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Despite numerous reports implicating NADPH oxidases (Nox) in the
pathogenesis of many diseases, precise regulation of this family of
professional reactive oxygen species (ROS) producers remains un-
clear. A unique member of this family, Nox1 oxidase, functions as
either a canonical or hybrid system using Nox organizing subunit 1
(NoxO1) or p47°"°*, respectively, the latter of which is functional in
vascular smooth muscle cells (VSMC). In this manuscript, we identify
critical requirement of ezrin-radixin-moesin-binding phosphopro-
tein 50 (EBP50; aka NHERF1) for Nox1 activation and downstream
responses. Superoxide (0,°7) production induced by angiotensin Il
(Angll) was absent in mouse EBP50 KO VSMC vs. WT. Moreover, ex
vivo incubation of aortas with Angll showed a significant increase in
0,°~ in WT but not EBP50 or Nox1 nulls. Similarly, lipopolysaccharide
(LPS)-induced oxidative stress was attenuated in femoral arteries
from EBP50 KO vs. WT. In silico analyses confirmed by confocal mi-
croscopy, immunoprecipitation, proximity ligation assay, FRET, and
gain-/loss-of-function mutagenesis revealed binding of EBP50, via
its PDZ domains, to a specific motif in p4d7°"°*, Functional studies
revealed Angll-induced hypertrophy was absent in EBP50 KOs, and
in VSMC overexpressing EBP50, Nox1 gene silencing abolished
VSMC hypertrophy. Finally, ex vivo measurement of lumen diam-
eter in mouse resistance arteries exhibited attenuated Angll-induced
vasoconstriction in EBP50 KO vs. WT. Taken together, our data iden-
tify EBP50 as a previously unidentified regulator of Nox1 and sup-
port that it promotes Nox1 activity by binding p47°"°*, This
interaction is pivotal for agonist-induced smooth muscle ROS, hyper-
trophy, and vasoconstriction and has implications for ROS-mediated
physiological and pathophysiological processes.
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eactive oxygen species (ROS) and their cellular sources have

been the focus of intense study in physiology and disease for
more than half a century. Under physiological conditions, ROS
participate in key signaling pathways leading to distinct pheno-
types including those characterized by cell migration, pro-
liferation, differentiation, tissue remodeling, and apoptosis
(1-3). Additionally, ROS mediate cell and tissue oxidative stress
and damage at supraphysiological levels (2, 4, 5). The family of
NADPH oxidase proteins (Nox) is widely recognized as one of
the most robust and critical sources of the ROS superoxide anion
(0,") (2, 4). Of the 7 Nox isoforms, the Nox1 oxidase is unique
in that it comes in two varieties, a canonical and a hybrid system.
Canonical Noxl is composed of Nox1, p22”°*, Nox organizing
subunit 1 (NoxO1), Nox activating subunit 1 (NoxAl), and the
small GTPase Racl (2). The hybrid Nox1 system employs the
classical organizing subunit p47”*°* in lieu of its more recently
discovered counterpart NoxO1(6-9). Phosphorylation of p47°%
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confers inducibility to the hybrid Nox1 oxidase, in contrast to the
constitutively active canonical Nox1 oxidase (2, 6, 7, 9). Nox1 par-
ticipates in the many vascular pathologies throughout the body in-
cluding neointimal formation, smooth muscle hypertrophy, and
vascular inflammation, among others (4, 9). However, it is currently
unknown how selection for canonical- vs. hybrid-derived ROS oc-
curs at the cellular level. It also remains elusive whether additional
modulators of Nox enzymes exist. Thus, a more thorough in-
vestigation of factors that regulate Nox1 activity is critical to our
fundamental understanding of the complex orchestration of events
controlling oxidase function. Such knowledge is also expected to find
utility in the development of therapeutics targeting ROS in disease.

Ezrin-radixin-moesin (ERM) binding phosphoprotein 50 (EBP50;
aka NHERF1) is a widely expressed PDZ domain-containing
scaffolding protein that associates with the actin cytoskeleton
and plasma membrane by virtue of its binding to the ERM family
of proteins (10-14). Recently, Bisello and coworkers (15-17)
showed that EBP50 plays a role in neointimal hyperplasia and
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contributes to vascular smooth muscle cell (VSMC) phenotype
changes. Coincidentally, recent reports have implicated the Nox1
system in these responses (18, 19), therefore suggesting a potential
link between EBP50 and NoxI.

Herein, we examine a previously unidentified role for EBP50 in
agonist-induced activation of Nox1 and assess its effect on Nox1-
mediated VSMC hypertrophy and in vivo oxidative stress. Our
data support that EBP50 facilitates Nox1-derived O,*~ production
and reveal that its permissive function occurs via its binding to

p477"°* The data also show that EBP50 plays a significant role in
the promotion of angiotensin II (AnglII)-induced VSMC hy-
pertrophy and resistance artery vasoconstriction.

