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ABSTRACT We hypothesized that the maintenance of vascular homeostasis is critically de-
pendent on the expression and reciprocal regulation of caveolin-1 (Cav-1) and endothelial
nitric oxide synthase (eNOS) in endothelial cells (ECs). Skeletal muscle biopsies from subjects
with type 2 diabetes showed 50% less Cav-1 and eNOS than those from lean healthy controls.
The Cav-1:eNOS expression ratio was 200:1 in primary culture human ECs. Cav-1 small inter-
fering RNA (siRNA) reduced eNOS protein and gene expression in association with a twofold
increase in eNOS phosphorylation and nitrate production per molecule of eNOS, which was
reversed in cells overexpressing Adv-Cav-1-GFP. Upon addition of the Ca?* ionophore A23187
to activate eNOS, we observed eNOS Ser1177 phosphorylation, its translocation to B-catenin-
positive cell-cell junctions, and increased colocalization of eNOS and Cav-1 within 5 min. We
also observed Cav-1 S-nitrosylation and destabilization of Cav-1 oligomers in cells treated
with A23187 as well as insulin or albumin, and this could be blocked by L-NAME, PP2, or
eNOS siRNA. Finally, caveola-mediated endocytosis of albumin or insulin was reduced by
Cav-1 or eNOS siRNA, and the effect of Cav-1 siRNA was rescued by Adv-Cav-1-GFP. Thus,
Cav-1 stabilizes eNOS expression and regulates its activity, whereas eNOS-derived NO pro-
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motes caveola-mediated endocytosis.

INTRODUCTION

Nitric oxide (NO) is a highly lipophilic, reactive, diffusible free radical
gas with a short half-life in biological fluids (Thomas et al., 2001;
Dudzinski et al., 2006). NO is generated by three NO synthase (NOS)
isoforms, namely, neuronal NOS (nNOS; encoded by nos1), inducible
NOS (iNOS; encoded by nos2), and endothelial NOS (eNOS; en-
coded by nos3) (Shen et al., 1999; Sears et al., 2003; Qian and Fulton,
2013). In vascular endothelium, eNOS is constitutively expressed and
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the NO produced can react via S-nitrosylation of thiol groups on
nearby proteins, resulting in modulation of cellular processes such as
protein trafficking, redox state, and cell cycle (Iwakiri, 2011). The activ-
ity of eNOS in endothelial cells (ECs) is enhanced by agonists such as
acetylcholine (ACh), bradykinin, and histamine, which increase intra-
cellular calcium (Ca?*), whereas hemodynamic shear stress and hor-
mones such as insulin and plasma albumin increase eNOS-derived
NO production independent of changes in intracellular Ca?* (Maniatis
et al., 2006; Lundberg et al., 2015; Zhao et al., 2015).

