents could block CD38 internalization as analyzed by
confocal microscopy and flow cytometric assay. We further
demonstrated that ET-1 did not induce NOXI1 internalization in
CAMs (Figure S1). MR disruption by MCD or CD38 gene
knockout did not affect membrane expression of NOX1 (Figure
S1). These data suggest that NOX1 remain in the cell membrane
after triggering CD38 internalization. Recent studies demonstrat-
ed that exposure of SMCs to TNF-o result in NOXI1 internali-
zation via endocytosis and consequent production of ROS in
endosomes, however, thrombin activated NOXI-derived ROS
production in SMCs without NOXI1 internalization [54]. Thus,
NOXI1 internalization seems to be dependent on the type of
stimulators. Taken together, our data supports a model for redox
regulated CD38 internalization (Figure 9) that MRs clustering
serves a membrane signaling platform that facilitates the spatial
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translocation and interaction of NOX1-derived Oy~ with CD38
leading to its internalization and exposure of active enzymatic site
to its substrate NAD" or NADP*.

In summary, the present study demonstrated a novel mecha-
nism mediating CD38 internalization and activation in CAMs,
which is associated with Racl-NOX1-dependent Oy~ produc-
tion. MRs clustering facilitates the spatial translocation and
interaction of NOX1-derived Oy~ with CD38 and consequently
leads to its internalization. These data provide new insights on
how NADPH oxidase-mediated redox signaling contributes to the
regulation of the CD38 activation and consequent production of
intracellular second messengers.
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alone (n=4).

(TTF)

staining were

Author Contributions

Conceived and designed the experiments: MX YZ PLL. Performed the
experiments: MX XXL. Analyzed the data: JKR JMA. Wrote the paper:
MX PLL.

nicotinic acid adenine dinucleotide phosphate and endothelin-1. J Biol Chem
279: 54319-54326.

. Higashida H, Yokoyama S, Hoshi N, Hashii M, Egorova A, et al. (2001) Signal
transduction from bradykinin, angiotensin, adrenergic and muscarinic receptors
to effector enzymes, including ADP-ribosyl cyclase. Biol Chem 382: 23-30.

. Chidambaram N, Chang CF (1999) NADP+-Dependent internalization of
recombinant CD38 in CHO cells. Arch Biochem Biophys 363: 267-272.

. Zocchi E, Franco L, Guida L, Piccini D, Tacchetti C, et al. (1996) NAD+-
dependent internalization of the transmembrane glycoprotein CD38 in human
Namalwa B cells. FEBS Lett 396: 327-332.

. Funaro A, Reinis M, Trubiani O, Santi S, Di Primio R, et al. (1998) CD38
functions are regulated through an internalization step. J Immunol 160: 2238~
2247.

. Han MK, Kim §J, Park YR, Shin YM, Park HJ, et al. (2002) Antidiabetic effect
of a prodrug of cysteine, L.-2-oxothiazolidine-4-carboxylic acid, through CD38
dimerization and internalization. ] Biol Chem 277: 5315-5321.

15. Zhang AY, YiF, Teggatz EG, Zou AP, Li PL (2004) Enhanced production and

action of cyclic ADP-ribose during oxidative stress in small bovine coronary

arterial smooth muscle. Microvasc Res 67: 159-167.

Mohazzab KM, Kaminski PM, Wolin MS (1994) NADH oxidoreductase is a

major source of superoxide anion in bovine coronary artery endothelium.

Am ] Physiol 266: H2568-2572.

. Xu M, Zhang Y, Xia M, Li XX, Ritter JK, et al. (2012) NAD(P)H oxidase-
dependent intracellular and extracellular O2*- production in coronary arterial
myocytes from CD38 knockout mice. Free Radic Biol Med 52: 357-365.

. Ahmad M, Kelly MR, Zhao X, Kandhi S, Wolin MS (2010) Roles for Nox4 in
the contractile response of bovine pulmonary arteries to hypoxia. Am J Physiol
Heart Circ Physiol 298: H1879-1888.

16.

August 2013 | Volume 8 | Issue 8 | 71212



20.

21.

22.

27.

28.

29.

30.

31

32.

33.

34.

. Teng B, Ansari HR, Oldenburg PJ, Schnermann J, Mustafa SJ (2006) Isolation

and characterization of coronary endothelial and smooth muscle cells from Al
adenosine receptor-knockout mice. Am J Physiol Heart Circ Physiol 290:
H1713-1720.