Results

Angll- and H,0,-Induced 0,°~ Production Is Attenuated in VSMC from
EBP50 KO Mice. Rodent VSMC express oxidase isoforms Nox1 and
4 (2, 8). We recently reported that H,O,, in addition to AnglI, is
an efficacious activator of Noxl-derived O,*” production in
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Fig. 1. EBP50 is involved in agonist-induced O,°~ production. Representative cytochrome ¢ reduction plots in the presence or absence of SOD (A) and bar graphs
showing summary data of cytochrome c reduction assays (B) performed on 28,000 x g membrane fractions prepared from lysates of WT or EBP50 KO VSMC treated
with 100 nM Angll. Angll induced a significant increase in O,*~ production in WT, which was absent in EBP50 KO VSMC. Rate of O,°~ production was quantified in
nmol-min"mg‘1 protein, and data are shown in B as means + SEM, n = 6-13, *P < 0.01 vs. WT vehicle; **P < 0.01 vs. WT Angll. (C) L-012 assay on Cos22 cells stably
expressing p22°"°* transfected with other components of the hybrid Nox1 system (Nox1, NoxA1, and p47°"°%) or the hybrid Nox1 system plus EBP50 and treated
with vehicle or 5 pM PMA. Data demonstrate that EBP50 augments PMA-induced O,°" production by the hybrid Nox1 oxidase system in Cos22 cells. White bar
represents basal O,°~ production in Cos22 cells. Data are shown as means + SEM, n = 24, #P < 0.001 vs. vehicle-treated hybrid Nox1; TP < 0.001 vs. vehicle-treated
hybrid Nox1 + EBP50; *P < 0.05 vs. PMA-treated hybrid Nox1. EPR sample spectra from mouse WT aortic rings (D) and quantification of EPR signal amplitude ()
from WT, EBP50 KO, or Nox1 KO mice aortic rings subjected to vehicle or Angll (100 nM) incubation in the presence or absence of SOD (200 U/mL) using the spin
probe CMH (500 pM). Angll significantly increased CM*®-radical intensity (indicative of O,*~ production) that was inhibited by SOD. This increase was absent in
EBP50 KO and Nox1 KO rings. Data are shown as means + SEM, n = 5, *P < 0.05 vs. vehicle; P < 0.05 vs. Angll. (F) Representative confocal images of femoral artery
tissue cross-sections from LPS- or vehicle-treated WT or EBP50 KO mice stained with 4-HNE antibody (red), phalloidin (F-actin; green), and Hoechst (nuclei; blue).
Autofluorescence of the internal and external elastic laminae is shown in blue. Arrows indicate locations of 4-HNE-positive fluorescence within the medial layer.
(G) Quantification of 4-HNE fluorescence in the medial layer of femoral arteries in A shows that LPS induces a significant increase in tissue oxidation in WT but not
EBP50 KO arteries. Data are shown as means + SEM of corrected total fluorescence values, n = 3-4 animals, *P < 0.05 vs. vehicle WT; #*P < 0.05 vs. LPS WT.
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VSMC (8). To assess the role of scaffolding protein EBP50 in
Nox1 activation, O,*" production was investigated in aortic
VSMC from EBP50 KO vs. WT mice. It is well established that
100 nM AnglI treatment significantly increases O,°" levels, and
this increase is Noxl-derived (20-26). We corroborated these
findings using concentration and time response experiments and
by showing that siRNA against Nox1 abolished the signal (Fig.
S1 A-C). Thus, 100 nM AnglI exposure for 4 h was selected for
the current study to capture posttranslational and transcriptional
Nox-derived O,*” production. Treatment of WT cells for 4 h with
100 nM AnglI or for 1 h with 50 pM H,O, resulted in a significant
increase in O,*” measured by cytochrome ¢ reduction (11.56 +
2.14 and 1192 + 2.07 vs. 349 + 1.33 nmol O,* min ‘mg™*
membrane fraction protein for Angll- and H,O,- vs. vehicle-
treated WT cells, respectively; Fig. 1 4 and B and Fig. S2 4 and
B). This increase in O,°” was almost completely absent in EBP50
KO cells stimulated with AnglII or H,O, (5.04 + 1.39 and 3.97 +
1.34 vs. 4.44 + 1.08 nmol O,*~min~"mg~" protein for AnglI- and
H,0,- vs. vehicle-treated KO cells, respectively; Fig. 1 A and B
and Fig. S24). These findings were then confirmed in VSMCs in
which EBP50 was gene-silenced by stable transfection with EBP50
shRNA (Fig. S2B) (17). Cells stably expressing EBP50 shRNA-
encoding plasmids or control GFP plasmids were treated with
50 uM H,0; or vehicle for 1 h, and O, was measured. Treat-
ment of control cells with H,O, resulted in doubling O," levels
compared with vehicle-treated cells, an induction abolished in
EBP50 shRNA-expressing cells (Fig. S2B). Treatment of both
groups with superoxide dismutase (SOD) completely inhibited the
signal, confirming the identity of the ROS detected as O,*".

To investigate whether cellular EBP50 expression facilitates
hybrid Nox1 activation (prevalent in VSMC), we recapitulated
both EBP50 and the oxidase in Cos7 cells by transient trans-
fection. Fig. 1C shows that a classical Nox activator, phorbol
ester (PMA), resulted in significantly higher O,*” compared with
vehicle-treated Nox1-transfected cells as well as untransfected
cells (2.0 + 0.05 vs. 1.1 + 0.14 and 1.2 + 0.16 x 10’ RLU, re-
spectively). PMA also increased O,°” in the Noxl + EBP50
group. The increase in O,°” was greater in cells transfected with
Nox1 + EBP50 vs. Noxl alone (2.4 + 0.10 vs. 2.0 + 0.05 x 107
RLU). There appeared to be a rise in O,*" in cells transfected
with both EBP50 and the hybrid Nox1 in the absence of PMA
stimulation (1.5 + 0.19 x 10" vs. 1.1 + 0.14 x 10’ RLU for vehicle-
treated Noxl1-transfected cells). This, however, did not reach sta-
tistical significance.

We next tested whether this observation is unique to the Nox1
hybrid system. First, Cos7 cells expressing the canonical Nox2
system (CosPhox cells) were tested for enhanced ROS pro-
duction following EBP50 overexpression (CosPhox + EBP50).
Fig. S34 demonstrates that PMA treatment results in a robust
production of O,°" that is inhibited by diphenylene iodonium
(DPI), a flavoprotein enzyme inhibitor that inhibits Nox proteins.
Overexpression of EBP50 in these cells did not enhance the O,
signal (Fig. S34). Second, to test the canonical Nox1 system, using
NoxOl1, the constitutively active homolog of p47P"*, Cos7 cells
were transfected with the canonical Nox1 system in the absence
(CosNox1) or the presence of EBP50 overexpression (CosNox1 +
EBP50). Expressing the canonical Noxl system in Cos22 cells
caused a robust, DPI-inhibitable increase in O,*~ (Fig. S3B). The
presence of EBP50, however, did not enhance O,*~ production by
the canonical Nox1 system (Fig. S3B). Taken together, these data
support a unique role for EBP50 on the hybrid Nox1 system using
p47PM°% as its organizing subunit.