Reduced expression and dysregulation of eNOS resulting in de-
creased NO bioavailability (i.e., eNOS uncoupling) is associated
with cardiovascular disease (CVD) (Qian and Fulton, 2013). Endothe-
lial dysfunction, manifested as an attenuation of NO-mediated vaso-
dilation, is associated with several conditions such as obesity, insulin
resistance, and type 2 diabetes mellitus (T2DM) that are strongly
linked to CVD (Frank et al., 2003; Mahmoud et al., 2016). Direct
binding of eNOS to the scaffolding domain of caveolin-1 (Cav-1) is
a well-accepted mechanism for inactivating eNOS (Bernatchez
et al., 2005; Chen et al., 2012), and the absence of Cav-1 is thought
to promote eNOS dysfunction associated with CVD (Ju et al., 1997;
Zhao et al., 2002; Yue et al., 2012; Bakhshi et al., 2013; Mao et al.,
2014; Oliveira et al., 2017).
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Caveolae are 50-100-nm-diameter cell surface plasma mem-
brane invaginations that play key roles in endocytosis, transcytosis,
lipid homeostasis, signal transduction, and mechanoprotection (for
review, see Shvets et al., 2014). Depletion of Cav-1 and resultant
reduction in number of caveolae have recently been linked to a wide
range of human disease states, including cardiovascular and pulmo-
nary disease (Bakhshi et al., 2013; Parton and del Pozo, 2013,
Oliveira et al., 2017). Cav-1 is the most abundant protein associated
with caveolae and is required for caveola formation in nonmuscle
cells (Parton and Simons, 2007; Pavlides et al., 2014). In particular,
Cav-1 is highly expressed in ECs (Frank et al., 2003), and our group
has shown that phosphorylation of Cav-1 Tyr14 by Src kinase is re-
quired for caveola-mediated endocytosis and trafficking (Shajahan
et al., 2004; Hu et al., 2006, 2008; Sun et al., 2009; Sverdlov et al.,
2009; Zimnicka et al., 2016). Cav-1 is a 22-kDa integral membrane
protein that forms homo- and heterooligomers with adjacent Cav-1
and Cav-2 molecules via interaction of adjacent oligomerization/
scaffolding domains (aa 61 or 82-101) and C-terminal Cys156 resi-
dues (Monier et al., 1996; Song et al., 1997; Fernandez et al., 2002;
Bakhshi et al.,, 2013; Cheng and Nichols, 2016; Zimnicka et al.,
2016). In ECs, eNOS localization on caveolae is dependent on irre-
versible posttranslational myristoylation of eNOS N-terminal Cys15
and Cys26 (Robinson and Michel, 1995; Dudzinski et al., 2006).
eNOS associated with caveolae is held inactive by its direct interac-
tion with Cav-1 via caveolin scaffolding domain (CSD)-dependent
binding (Shaul et al., 1996; Bernatchez et al., 2011). Interestingly,
upon stimulation of caveola-mediated endocytosis in microvascular
ECs and mouse lung vessels, eNOS-derived NO production in-
creases in a manner dependent on dynamin-2, Gy, PI3K, and Akt
signaling (Maniatis et al., 2006; Sanchez et al., 2008; Liu et al., 2012).
Similar observations were reported for insulin (Wang et al., 2009).
eNOS-derived NO production increases Src activity and subsequent
phosphorylation of Cav-1 Tyr14, resulting in increased caveola traf-
ficking (Zimnicka et al., 2016). Thus, transient activation of eNOS-
derived NO production and resultant Src signaling are associated
with an increase in caveola-mediated endocytosis and also promote
Cav-1/eNOS binding and inactivation of eNOS (Chen et al., 2012).
Prolonged exposure to NO leads to Cav-1 nitrosation, phosphoryla-
tion, ubiquitination, and degradation (Bakhshi et al., 2013; Mao
et al., 2014), which we hypothesize lead to eNOS hyperactivation
and uncoupling (Bonini et al., 2014).

In this study, we noted reduced Cav-1 and eNOS expression in
skeletal muscle capillary endothelial cells from subjects with T2DM.
We then attempted to understand the mechanistic basis for endo-
thelial dysfunction by characterizing the stoichiometry of Cav-1-de-
pendent regulation of eNOS expression and activity, determined
whether this was dependent on eNOS and/or Src-mediated post-
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FIGURE 1: eNOS and Cav-1 expression level in human biopsies from LHC donors and patients
with T2DM. (A) Skeletal muscle needle biopsies were obtained from LHC donors (n = 10) and
subjects with T2DM (n = 8), homogenized in RIPA buffer, and assessed by Western blotting.

A quantity of 30 pg total protein per sample was loaded per lane and the blots were probed for
eNOS, Cav-1, and actin. (B) Normalized values of eNOS and Cav-1 expression in LHC donors

(set as 1) were reduced by ~50% in patients with T2DM. #, p < 0.01.
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translational modifications to Cav-1, and also assessed whether
eNOS-derived NO regulates critical Cav-1 scaffolding and endocy-
tosis functions in ECs.

RESULTS

eNOS and Cav-1 expression level were determined in skeletal mus-
cle biopsies obtained from subjects with T2DM and lean healthy
controls (LHCs). Western blot analysis of skeletal muscle needle bi-
opsies from subjects with T2DM (n = 8; Figure 1A) showed that
Cav-1 and eNOS protein expression were significantly reduced (on
the average; normalized to actin loading control) by more than 50%
compared with LHCs (n = 10; Figure 1B). Immunohistochemical
staining suggested that Cav-1 and eNOS proteins in fresh-frozen
tissue sections localized, as expected, to endothelial cells in capil-
laries lying between muscle bundles (unpublished data). These re-
sults are consistent with the idea that reduction in Cav-1 expression
and the associated eNOS dysfunction may be critical determinants
of the cardiovascular complications of T2DM (Mahmoud et al.,
2016).