Yi F, Xia M, Li N, Zhang C, Tang L, et al. (2009) Contribution of guanine
nucleotide exchange factor Vav2 to hyperhomocysteinemic glomerulosclerosis in
rats. Hypertension 53: 90-96.

Varsano S, Rashkovsky L, Shapiro H, Radnay J (1998) Cytokines modulate
expression of cell-membrane complement inhibitory proteins in human lung
cancer cell lines. Am ] Respir Cell Mol Biol 19: 522-529.

Perrotta C, Bizzozero L, Cazzato D, Morlacchi S, Assi E, et al. (2010) Syntaxin 4
is required for acid sphingomyelinase activity and apoptotic function. J Biol

Chem 285: 40240-40251.

. Jin S, Zhang Y, Yi F, Li PL (2008) Critical role of lipid raft redox signaling

platforms in endostatin-induced coronary endothelial dysfunction. Arterioscler

Thromb Vasc Biol 28: 485—490.

. Zhang AY, Yi F, Zhang G, Gulbins E, Li PL (2006) Lipid raft clustering and

redox signaling platform formation in coronary arterial endothelial cells.
Hypertension 47: 74-80.

. Cherednichenko G, Zima AV, Feng W, Schaefer S, Blatter LA, et al. (2004)

NADH oxidase activity of rat cardiac sarcoplasmic reticulum regulates calcium-
induced calcium release. Circ Res 94: 478-486.

5. Aarhus R, Graeff RM, Dickey DM, Walseth TF, Lee HC (1995) ADP-ribosyl

cyclase and CD38 catalyze the synthesis of a calcium-mobilizing metabolite from
NADP. J Biol Chem 270: 30327-30333.

Liang M, Chini EN, Cheng J, Dousa TP (1999) Synthesis of NAADP and
c¢ADPR in mitochondria. Arch Biochem Biophys 371: 317-325.

Sarfstein R, Gorzalczany Y, Mizrahi A, Berdichevsky Y, Molshanski-Mor S, et
al. (2004) Dual role of Rac in the assembly of NADPH oxidase, tethering to the
membrane and activation of p67phox: a study based on mutagenesis of
p67phox-Racl chimeras. J Biol Chem 279: 16007-16016.

Utomo A, Cullere X, Glogauer M, Swat W, Mayadas TN (2006) Vav proteins in
neutrophils are required for FcgammaR-mediated signaling to Rac GTPases
and nicotinamide adenine dinucleotide phosphate oxidase component
p40(phox). J Immunol 177: 6388-6397.

Teggatz EG, Zhang G, Zhang AY, Yi I, Li N, et al. (2005) Role of cyclic ADP-
ribose in Ca2+-induced Ca2+ release and vasoconstriction in small renal
arteries. Microvasc Res 70: 65-75.

Galione A (2006) NAADP, a new intracellular messenger that mobilizes Ca2+
from acidic stores. Biochem Soc Trans 34: 922-926.

Thorin E, Clozel M (2010) The cardiovascular physiology and pharmacology of
endothelin-1. Adv Pharmacol 60: 1-26.

Thai TL, Churchill GC, Arendshorst WJ (2009) NAADP receptors mediate
calcium signaling stimulated by endothelin-1 and norepinephrine in renal
afferent arterioles. Am J Physiol Renal Physiol 297: F510-516.

Jia §J, Jin S, Zhang F, Yi F, Dewey WL, et al. (2008) Formation and function of
ceramide-enriched membrane platforms with CD38 during MIl-receptor
stimulation in bovine coronary arterial myocytes. Am J Physiol Heart Circ
Physiol 295: H1743-1752.

. Li L, Fink GD, Watts SW, Northcott CA, Galligan JJ, et al. (2003) Endothelin-1

increases vascular superoxide via endothelin(A)-NADPH oxidase pathway in
low-renin hypertension. Circulation 107: 1053-1058.

PLOS ONE | www.plosone.org

1

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

54.

NADPH Oxidase in CD38 Internalization

Diederich D, Skopec J, Diederich A, Dai FX (1994) Endothelial dysfunction in
mesenteric resistance arteries of diabetic rats: role of free radicals. Am J Physiol
266: H1153-1161.