To test whether EBP50 is essential for tissue ROS production,
fresh aortic rings isolated from WT and EBP50 KO mice were
incubated ex vivo with Angll in the presence or absence of SOD
and subjected to electron paramagnetic resonance (EPR) and
the spin trap CMH. As seen in Fig. 1 D and E, AnglI induced a
significant, SOD-inhibitable signal, indicative of an increase in
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extracellular O, production compared with vehicle. This in-
duction was completely absent in aortas isolated from EBP50
KO mice, supporting that this protein is essential for O,*” gen-
eration in intact tissue. Moreover, when aortic rings from Nox1
KO mice were incubated with Angll, elevation in O,*” was not
observed (Fig. 1 D and E and Fig. S4). These findings support a
link between EBP50 and Nox1 that is essential for AnglI-induced
ROS. To explore whether EBP50-dependent ROS production is
functional in the arterial media composed of VSMC, we con-
trasted tissue oxidation in femoral arteries from WT and EBP50
KO mice. Mice were subjected to vehicle or lipopolysaccharide
(LPS) (10 mg-kg™", i.p.; 16 h), another well-established activator
of ROS and Nox activity (27-29), including Nox1 (30-33), the
major Nox in the media of conduit arteries (1, 2, 22). Femoral
arteries from these mice were isolated, sectioned, and stained for
4-hydroxynonenal (4-HNE, a footprint marker of lipid oxidation
and oxidative stress). Arterial sections from LPS-treated WT
animals showed significant medial 4-HNE staining (red) com-
pared with vehicle treatment where no apparent staining was
detected (Fig. 1F). Arteries from LPS-treated EBP50 KO mice
showed no detectable 4-HNE fluorescence in the media. F-actin
(phalloidin; green) and the internal and external elastic laminae
(blue) demarcated the media for 4-HNE quantification. Fig. 1G
reveals an 18-fold increase in the oxidation marker in LPS-treated
WT mice vs. vehicle control (11.13 + 5.11 vs. 0.60 + 0.31 x10°
CFT units, respectively). This signal was absent in femoral arteries
from LPS-treated KO mice (0.61 + 0.11 x 10° CFT units).

EBP50 Regulates Nox1 Activity by Binding to p47°"°*, Next, we ex-
plored a potential link between EBP50 and p47”"°*. Colocali-
zation of EBP50 and p47°"°* was investigated by confocal
microscopy of rat aortic VSMC (rASMC) transfected with YFP-
labeled EBP50 (green pseudocolor in the merged image) and
treated with Angll. Fig. 24 and Fig. S5 A and B show that cells
treated with vehicle followed by immunostaining for p47”"%* us-
ing Cy3-conjugated secondary antibody (red pseudocolor in the
merged image and in Fig. S5B) revealed ubiquitous distribution
of EBP50 and p47”*°* throughout the cytosol. As indicated by
minimal yellow fluorescence in the merged image, EBP50 and
p47°"°* display little colocalization under untreated conditions.
In contrast, upon Angll treatment, increased presence of both
proteins is observed, as well as enhanced presence of both pro-
teins in or near the plasma membrane. Moreover, in the merged
image, intense yellow fluorescence suggests colocalization (ar-
rows, Fig. 24). There was no autofluorescence or nonspecific
secondary antibody signal in the negative control (Fig. S54). To
test whether there was an associated increase in expression of
EBP50 and p47ph"" in addition to cellular redistribution, West-
ern blots were performed on lysates from these cells treated with
vehicle or Angll. Fig. S5C demonstrates that Angll treatment
results in a significant increase in EBP50 protein expression. On
the other hand, our data did not support a strong increase in
p47Phox expression in these cells.

To investigate whether binding between EBP50 and p47°"**
could explain their colocalization, cosedimentation experiments
were performed using lysates of Cos22 cells transfected with a
FLAG-tagged EBP50 and p47”"** and stimulated with vehicle or
PMA. PMA was used in these experiments because Cos7 cells do
not express Angll receptors (34). Data represented in Fig. 2B are
consistent with the association of p477"** and EBP50. That is,
when lysates from Cos7 cells (expressing both p477"°* and EBP50
and treated with 20 pM PMA) were immunoprecipitated with an
antibody against FLAG and immunoblotted for p47°"%*, a dis-
tinct band appeared consistent with the molecular weight of the
organizing subunit p47”"%*, Cells treated with vehicle exhibited a
faint band, indicating weaker binding in the absence of stimulus.

To further explore binding of EBP50 to p47°"°*, Cos7 cells
were cotransfected with a CFP-p47”"°* fusion protein and
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Fig. 2. EBP50 associates with p47°"°*. (A) Confocal
fluorescent images of VSMC transfected with YFP-
labeled EBP50 (green in merge), treated with vehicle
or 100 nM Angll, and stained with p47°"°* antibody
(red in merge) showing increased colocalization be-
tween EBP50 and p47°"°* following Angll treatment.
Representative of three independent experiments.
Arrows indicate colocalization areas. (B) Immuno-
precipitation with anti-FLAG antibody followed by
Western blot with anti-p47°"* or anti-FLAG anti-
bodies on lysates from Cos7 cells stably expressing
p47ph°" without (UT) or with FLAG-EBP50 (FI-EBP50)
transfection and treated with vehicle (=) or PMA (+).
PMA treatment increases p47°"°* association with
EBP50. Representative of three independent experi-
ments. Representative images (C) and fluorescence
intensity quantification (D) of FRET experiments with
confocal spectral imaging using Cos7 cells transfected
simultaneously CFP-p47°"°* and YFP-EBP50 and
treated with PMA as above. Stimulation of CFP (457 nm)
resulted in a YFP spectral emission (Prebleach). Ac-
ceptor (YFP) photobleaching (514 nm, 50% laser
power, four cycles of 5 s) resulted in an increase in
donor (CFP) fluorescence (Postbleach). These data
support direct association of EBP50 and p47°"°*. Red
tracing, bleach area; white box, zoom area; Pre,
prephotobleaching; Post, postphotobleacing. Data
are shown as means + SEM of fluorescence spectral
emission intensity for each fluorophore, n =9, ***P <
0.001 vs. prephotobleach. (E) Representative images

CFP YFP

YFP-EBP50 (Fig. 2 C and D). FRET experiments with confocal
spectral imaging demonstrated that fluorescent specific excitation
of CFP (457 nm) resulted in spectral emission from YFP, in-
dicating energy transfer from CFP to YFP (ie., FRET). As can be
seen in Fig. 2C and the fluorescence quantification in Fig. 2D,
acceptor photobleaching of YFP-EBP50 resulted in an increase
in donor CFP-p47°"°* emission fluorescence intensity due to
unquenching. FRET efficiency was calculated to be 18.99 +
2.96%. Taken together, these results confirm a direct associa-
tion between EBP50 and p477"%*,