Calcium-ionophore-induced eNOS phosphorylation,
translocation to plasma membrane cell-cell junctions, and
colocalization with Cav-1

eNOS activity is dependent on intracellular calcium. Stimulation of
HUVEC monolayers for 5 min with the Ca?* ionophore A23187 in-
duced eNOS translocation to cell-cell junctions where it colocalized
with B-catenin (yellow, white arrows in Figure 2A) in confocal im-
ages. In addition, pS1177-eNOS similarly appeared at cell-cell junc-
tions in cells treated with A23187 in contrast to untreated cells
(Figure 2B). We further assessed whether activated eNOS colocal-
izes with Cav-1 at cell-cell junctions. Consistent with previous find-
ings (Orlichenko et al., 2009; Sun et al., 2009), Cav-1 colocalized in
part with B-catenin under basal conditions (Figure 2C, top panel),
whereas following stimulation with A23187, we observed increased
eNOS staining at cell-cell junctions, which colocalized with both -
catenin and Cav-1 (Figure 2C). Normalized data showed that the
relative amount of eNOS at junctions increased significantly by 40%
(see region of interest [ROI]) compared with untreated cells (Figure
2D). These data suggest that after stimulation, phospho-eNOS ac-
cumulates at the membrane and cell-cell junctions, where it colocal-
izes with Cav-1.

NO/Src-dependent Cav-1 S-nitrosylation and dissociation

of high-molecular-weight oligomers induced by A23187
Previously, we showed that tumor necrosis factor o (TNF-0) in-
duces NO production and S-nitrosylation of Cav-1 Cys156 in hu-
man lung endothelial cells (Bakhshi et al., 2013). Here, we tested
whether NO generation in HUVEC pro-
motes Cav-1 S-nitrosylation and whether
this is associated with a change in Cav-1
oligomerization or caveolae-mediated en-
docytosis. Indeed, enhanced Cav-1 S-ni-
trosylation (2.4-fold) was observed upon
stimulation with A23187 for 5 min. S-nitro-
sylation of Cav-1 was reduced significantly
by L-NAME (Figure 3A) or when eNOS was
depleted by small interfering RNA (siRNA)
(Supplemental Figure 1), indicating that
Cav-1 S-nitrosylation is eNOS/NO-depen-
dent. Surprisingly, A23187-induced Cav-1
S-nitrosylation was also abolished in cells
pretreated with PP2 (15 pM; Src kinase

H eNOS
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eNOS translocation to cell—cell junctions colocalizes with Cav-1. After stimulation with 5 yM A23187 for 5
min at 37°C, HUVECs were fixed and immunostained. (A) After activation, eNOS (red) translocated to cell-cell junctions
(indicated by white arrow) as shown by B-catenin (green) staining in HUVECs. (B) Phospho-eNOS Ser1177 (green)
colocalized (indicated by white arrow) with B-catenin (red), and (C) total eNOS (red) colocalized with Cav-1 (green) on
cell—cell junctions (purple) after treatment with 5 uM A23187. Confocal images are representative of at least four
independent experiments. DAPI was used to stain the nucleus. Scale bar, 20 um. (D) Normalized fluorescence intensity
in the region of interest (RO, indicated as white box) was obtained using the histogram function of Zeiss Zen Blue
software on the LSM 880 microscope. The fluorescence intensity was set as 1 after A23187 treatment. Values are mean

+ SEM. #, p <0.01 (n=15). NT = no treatment; A23 = A23187.

inhibitor; Figure 3A), suggesting Src-dependent eNOS regulation
upstream of Cav-1 S-nitrosylation.

Caveolin-1, the primary structural protein of caveolae, forms
large homo- and heterooligomeric complexes that promote the
self-assembly of caveolae (Sargiacomo et al., 1995; Scherer et al.,
1997). Cav-1 oligomers are temperature-sensitive high-molecu-
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lar-weight complexes that can be reduced to monomers (22 kDa)
by exposing lysates to higher temperatures (see Western blot,
Supplemental Figure 2). The ratio of Cav-1 monomers to oligo-
mers after incubation at 60°C for 10 min was ~1:1, and thus we
used this condition to assess changes in Cav-1 oligomer stability
in situ.