Hirotani S, Higuchi Y, Nishida K, Nakayama H, Yamaguchi O, et al. (2004)
Ca(2+)-sensitive tyrosine kinase Pyk2/CAK beta-dependent signaling is essential
for G-protein-coupled receptor agonist-induced hypertrophy. J Mol Cell Cardiol
36: 799-807.

Lassegue B, Griendling KK (2010) NADPH oxidases: functions and pathologies
in the vasculature. Arterioscler Thromb Vasc Biol 30: 653-661.

Kawahara T, Kohjima M, Kuwano Y, Mino H, Teshima-Kondo S, et al. (2005)
Helicobacter pylori lipopolysaccharide activates Racl and transcription of
NADPH oxidase Nox1 and its organizer NOXO1 in guinea pig gastric mucosal
cells. Am J Physiol Cell Physiol 288: C450-457.

Cheng G, Diebold BA, Hughes Y, Lambeth JD (2006) Nox1-dependent reactive
oxygen generation is regulated by Racl. J Biol Chem 281: 17718-17726.
Kang MA, So EY, Simons AL, Spitz DR, Ouchi T (2012) DNA damage induces
reactive oxygen species generation through the H2AX-Nox1/Racl pathway.
Cell Death Dis 3: €249.

Choi DH, Cristovao AC, Guhathakurta S, Lee J, Joh TH, et al. (2012) NADPH
oxidase I-mediated oxidative stress leads to dopamine neuron death in
Parkinson’s discase. Antioxid Redox Signal 16: 1033-1045.

Diekmann D, Abo A, Johnston C, Segal AW, Hall A (1994) Interaction of Rac
with p67phox and regulation of phagocytic NADPH oxidase activity. Science
265: 531-533.

Ridley AJ (2001) Rho family proteins: coordinating cell responses. Trends Cell
Biol 11: 471-477.

. Tybulewicz VL (2005) Vav-family proteins in T-cell signalling. Curr Opin

Immunol 17: 267-274.

Hornstein I, Alcover A, Katzav S (2004) Vav proteins, masters of the world of
cytoskeleton organization. Cell Signal 16: 1-11.

Yi F, Zhang AY, Janscha JL, Li PL, Zou AP (2004) Homocysteine activates
NADH/NADPH oxidase through ceramide-stimulated Rac GTPase activity in
rat mesangial cells. Kidney Int 66: 1977-1987.

YiF, Zhang AY, Li N, Muh RW, Fillet M, et al. (2006) Inhibition of ceramide-
redox signaling pathway blocks glomerular injury in hyperhomocysteinemic rats.
Kidney Int 70: 88-96.

Yu JZ, Zhang DX, Zou AP, Campbell WB, Li PL (2000) Nitric oxide inhibits
Ca(2+) mobilization through cADP-ribose signaling in coronary arterial smooth
muscle cells. Am J Physiol Heart Circ Physiol 279: H873-881.

Tohgo A, Takasawa S, Noguchi N, Koguma T, Nata K, et al. (1994) Essential
cysteine residues for cyclic ADP-ribose synthesis and hydrolysis by CD38. J Biol
Chem 269: 28555-28557.

Trubiani O, Guarnieri S, Orciani M, Salvolini E, Di Primio R (2004)
Sphingolipid microdomains mediate CD38 internalization: topography of the
endocytosis. Int ] Immunopathol Pharmacol 17: 293-300.

. Zilber MT, Setterblad N, Vasselon T, Doliger C, Charron D, et al. (2005) MHC

class II/CD38/CD9: a lipid-raft-dependent signaling complex in human
monocytes. Blood 106: 3074-3081.

. Xia M, Zhang C, Boini KM, Thacker AM, Li PL (2011) Membrane raft-

lysosome redox signalling platforms in coronary endothelial dysfunction induced
by adipokine visfatin. Cardiovasc Res 89: 401-409.

Miller FJ, Jr., Chu X, Stanic B, Tian X, Sharma RV, et al. (2010) A differential
role for endocytosis in receptor-mediated activation of Noxl1. Antioxid Redox

Signal 12: 583-593.

August 2013 | Volume 8 | Issue 8 | 71212



	Virginia Commonwealth University
	VCU Scholars Compass
	2013

	Contribution of NADPH Oxidase to Membrane CD38 Internalization and Activation in Coronary Arterial Myocytes
	Ming Xu
	Xiao-Xue Li
	Joseph K. Ritter
	See next page for additional authors
	Downloaded from
	Authors


	pone.0071212 1..11