Because initial experiments were performed in overexpression
systems, a question remained as to whether EBP50 and p47Ph**
interacted under endogenous physiologic or pathophysiologic
conditions. To test this, the proximity ligation assay (PLA),
which detects tissue and cell protein—protein interaction with a
resolution of 30—40 nm, was used (35). Positive proximity ligation
is indicated by the appearance of punctates which localize in-
teraction of the proteins. Fresh aortic rings isolated from WT and
EBP50 KO mice were incubated ex vivo with AnglII and subjected
to PLA. Fig. 2 E and F demonstrate that AngllI treatment resulted
in an increase in PLA punctates in the aortic medial layer, in-

Al Ghouleh et al.

of PLA experiments imaged by confocal using a 60x
objective on WT mice aortic rings subjected to vehicle
or Angll (100 nM) showing increased EBP50-p47Pho%
association (positive PLA; red punctates). Blue, nuclei
(Hoechst); autofluorescence of the internal and ex-
ternal elastic laminae is shown in blue/green; white
box, zoom area. (F) Bar graph shows quantification
of punctates normalized to number of nuclei. Data
and means + SEM, n = 3, *P < 0.05.

dicating a direct association between EBP50 and p47°™ in these
tissues. These data were supported by PLA experiments in
rASMC cells treated with vehicle or Angll, where AnglI resulted
in a significant increase in punctates indicative of EBP50—p47P"**
interaction in these cells (Fig. S6 A—C). Colocalization of endog-
enously expressed EBP50 and p47P"* corroborated these results
(Fig. S6D). The 3D projection and serial z-stack visualization of
Angll-treated cells confirmed membrane-proximal EBP50/p47P"**
association and revealed cytosolic; perinuclear; and to a lesser
extent, nuclear localization as well. Taken together, these data are
consistent with a direct endogenous interaction between EBP50
and p47P"*%, supporting physiological relevance.

Rho kinase 1 (ROCKI1) has been indirectly linked to EBP50
because it has been shown that ERM family proteins, which
associate with EBP50, are substrates of ROCKI1 (11, 36). Be-
cause p47P"°* possesses phosphorylation sites that regulate its
activity, and given our present findings demonstrating p47°P"*
association with EBP50, we tested whether ROCKI1 kinase as-
sociates with p47P"°* in vascular tissues. Fresh aortic rings in-
cubated with Angll were subjected to confocal colocalization as
well as PLA. Fig. S7TA demonstrates enhanced expression in
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response to Angll of ROCK1 and p47°", in contrast to West-  ligands (C-terminal motif with a hydrophobic amino acid in the
ern blot data in cells (Fig. S5C). No interaction between the two  C-terminal residue given position number 0, any residue in position
proteins was detected (Fig. S7 A and B). —1, a Ser/Thr in position —2, and any residue in position —3) (37—

Because EBP50 reportedly associates with its binding partners  39). To model a potential interaction between this motif in p47P’wx
via hallmark PDZ domains (PDZ1 and PDZ2) (10, 11, 17), we  and a PDZ1 domain from EBP50, we used the NMR solution
searched for potential PDZ-binding motifs in p47”"**. Fig. 34  structure of the C-terminal tail of p47”"** (PDB code: 1K4U) (40)
shows that a conserved PDZ-binding motif, A/T-S-A-V, exists on  and the PDZ1 domain of EBP50 (PDB code: 1GQ4) (41). The
the C terminus of p47”**. This structure falls under the class IPDZ  analysis revealed that docking of the C-terminal 4 residues motif of
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Fig. 3. The p47°"°*-EBP50 association occurs at the PDZ domain of EBP50. (A) Outline of EBP50 and p47°"°* sequence structures highlighting the PDZ do-
mains of EBP50 and the potential PDZ-binding motif on p47””°x. S1, S2, and S$1S2 are functional mutants of PDZ1, PDZ2, and both. (B and C) In silico dynamic
modeling and docking analysis using crystal PDZ1 structure of EBP50 (PDB code 1G90) and p47P"°* C-terminal tail (aa 359-390; PDB code 1k4u) graphically
represented using PyMol Software to show surface representation (B) and a magnified view of the interacting residues (C). Analysis reveals docking of
C-terminal residues A-S-A-V of p47°"°% in binding pocket of EBP50 PDZ1 domain and formation of hydrogen bonds. Red, p47°"°%; white, EBP50; yellow dotted
lines, hydrogen bonds. (D) Cytochrome ¢ reduction assay on lysates of Cos22 cells transfected with Nox1 hybrid system plus empty vector or the EBP50
functional PDZ1 and 2 mutant (S152) and treated with vehicle or 5 uM PMA. PMA-induced O,°~ production was abolished by expression of the functional
EBP50 mutant. Rate of O,*” production was quantified in nmol/min/mg protein, and data are shown as means + SEM, n = 3, **P < 0.01 vs. vehicle.
(E) Representative brightfield and GFP fluorescence images of EBP50 KO VSMC demonstrating 30-40% transfection efficiency. (F) Immunoprecipitation with
anti-FLAG antibody followed by Western blot with anti-p47°"°* or anti-FLAG antibodies on lysates from EBP50 KO VSMC transfected with empty vector (EV),
FLAG-WT EBP50 (WT), FLAG-mutant PDZ1 EBP50 (S1), FLAG-mutant PDZ2 EBP50 (S2), or dual mutant PDZ1 and PDZ2 EBP50 (5152) and treated with vehicle or
Angll (100 nM). Angll treatment increases p47°"°* association with EBP50 in KO cells in which WT EBP50 was reconstituted but not in cells expressing the
functional mutants of EBP50. Representative experiment. (G) Outline of p47°"°* sequence structures highlighting the mutation (in red) of C-terminal PDZ-
binding motif on p47°"°*. (H) Immunoprecipitation with streptavidin followed by Western blot with anti-p47°"° or anti-EBP50 antibodies on lysates from
Hek293 GnTi cells stability expressing TAP-EBP50 and transfected with empty vector (EV), WT p47°"°% (p47°"°) or p47P"°*-AAAA mutant. Interruption of the
ASAV C-terminal motif of p47°"°* disrupts its association to EBP50. Representative experiment of n = 3.
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p477"° within the ligand pocket of PDZ1 of EBP50 is favorable
(Fig. 3 B and C and Fig. S8). That is, the C-terminal Val at position
0 was predicted to be buried deep within a hydrophobic pocket of
PDZ1 formed by the side chains of Gly23, Tyr24, Gly25, Phe26
(GYGF loop), Leu28, Val76, and Ile79 (42, 43). Another con-
served interaction typical for the class I PDZ-binding motifs is
observed between the —OH group of Ser at position —2 of p47”***
and the imidazole group of His72 in EBP50 PDZ (42, 43).
Moreover, the presence of two lysine residues at positions —5 and
—7 within the C-terminal of p47”"*, which possess positively
charged side chains, could be attracted to the negatively charged
chain of Glu31 of EBP50, further stabilizing the interaction.