Molecular Biology of the Cell
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FIGURE 3: NO/Src dependent S-nitrosylation and monomerization of Cav-1. After pretreatment
with 1 mM L-NAME or 15 pM PP2 for 30 min, HUVECs were stimulated for 5 min with 5 yM
A23187 at 37°C. Cells were collected and Cav-1 S-nitrosylation (A) and oligomerization (B) were
assessed as described in Materials and Methods. (A) Cav-1 S-nitrolysation in HUVEC induced by
A23187 was blocked by pretreatment with L-NAME and PP2. Western blots probed with
anti-Cav-1 after (top panel) and before (bottom panel, loading control) Biotin Switch assay. The
ratio of nitrosated to total Cav-1 protein at time O was set as 1. Values are mean £ SEM. #,

p <0.05 (n=5). (B) Inhibition of Cav-1 by L-NAME and PP2 in HUVECs stimulated with A23187.
Western blots were probed with anti-Cav-1 (top panel) and anti-actin (bottom panel).
Normalized ratios are shown in the bottom panel, and the ratio of monomers and oligomers of
Cav-1 at time 0 was set as 1. Values are mean + SEM. *, p < 0.05 (n = 7). (C) Monomerization of
Cav-1 in HUVEC stimulated with A23187 was reduced when eNOS was depleted using 50 nM
eNOS siRNA. The blots were probed for Cav-1 (top panel) and reprobed for eNOS and actin.
The ratio of Cav-1 monomers and oligomers at time 0 (NT) in cells exposed to control siRNA
was set as 1. Values are mean = SEM. *, p <0.01 (n=5).

Phosphorylation of eNOS, Src, and Cav-1 can be induced by
A23187, and Cav-1 phosphorylation is significantly reduced by pre-
treatment with L-NAME or PP2, indicating that Cav-1 Y14 phosphor-
ylation increases following eNOS and Src activation (Chen et al.,
2012). Here, we assessed changes in the Cav-1 oligomer/monomer
ratio under these same conditions. The monomer/oligomer ratio
significantly increased (~2-fold) after treatment with A23187, and
this was completely abolished by pretreatment of cells with either
L-NAME or PP2 (Figure 3B). Neither L-NAME nor PP2 alone had an
effect on Cav-1 oligomerization in serum-deprived cells (Supple-
mental Figure 3), indicating that the effect was stimulation-depen-
dent. Furthermore, Cav-1 monomerization induced by A23187 was
blocked by eNOS siRNA (Figure 3C). When these findings are taken
together, Cav-1 S-nitrosylation is associated with the destabilization
of Cav-1 oligomers in HUVEC via eNOS/NO/Src-dependent
signaling.

cells transfected with Cav-1 siRNA, as ex-
pected. Interestingly, eNOS knockdown
had a similar effect and reduced BSA up-
take by 79% and insulin uptake by 68%
(Figure 4, A-D), indicating that eNOS plays
a significant role in caveola-mediated up-
take in ECs. Infection of ECs with Adv-Cav-
1-GFP after knockdown with Cav-1 siRNA
rescued not only the expression of Cav-1,
but also the expression of eNOS (Figure 4E)
and the uptake of BSA and insulin (Figure 4,
A and B) to levels similar to that observed in
control siRNA-treated cells (Figure 4, A-D).

Signaling pathways associated with
eNOS activation were next assessed in ECs
treated with control versus eNOS-specific
siRNA (Supplemental Figure 4A). ECs were
incubated with 30 mg/ml BSA for times in-
dicated, with and without knockdown of
eNOS by siRNA (Supplemental Figure 4A).
Phosphorylation of eNOS (Ser1177) was el-
evated significantly upon BSA stimulation
(30 mg/ml) and was maximal at 30 min in
control siRNA-treated cells. Interestingly,
the increase in phosphorylation of both AKT
(Serd73) and ERK (T202/Y204) induced by
BSA were also significantly reduced when
eNOS was depleted. Similarly, phosphory-
lation of AKT, ERK, and Cav-1 (pSer473-
AKT, pT202Y204-ERK, and pY14-Cav-1) in
ECs treated with 50 nM insulin was reduced
in  eNOS-depleted ECs (Supplemental
Figure 4B). It is of note that Cav-1 expres-
sion level was not affected by eNOS knock-
down (Figure 4E). Taken together, these ex-
periments suggest that eNOS regulates

Cav-1-dependent uptake of both albumin and insulin, as well as in-
sulin-stimulated downstream AKT and ERK signaling, shown previ-
ously to play a role in NO production associated with caveola-medi-
ated endocytosis of albumin (Maniatis et al., 2006).

Semiquantitative Western blot analysis of eNOS and Cav-1
expression in endothelial cells

To better understand the stoichiometry of Cav-1-dependent regula-
tion of eNOS expression and activity, and vice versa, the relative
expression of both in ECs was determined using Cav-1-YFP, eNOS-
YFP, eNOS, and Cav-1 overexpressed in HEK cells as “internal”
standards (Figure 5). Cell lysates from HUVEC, WT-HEK cells, and
HEK cells transfected with Cav-1-YFP, eNOS-YFP, Cav-1, and eNOS
cDNA were assessed by Western blotting. The blot was first probed
with anti-GFP antibody to quantify YFP-tagged proteins (Figure 5A);
eNOS-YFP and Cav-1-YFP showed similar levels of expression. The

same blot was then stripped and reprobed for Cav-1 (Figure 5B).

eNOS-dependence of endothelial cell albumin

and insulin uptake

We next investigated the effect of NO on albumin and insulin endo-
cytosis in HUVEC (Figure 4). Following treatment with Cav-1, eNOS,
or control siRNA, HUVEC were incubated with Alexa 488-BSA (bo-
vine serum albumin) or -insulin for 30 min at 37°C and then washed
extensively. Internalized fluorescent BSA or insulin appeared as
puncta in cells exposed to control siRNA (Figure 4, A and B), whereas
uptake (puncta) was reduced by 72% for BSA and 74% for insulin in
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Surprisingly, Cav-1 expression in HUVEC was much higher (~2.5-
fold) than in the HEK/Cav-1-YFP expression model, demonstrating
that Cav-1 expression is indeed abundant in ECs. The blot was then
reprobed with anti-eNOS antibody (Figure 5C), and expressed
eNOS levels in the HEK/eNOS-YFP and HEK/eNOS cell lines were
similar. However, this level was much higher than that of the eNOS
observed in HUVEC, which was barely visible (Figure 5C). To further
assess the eNOS expression level, HEK/eNOS cell lysates were
serially diluted to create a standard curve in the Western blots,
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the semiquantitative ratio of Cav-1 to eNOS
expression in HUVEC was ~200:1, which
suggests that in ECs, Cav-1 is 200-fold more
abundant than eNOS, which is even more
than is achieved by overexpression of Cav-
1-YFP in HEK/eNOS cells. The localization
of Cav-1 and eNOS in transfected HEK cells
is shown by confocal imaging in Figure 5F.

siRNA depletion of Cav-1 reduces
eNOS expression level but increases
its activity
Because Cav-1 is highly expressed in ECs
relative to eNOS, and eNOS is known to re-
side in part at the plasma membrane (PM) on
or near caveolae (Liu et al., 1996; Maniatis
et al., 2006), we hypothesized that in addi-
tion to regulating the activity of eNOS in ECs,
Cav-1 may regulate its expression as well.
Following the delivery of increasing
amounts of Cav-1 siRNA for 72 h, Cav-1 pro-

tein level was dose-dependently reduced
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Effect of eNOS on albumin and insulin uptake. HUVECs on glass coverslips were
treated with control siRNA or Cav-1 siRNA (100 nM) with and without rescue by Adv-Cav-1
transfection, or with eNOS siRNA (50 nM), and then exposed to Alexa 488-conjugated BSA
(A) or insulin (B) for 30 min at 37°C, fixed, and prepared for confocal microscopy. Bar, 10 ym.
(C, D) Normalized values of BSA and insulin uptake in HUVEC. The fluorescence intensity of
internalized BSA in cells exposed to control siRNA was set as 1. Values are mean + SEM.