To verify empirically whether the interaction between EBP50
and p477"°* involves PDZ domains, we used mutant EBP50
plasmids lacking active PDZ1, PDZ2, or both (Fig. 34). First, we
tested whether PDZ interruption is associated with a reduction
in ROS production. Cos7 cells were transfected with the Nox1
hybrid system in the presence or absence of the dual PDZ mu-
tant S1S2, treated with PMA and O,°" production assessed by
SOD-inhibitable cytochrome ¢ reduction. Fig. 3D shows that
PMA resulted in an increase in O,* production that was com-
pletely absent in cells transfected with the PDZ1/2 EBP50 mutant.
Next, the EBP50 mutant constructs were transfected into EBP50
KO VSMC and contrasted for p47”"® immunoprecipitation with
WT constructs, following vehicle or Angll treatment. Transfection
of GFP plasmids into these cells demonstrated an approximately
30-40% transfection efficiency as assessed by fluorescence mi-
croscopy (Fig. 3E). Recapitulation of WT EBP50 into EBP50 KO
VSMC resulted in sedimentation of p47°"°* as seen by coimmu-
noprecipitation experiments (Fig. 3F). This signal was increased
when cells were subjected to Angll treatment. Sedimentation of
p47°"%* was markedly reduced in KO cells in which the PDZ1,
PDZ2, or both mutants were transfected, both under vehicle and
AnglI treatment conditions. Thus, these data are consistent with a
functional association of EBP50 with p47”** at the PDZ domains
of EBP50 that is essential for hybrid Nox1 activity.

We next tested whether the C-terminal A-S-A-V motif of
human p47P"°* is important for association with EBP50. We
generated a mutant p47°"°* in which serine 388 and valine 390
were mutated to alanine (p47°"*-AAAA; Fig. 3G). This mutant
protein was contrasted to WT p47P"* in a heterologous system
in which EBP50 was also expressed. Fig. 3H demonstrates that
disruption of the A-S-A-V motif on p47°"** abolishes coimmu-
noprecipitation with EBP50. We observed a somewhat lower
protein expression of p47°"*-AAAA compared with WT p47P"°%,
which could be indicative of the importance of this motif, and/or
its association with EBP50, in posttranslational stability of p47P"**
(Fig. S9 4 and B).

NoxOl1 in its native form lacks the A-S-A-V motif. To test
whether this motif is sufficient for EBP50 interaction, we gen-
erated a NoxO1 mutant wherein the C-terminal A-S-A-V motif
was appended (NoxO1-ASAV; Fig. S9C). WT NoxO1 displayed
a weak association with EBP50 (Fig. S9D), likely owing to a rare
and unusual potential PDZ-binding motif embedded deep within
its sequence and close to the N terminus (D-T-F-V; Fig. S9C). In
contrast, association with EBP50 was substantially augmented in
cells expressing NoxO1-ASAV (Fig. S9D). Collectively, these
data demonstrate that the A-S-A-V motif in the C-terminal of
p47Pho* is critical and sufficient for EBP50 binding.

EBP50 Is Essential for VSMC Hypertrophy. To assess whether the
EBP50-modulated Nox1 leads to a change in cell phenotype,
AnglI-induced VSMC hypertrophy in EBP50 KO vs. WT VSMC
was measured. Cells were treated with 100 nM AnglI for 24 h and
evaluated by FACS for the change in percentage of enlarged cells
vs. vehicle controls. Treatment of WT VSMC with AnglI resulted
in a 30% increase in the number of enlarged cells (Fig. 4 A and B).
In contrast, Fig. 4 C and D show that EBP50 KO VSMC displayed
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no difference in enlarged cells (vehicle vs. AnglI). To confirm
these findings, WT and EBP50 KO cells were treated with AngIl
and imaged 24 h posttreatment followed by quantification of in-
dividual cell sizes. Consistent with Fig. 44, treatment of WT
VSMC with Angll also resulted in a similar increase in cell size
(Fig. 4 E and G). Moreover, Angll treatment of EBP50 KO
VSMC resulted in no increase in cell size (Fig. 4 F and H).

To ascertain a causal link between EBP50 and Nox1, EBP50
was overexpressed (Tg-EBP50) in the presence or absence of
Nox1 siRNA vs. scrambled control (8). Fig. 4/ illustrates by FACS
an approximately 100% increase in the percentage of enlarged
Tg-EBP50 cells vs. untransfected controls. A similar increase was
observed in Tg-EBP50, scrambled siRNA-treated cells. On the
contrary, hypertrophy was significantly attenuated by cotransfec-
tion with Nox1 suppression (Fig. 47). This influence of EBP50 and
Noxl was extended to modulation of Angll-induced VSMC hy-
pertrophy. That is, FACS analysis shows ablation of the Angll
response in Tg-EBP50 cells treated with Nox1 siRNA (Fig. 4/).
These data support that EBP50, via modulation of Nox1 activity,
regulates VSMC hypertrophy and has thus important implications
in vascular disease.

EBP50 Is Essential for Vascular Tone Regulation of Resistance Arteries.
To further extend our functional findings, we explored whether
EBP50 modulates resistance vessel tone. In third-order isolated,
perfused mesenteric arteries, concentration-dependent vasocon-
striction in response to Angll was significantly attenuated in EBP50
KO arteries vs. WT (Fig. 54). A similarly attenuated response was
observed in resistance vessels from Nox1 KO mice (Fig. 5B). These
findings were supported by data in thoracodorsal arteries (Fig. S10).
The response was agonist specific because vessels from both Nox1
and EBP50 KO mice exhibited no attenuation in phenylephrine
(PE)-mediated vasoconstriction relative to WT (Fig. 5 C and D).