#, p < 0.05 vs. control siRNA (n = 10 from at least three independent experiments). (E) Western
blot shows expression level of eNOS and Cav-1 in HUVECs treated with control siRNA, Cav-1

siRNA with and without rescue by Adv-Cav-1 transfection, or eNOS siRNA. Normalized values
are shown in the bottom panel. The ratio of eNOS or Cav-1 to actin in cells exposed to control

siRNA was set as 1. Values are mean = SEM. *, p < 0.05 (n=4).

which was used to assess eNOS expression in HUVECs (see Supple-
mental Figure 5, A and B, for further details). Final analysis showed
that there was 80-fold more eNOS in HEK/eNOS cells than in HU-
VECs (Supplemental Figure 5C). Finally, the blot was reprobed
for actin (Figure 5D) to normalize each protein band, and eNOS
expressed in HUVEC was set as 1 (Figure 5E). Monomeric Cav-1
expression in HUVEC and HEK/Cav-1-YFP cells was 200-fold and
95-fold greater than that of eNOS in HUVEC, respectively; mono-
meric eNOS in HEK/eNOS-YFP and HEK/eNOS cells was 79- and
80-fold greater than that in HUVEC, respectively (Figure 5E). Thus,

1194 | Z. Chenetal

eNOS activity was also assessed in Cav-
1-depleted ECs (Figure 7). After treatment
with 100 nM Cav-1 siRNA for 72 h, ECs were
stimulated with 5 pM A23187, cell lysates
were collected, and Western blotting was
performed (Figure 7A). Both Cav-1 and
eNOS expression levels declined (Figure 7B);
however, the ratio of p-eNOS to total (t)
eNOS in Cav-1 siRNA-treated ECs was sig-
nificantly increased compared with that in
control siRNA-treated ECs, even at time 0
(Figure 7C). Thus, Cav-1 inhibits eNOS ba-
sally. However, Cav-1-dependent inhibition
of eNOS phosphorylation 3 min after A23187 treatment was eightfold
that at time O (gray bars in the inset of Figure 7C). To further character-
ize this observation, cell supernatants following A23187 treatment
were collected for nitrate (NO,") measurement, and eNOS activity was
calculated per minute relative to total eNOS expression. As expected,
NO,~ production was greater per molecule of eNOS in ECs after
Cav-1 depletion (Figure 7D). Cav-1 inhibition of eNOS activity was
maximal 1 min after A23187 stimulation (inset of Figure 7D). When
these findings are taken together, due to its location on caveolae,
eNOS expression level and activity are tightly regulated by Cav-1.

Molecular Biology of the Cell
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FIGURE 5: Comparison of Cav-1 and eNOS expression in HUVECs. Equal amounts of total lysate from HUVEC:s (fifth
passage), WT-HEK cells, and HEK cells transfected with Cav-1-YFP, eNOS-YFP, and eNOS cDNAs were prepared for
Western blot. The blot was first probed with anti-GFP antibody (A) and then the same blot was stripped and reprobed
for Cav-1 (B), eNOS (C), and finally actin (D). (E) Band intensities were normalized to eNOS in HUVEC. The ratio of
eNOS/actin was set as 1. Values are mean £ SEM. #, p <0.05 (n = 4). (F) Representative confocal images of Cav-1-YFP,
eNOS-YFP, and eNOS cDNAs transfected in HEK cells from at least three independent experiments. Scale bar, 20 ym.

Effect of Cav-1 on eNOS expression and activity in HEK/
eNOS cells

To further assess the role of Cav-1 in the regulation of eNOS, HEK
cells stably expressing eNOS were transfected with different
amounts of Cav-1-GFP cDNA, since HEK cells express very little na-
tive Cav-1 protein. As the amount of transfected Cav-1-GFP in-
creased (Figure 8, A and B), the eNOS expression level initially in-
creased (with 0.2 ug Cav-1-GFP cDNA) and peaked at approximately
twofold (with addition of 0.6 pg Cav-1-GFP cDNA). However, over-
expression of Cav-1-GFP (up to 8.0 ug) reduced eNOS expression
(Figure 8C). Previous reports suggest that GFP-conjugates of pro-
teins, including caveolin-1, may impact oligomerization and expres-
sion (Hayer et al., 2010; Han et al., 2015). To test whether the GFP
tag associated with Cav-1 played a role in modulating eNOS ex-
pression, Myc-tagged Cav-1 was transfected into HEK/eNOS cells
instead of Cav-1-GFP cDNA. As observed in Supplemental Figure 7,
Myc-Cav-1 had the same effect on eNOS expression as GFP-tagged
Cav-1. In parallel with its expression level, eNOS activity displayed a
similar biphasic pattern, first increasing at lower doses of transfected
Cav-1 cDNA (maximum at 0.6 pg) and then decreasing with higher
doses of transfected Cav-1 cDNA (8.0 pg; Figure 8D). These data
suggest that lower levels of Cav-1 stabilize eNOS expression,
whereas higher levels inhibit eNOS expression and activity.