Discussion

It is well established that Nox-derived ROS are critical compo-
nents of myriad cellular pathways and drive vital responses such
as host defense and inflammation. Nox-derived ROS, on the
other hand, are established malefactors in aging, cancer, and
neurodegenerative and cardiovascular diseases (2, 9). Despite
the seminal importance of the Nox family of oxidases, little
progress has been made over the past decade to delineate the
mechanisms of Nox activation and regulation. This is particularly
true of the Nox1 oxidase, of which two basic systems have been
described (canonical vs. hybrid) and which was shown to be a
central player in cardiovascular diseases (8, 9, 44, 45). In the
current study we identify the scaffolding protein EBP50 as a
previously unidentified binding partner and regulator of the
Nox1 oxidase. We demonstrate the importance of EBP50 for
ROS production in vascular cells and tissues in vitro, ex vivo, and
in vivo under different stimuli and using a number of techniques.
With a focus on the hybrid Nox1 system, which drives patho-
physiological responses in disease, we demonstrate that EBP50,
via its PDZ domains, associates with the Nox organizer subunit
p47°"°* at a unique PDZ-binding C-terminal motif. This in-
teraction, we posit, is the means by which EBP50 regulates Nox1
activity. To investigate whether our findings carry relevance to
pathophysiologic phenomena, we demonstrate, in a Nox1-associ-
ated manner, EBP50’s involvement in two responses concomitant
with cardiovascular disease: smooth muscle hypertrophy and re-
sistance vessel constriction.

Initial experiments demonstrated a robust role of EBP50 in
ROS production. VSMC deficient in EBP50 were incapable of
producing ROS in response to Angll and H,O,, both potent
stimuli of O,°” production (8, 20, 22-24, 46, 47). Ex vivo EPR
studies on aortic rings also showed absence of an O,°" signal in
response to Angll in EBP50 KO, correlating with findings in
Nox1 KO. Moreover, in vivo data demonstrated that in response
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to another robust inducer of Nox-derived ROS, LPS (27-33),
vascular medial smooth muscle oxidation was absent in EBP50
KO mice. Because Noxl is a major source of O," in the vascu-
lature, especially in VSMC (2, 8), we focused our attention on this
Nox isoform. A unique hybrid Nox1 system exists in VSMC, which
depends on p47”"% as its organizer subunit in lieu of NoxO1 (6-9).
Prior reports drew our attention to a possible molecular interac-
tion between EBP50 and p47°"°, First, EBP50’s interaction with
actin cytoskeletal elements (11, 48, 49) piqued our interest in that
p477"°% is known to bind actin as it translocates to and activates the
Nox catalytic core (2, 50-53). Moreover, the modulatory role of
protein kinase C (PKC) at key sites on both molecules suggested a
possible common pathway (2, 9, 54). Indeed, recapitulating the
hybrid Nox1 oxidase in a heterologous Cos7 system in concert with
an overexpression of EBP50 significantly augmented PMA-stimu-
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lated O,* generation compared with cells basally expressing
EBP50. This observation was unique to the Nox1 hybrid system
because EBP50 did not enhance ROS generation by either the
canonical Nox1 system or the canonical Nox2 system, which also
employs p47°"°, This supports a unique role for EBP50 in regu-
lating the hybrid Noxl system, and it is tempting to speculate
whether this occurs as a result of heretofore unknown binding
partners of the EBP50-p47P"™* complex and/or a modification of
p47°"* mediated by EBP50 that channels it to Nox1 instead of Nox2.

Direct association between EBP50 and p47”"** was demon-
strated via four distinct lines of evidence. Confocal imaging ex-
periments in VSMC confirmed that EBP50 colocalizes with
p47°"°% and indicated strong membrane localization of both pro-
teins after Angll treatment in VSMC. Coimmunoprecipitation
experiments in lysates of Cos7 cells expressing both proteins
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lated perfused third-order mesenteric arteries from WT and EBP50 KO
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concentrations of Angll (A and B) or phenylephrine (PE; C and D) and
assessed for vasoconstriction represented as percent of initial diameter. Data
shown are means + SEM, n = 3-5. *P < 0.05 vs. WT, ***P < 0.001 vs. WT.

further supported a positive association that is stron%er after PMA
stimulation, consistent with disinhibition of p47°"** enhancing
binding (2, 9). FRET experiments in Cos7 cells corroborate a
direct association between EBP50 and p477"**, Finally, PLA ex-
periments demonstrated this binding occurs at the endogenous
protein level in vascular tissues and cells.

ROCKI1 has been implicated to mediate association of ERM
family proteins to EBP50 by directly phosphorylating them (11).
This raised the possibility that ROCK1 may interact with p47°"°
to play a role in facilitating the latter’s association with EBP50
and, henceforth, cytoskeletal elements. Our data, however, re-
vealed that ROCK1 does not colocalize or associate with p47P",
Nonetheless, ROCK may still have a yet-to-be-determined effect
on components of the hybrid Nox1 system affecting their traf-
ficking, activation, or both.

Given the protein structure of EBP50, we surmised that the
interaction between EBP50 and p47”"* could take place on
EBP50’s PDZ domains. Sequence analysis of the C terminus of
p47°"°* identified a conserved potential PDZ-binding motif
(A-S-A-V) and in silico docking analyses revealed that this domain
can favorably dock within the hydrophobic pocket of PDZ1
domain in EBP50. Coimmunoprecipitation studies recapitulating
wild-type EBP50 or functional PDZ domain mutants into EBP50
KO VSMC confirmed that EBP50’s PDZ domains are critical for
this interaction. Moreover, ROS detection assays showed that
the PDZ domains are essential for hybrid Nox1-derived O,
production. To further investigate whether the interaction in-
volves the A-S-A-V motif in human p47°P"*, gain-of-function/
loss-of-function experiments manipulating this C-terminal A-S-
A-V motif were performed. Interruption of this domain in human
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p47°1°% abolished EBP50 association and addition of this domain
to the C-terminal of NoxO1 substantially augmented EBP50 as-
sociation. These data demonstrated that the A-S-A-V motif is
both critical and sufficient for EBP50 association of p47Ph°¥,

Functional significance of this interaction was deduced from
smooth muscle hypertrophy and resistance vessel vasocon-
striction experiments. Medial hypertrophy is causally associated
with hypertension and heart failure, and Nox-derived ROS are
key players in this process (55-58). In contrast to WT cells,
EBP50 KO VSMC did not exhibit a hypertrophic response fol-
lowing treatment with Angll, a potent activator of Noxl and
inducer of VSMC hypertrophy (8, 20, 22-24, 44, 45). Over-
expression of EBP50 augmented Angll-induced hypertrophy in a
Nox1-dependent manner. These data demonstrate that both
EBP50 and Nox1 propagate vascular hypertrophy and support a
mechanism by which EBP50 regulates Nox activity leading to
cellular phenotypic responses in disease.