DISCUSSION

In this study, we demonstrate that vascular endothelial cell eNOS
and Cav-1 expression are significantly reduced in subjects with
T2DM. Using in vitro cell culture models, we assessed the molecular
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determinants of reciprocal Cav-1 and eNOS regulatory mechanisms.
The Cav-1 expression level in ECs, determined semiquantitatively
by Western blotting, was shown to be 200-fold greater than that of
eNOS. Depletion of Cav-1 using siRNA reduced the expression of
eNOS protein, which is known to localize to the plasma membrane
(PM) via acylation (Liu et al., 1996; Michel and Michel, 1997; Prabha-
kar et al., 2000) and on caveolae via direct interaction with Cav-1
(Bernatchez et al., 2005; Maniatis et al., 2006), indicating that Cav-1
helps to stabilize eNOS expression. In cells with reduced Cav-1 ex-
pression, eNOS activity per molecule increased, suggesting that
Cav-1 also plays a critical role as a basal inhibitor of eNOS activity,
as reported previously (Bernatchez et al., 2005; Chen et al., 2012).
Overexpression of eNOS in HEK cells (which normally do not ex-
press eNOS), and then transfection with increasing amounts of
Cav-1 cDNA showed that eNOS, through an NO-mediated Src sig-
naling pathway, plays a critical role in promoting Cav-1 functions
such as caveola-mediated endocytosis of albumin and insulin. This
effect of eNOS may be direct, due to S-nitrosylation of Cav-1 Cys156
(Bakhshi et al., 2013), or via NO-mediated Src activation and subse-
quent phosphorylation and destabilization of Cav-1 oligomers
(Chen et al., 2012; Zimnicka et al., 2016). Disruption of this tightly
coupled reciprocal regulatory mechanism via depletion of Cav-1
and/or eNOS may to be linked to vascular complications of disease,
such as diabetic vascular dysfunction (Moroi et al., 1998; Cohen
et al., 2003; Murata et al., 2007; Mahmoud et al., 2016) and insulin
resistance (Wang et al., 2015), pulmonary hypertension (Bakhshi
et al., 2013), nitrate tolerance (Mao et al., 2014), and inflammation-
induced pulmonary vascular remodeling (Oliveira et al., 2017).
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eNOS is reportedly regulated by various proteins in different
subcellular locations; for example, Ca?*/calmodulin-mediated ac-
tivation of eNOS is mainly effective at the PM, whereas AKT-driven
activation of eNOS is most pronounced in the Golgi (Fulton et al.,
2004; Zhang et al., 2006). We show here that eNOS translocates
to the EC plasma membrane, where it colocalizes with the adher-
ens junction protein B-catenin upon stimulation with the Ca?*
ionophore A23187. Consistent with the above findings, phosphor-
ylated eNOS (pSer1177), a positive regulator of eNOS activity
(Fulton et al., 1999; Scotland et al., 2002), also colocalizes with [3-
catenin, indicating that activated eNOS localizes to cell-cell junc-
tions, where it may affect junctional integrity and endothelial bar-
rier function (Govers et al., 2002). Because NO is an extremely
reactive signaling molecule, production needs to be tightly regu-
lated (Drége, 2002; Oritz and Garvin, 2003; Bonini et al., 2014).
Our experiments show that eNOS translocation to the PM and
colocalization with Cav-1 following its activation likely play an im-
portant role in eNOS inactivation, confirming previous observa-
tions (Ju et al., 1997; Michel et al., 1997; Chen et al., 2012; Trane
et al., 2014).
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Previously, we showed by both co-im-
munoprecipitation and Forster resonance
energy transfer (FRET) that pSer1177 eNOS
preferentially interacts with Cav-1 phos-
phorylated on Tyr14 (Chen et al., 2012).
Thus, following eNOS activation, NO-medi-
ated activation of Src kinase and subse-
quent phosphorylation of Cav-1 Tyr14 pro-
mote the rapid inactivation of eNOS at the
PM by direct binding to the exposed caveo-
lin scaffolding domain (CSD). eNOS-deple-
tion in ECs further supports the hypothesis
that eNOS-derived NO promotes a confor-
mational change in Cav-1 that serves as a
negative-feedback regulatory mechanism
to maintain vascular homeostasis.