Because vascular diseases involve both vascular tone dysfunc-
tion as well as remodeling, we investigated whether EBP50 is in-
volved in mediating agonist-induced resistance vessel constriction.
In both third-order mesenteric arteries and thoracodorsal arteries
we observed a significant attenuation in Angll-induced constric-
tion in EBP50 KO vessels. This response was virtually superim-
posable with the response in Nox1 KO vessels, indicative of a
collaboration of the two proteins in mediating this response. The
vasoconstriction response was agonist-specific because vessels
from Nox1 or EBP50 KO mice exhibited a response akin to WT in
response to phenylephrine. These data support that Angll and
phenylephrine contractile responses diverge at the level of EBP50
and Nox1, supporting a specific ligand-receptor targeted response.

In summary, the current findings point to a mechanism of Nox
regulation whereby EBP50 binds p47”"°* and activates Noxl-
derived ROS. The data support that through this binding, EBP50
promotes p47”"** recruitment to Noxl, bringing about oxidase as-
sembly and activation. This interaction has functional consequences,
and our results support its necessity for both medial smooth muscle
hypertrophy and resistance vessel constriction. Targeting this in-
teraction, therefore, presents a viable future therapeutic strategy to
combat cardiovascular diseases. Moreover, this previously uniden-
tified interaction has profound implications in myriad other diseases
owing to the ubiquitous tissue expression of EBP50, NoxI,
and p477",

Materials and Methods
Please consult S/ Materials and Methods for detailed methods.

Materials. A complete list of materials is provided in S/ Materials and Methods.

Cell Culture. WT and EBP50 KO VSMC were isolated from abdominal aortas of
8- to 10-wk-old male C57BL/6 WT and KO littermates as previously described
(15, 17). Rat aortic smooth muscle cells (rASMC) were purchased from Lonza
Cologne GmbH. Cos7 cells stably expressing the p22°"°* subunit (Cos22) were
a kind gift from Mary C. Dinauer (Washington University School of Medicine,
St. Louis, MO). Hek293 GnTi, which lack endogenous EBP50, stably express-
ing a TAP-domain—containing EBP50 were a kind gift from Peter Friedman
(University of Pittsburgh, Pittsburgh, PA). Lentiviral shRNA expression was
performed as previously described (17).

0,°” Detection by L-012 Chemiluminescence. L-012 (400 pM) chemiluminescence
was performed as previously described (8). O,*~ production was quantified as
relative light units (RLU) area under the curve vs. time.

0,°" Detection by Cytochrome ¢ Reduction Assay. Cytochrome c reduction
assay was conducted as previously described (8). O,°~ was measured in
the presence of 0.2 mM cytochrome ¢ and 1,000 U/mL catalase. The ini-
tial rate following NADPH (180 pM) addition of SOD-inhibitable cyto-
chrome c reduction was quantified at 550 nm, and the extinction coefficient
21.1 mmol™ 'eL cm™ " was used to calculate O,". Because this assay measures
0O," in broken cells poststimulation and in the presence of the Nox substrate
NADPH, it encompasses Nox activity that is due both to assembly of active
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complexes as well as to removal of repression on assembled inactive
complexes.

0,°" Detection by Electron Paramagnetic Resonance Spectroscopy. The EPR
spin probe CMH (500 pM) was used to examine O,*~ production by EPR as
previously described (8, 59). Briefly, 2 mm thoracic aorta rings freshly iso-
lated from WT, EBP50 KO, and Nox1 KO mice were treated with vehicle or
Angll (100 nM, 4 h) in the presence or absence of SOD (200 U/mL). Data were
quantified using the amplitude of the first spectral peak as fold from vehicle
control after background subtraction.

Plasmid Transfection. Plasmids encoding full-length human c¢cDNAs for Nox1
(pcDNA3.1-hNox1), NoxA1 (pCMVsport 6-hNoxA1), and p47”"°" (pCMV-
Tag4A-hp47) were kindly provided by David Lambeth (Emory University,
Atlanta, GA). Plasmids encoding N-terminal FLAG-human WT EBP50, PDZ1
(S1), PDZ2 (S2), and PDZ1&2 (S1S2) functional mutants, as well as YFP-human
WT EBP50 were a kind gift from Peter Friedman (University of Pittsburgh,
Pittsburgh PA). Plasmids encoding CFP-p47°"°* were purchased from Ori-
Gene Technologies, Inc. Site-directed mutagenesis was performed to gen-
erate the p47°"°* serine 388 to alanine and valine 390 to alanine double
mutant (p47°"°%-AAAA). NoxO1-ASAV fusion was generated by fusing
the alanine-serine-alanine-valine C-terminal motif of p47P"* onto the
C-terminal end of NoxO1. Cos22 cells were simultaneously transfected with
empty vector or plasmids for Nox1, NoxA1, and p47°"°*; Nox1, NoxA1l,
p47”h°", and EBP50 or EBP50 S1S2 mutant; Nox1, NoxA1, and NoxO1; or
Nox1, NoxA1, NoxO1, and EBP50. CosPhox cells were transfected with empty
vector or EBP50. For FRET, Cos22 cells were transfected with YFP-EBP50, CFP-
p47P"°% or YFP-EBP50 and CFP-p47°"°%. rASMC were transfected with YFP-
EBP50. For immunoprecipitation, Cos7 cells stably expressing p47°"°* were
transfected with FLAG-EBP50, and EBP50 KO VSMC were transfected with
GFP control or FLAG-WT, FLAG-S1, FLAG-S2, or FLAG-5152 EBP50. GnTi Hek
cells stably expressing TAP-EBP50 were transfected with p47P"®%, p47Phex
-AAAA, NoxO1, or NoxO1-ASAV.

siRNA Transfection to Suppress Nox1 in rASMC. Cells were cotransfected
with EBP50 plasmid and scrambled or Nox1 siRNA (5 pmol) using
Lipofectamine 2000.

Confocal 4-HNE in Vivo Immunofluorescence. C57BL/6 WT or EBP50 KO mice
were injected with 10 mg-kg™" i.p. LPS for 16 h. Femoral arteries were har-
vested, fixed, and sectioned. All animal procedures were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee
(IACUQ). Sections were incubated with anti-4-HNE antibody (Alpha Diag-
nostics) and Cy3-conjugated secondary antibody (Jackson ImmunoResearch)
in combination with Alexa Fluor 647-conjugated phalloidin (Invitrogen).
Nuclei were stained with Hoeschst dye. A total of three to four animals were
used per treatment group. For each animal, three confocal images from
three separate sections were captured.

Confocal in Vitro Colocalization. rASMC transfected with YFP-EBP50 on cov-
erslips were treated with 100 nM Angll for 4 h, fixed, and permeabilized.
After blocking and incubation with anti-p47°"°* antibody and Cy3-conju-
gated secondary antibody, coverslips were stained with Alexa Fluor 647-
phalloidin. For each experiment, five to eight confocal images per treatment
group were captured. Three independent experiments were performed. No
spectral overlap occurred between the different fluorescence emission
channels. For endogenous protein experiments, EBP50 was assessed by an
EBP50 antibody followed by Alexa Fluor 488-conjugated secondary anti-
body. For tissue, sections were mounted on slides, fixed, permeabilized, and
blocked followed with primary antibodies for EBP50 and p47P"°* or ROCK 1
and p47°"°* followed by secondary antibodies. Hoechst was added, and
coverslips were applied.

Fluorescence Resonance Energy Transfer. Cos7 cells seeded on coverslips were
transfected separately or simultaneously with CFP-p47°"°% and YFP-EBP50,
treated with PMA, and fixed. FRET experiments were performed with con-
focal spectral imaging using a Nikon A1 system (Nikon Instruments Inc.) as
previously described with modifications (60). Emission spectra for YFP and
CFP were obtained separately using spectral scanning and the excitation
wavelengths of 514 or 457 nm, respectively, and used for spectral unmixing.
Emission spectra on cells cotransfected with both proteins and excited with
457 nm (CFP) were unmixed. Acceptor (YFP) photobleaching was performed
at 514 nm, 50% laser power, and four cycles of 5 s each. Fluorescence
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intensities were calculated as fold from prebleach. FRET efficiency was
calculated as

E= [(CFPPOSt - CFPpre)/CFPpre} X 100.

Proximity Ligation Assay. The proximity ligation assay (PLA) was performed
according to the manufacturer’s protocol (Sigma). Primary antibodies for
EBP50 and p47P" or p47P"* and ROCK1 were used. Confocal imaging was
performed by capturing z-stacks in 10 planes for each sample and generation
of maximum intensity composite z projections. Data were quantified as
ratio of PLA punctates to number of nuclei per sample. In a subset of
experiments, phalloidin was added as above. For 3D reconstruction, stacks
were processed using the surface and dots features for the cell area and PLA
punctates, respectively.

Immunoprecipitation and Western Blot. Cells were transfected as above. Cos7
cells were treated with vehicle or PMA (20 uM). EBP50 KO VSMC were treated
with vehicle or Angll (100 nM). One hundred micrograms of cell lysates were
incubated with anti-FLAG M2 resin mouse antibody overnight at 4 °C. For
immunoprecipitation using Hek GnTi, cells were transfected as detailed
above and lysed, and supernatants were incubated with streptavidin beads
to pull down TAP-EBP50. Samples were prepared for Western blot, resolved
using SDS-PAGE, and transferred onto Trans Blot nitrocellulose membranes
(Bio-Rad). Membranes were blocked with the Odyssey Blocking Buffer (Li-
Cor Biosciences) and incubated with primary antibodies followed by sec-
ondary antibodies (Li-Cor). Digital imaging was obtained using an Odyssey
Infra-Red Imaging system (Li-Cor).

FACS Analysis for Quantification of Hypertrophy. Flow cytometry evaluation of
cell hypertrophy was performed as previously described (8). Briefly, cells
grown to 80% confluence and treated with vehicle or 100 nM Angll for 24 h
at 37 °C were resuspended in PBS (37 °C; 1 x 108 cells per mL). Forward
scatter (FSC) and side scatter (SSC) were measured recording 20,000 events
per sample using a BD LSR Fortessa (BD Biosciences). Quantification was
performed using FloJo (Tree Star Inc.). Density plots were gated to exclude
debris and quadrant parameters were selected and assigned across all
measurements based on the size of 80-85% of cells from control groups. The
percentage of individual cells in quadrant 2 (FSC+, SSC+) were quantified
for each group and taken as a ratio over quadrant 2 cell percentage in
control groups.

Cell Size Measurement for Quantification of Hypertrophy. These experiments
were carried out as previously described (8). Briefly, three to six brightfield
cell images were captured (10x objective) per treatment group per experi-
ment. The areas of four individual cells selected at random per image were
quantified using Image J (NIH) and calculated as a fold from control.

Docking Analysis. In silico association analysis was performed using published
crystal structures of relevant regions of p47°"°* and EBP50: C-terminal tail of
p47P"°% (aa 359-390) complexed to C-terminal SH3 domain of p67°"°* (PDB
code: 1k4u) (40), and EBP50 PDZ1 in complex with C-terminal fragment of
B2- adrenergic receptor (AR; PDB code: 1GQ4) (41), respectively. To model
the C-terminal motif of p47p'"”‘ (LASAV sequence), the NDSLL sequence of
C-terminal fragment of p2-AR was modified as follows: the C-terminal Leu®
was replaced by Val, Leu™ by Ala, Asp~3 by Ala, and Asn™* by Leu. The
generated structure includes the five residues immediately flanking the C
terminus of p47P"°* (386-390 aa) and EBP50 PDZ1 residues Leu11-Glu94.
Visual modeling of predicted interaction was generated using PyMOL.

Pressure Myography. Third-order mesenteric arteries were freshly isolated
from WT, EBP50 KO, and Nox1 KO mice, cannulated, pressurized (75 mm Hg),
and contractile responses studied using cumulative concentrations of Angll
(107" M to 1077 M) or phenylephrine (PE; 1072 M to 10~ M). Acetylcholine
(107> M) was used to verify endothelial response, and potassium chloride
(40 mM) to verify vessel contraction. Maximum diameter was measured by
incubating vessels in a Krebs calcium-free, ethylene glycol tetraacetic acid
(EGTA, 1 mM) and sodium nitroprusside (SNP 10 pM) solution. Vessel di-
ameter was quantified using DMT vessel acquisition software and data
expressed as percent of initial diameter.

Statistical Analyses. Data are presented as means + SEM. Data comparisons
were performed with a Student’s t test or a one- or two-way ANOVA followed
by the Bonferroni post hoc analysis. Differences were deemed statistically
significant at a P < 0.05.
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