Cav-1, a membrane-inserted hairpin pro-
tein of 22 kDa molecular weight, forms ho-
mooligomers via interaction of N-terminal
residues 61-101 and C-terminal Cys156
(Song et al., 1997; Bakhshi et al., 2013). We
observed that oligomerization of Cav-1 can
be disrupted in a temperature-dependent
manner (Supplemental Figure 1), enabling
the ratio of Cav-1 monomers/oligomers to
be used as an index of posttranslational
modification. NO produced by eNOS can
react with thiol groups on nearby proteins (S-
nitrosylation) and thereby modulate a variety
of cellular processes such as protein traffick-
ing, redox state, endothelial permeability,
and cell cycle (lwakiri, 2011; Duran et al.,
2013). In HUVEC, A23187-induced Cav-1
Cys156 S-nitrosylation, Cav-1 Tyr14 phos-
phorylation, and destabilization of Cav-1
oligomers could be blocked by either eNOS
or Srcinhibition. Similar results were reported
in human lung microvascular endothelial
cells treated with TNF-o. (Bakhshi et al., 2013)
and albumin (Zimnicka et al., 2016).

Cav-1 Cys156 S-nitrosylation and Tyr14
phosphorylation destabilize Cav-1 oligo-
mers (Bakhshi et al., 2013; Zimnicka et al., 2016); however, the im-
pact of these modifications on the conformation of oligomers and
monomers is not yet clear. Computer modeling of the Cav-1 struc-
ture predicted that when Cav-1 Tyr14 is phosphorylated, there will
be movement of the N-terminal region that may reorient the nearby
Cav-1 scaffolding domain (SCD) to create an interface that favors
interaction with other proteins containing the Cav-1-binding motif
(DXXXXDXXD; Couet et al., 1997). In support of this modeling con-
clusion, we showed that phosphorylated Cav-1 Tyr14 exhibits
greater binding to eNOS (Chen et al., 2012). Potentially, charged
Glu10, Glu20, and Arg19 residues near pTyr14-Cav-1 may repel
other molecules of pY14-Cav-1, resulting in a decrease in the oligo-
merization domain (aa 61-101)- and scaffold domain (aa 82-101)—
dependent binding of Cav-1 to itself (Song et al., 1997; Zimnicka
etal., 2016).

Recently, we observed in HEK293 cells cotransfected with wild-
type, Y14D, or Y14F Cav1-CFP and Cav1-YFP constructs that FRET
efficiency was greater with Y14F pairs than with Y14D pairs, indicat-
ing that pY14-Cav1 regulates the spatial organization of Cav1
molecules within the oligomer (Zimnicka et al., 2016). In addition,

O Cav-1
B eNOS
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albumin-induced Src activation or direct activation of Src using a ra-
pamycin-inducible Src construct (RapR-Src) led to an increase in mo-
nomeric Cav1 in Western blots, as well as a simultaneous increase in
vesicle number and a decrease in FRET intensity. These data indi-
cate that phosphorylation of Cav-1 leads to separation or “spread-
ing” of neighboring negatively charged N-terminal phosphor-tyro-
sine residues (Zimnicka et al., 2016). Furthermore, sustained
phosphorylation of the N-terminus may facilitate Cav-1 ubiquitina-
tion of Lys86 in the scaffolding domain, resulting in Cav-1 degrada-
tion via the proteasome (Bakhshi et al., 2013; Mao et al., 2014).
Cav-1-dependent endocytosis and transcytosis of plasma macro-
molecules such as insulin, oxidized low-density lipoprotein (oxLDL),
and albumin by ECs has been extensively studied (Tiruppathi et al.,
1997; Minshall et al., 2000; Shajahan et al., 2004; Frank et al., 2008;
Wang et al., 2011, 2015; Pavlides et al., 2014, Zimnicka et al., 2016).
Also, while mice that lack Cav-1 are protected from atherosclerosis
(Fernandez-Hernando et al., 2009), they are prone to develop type 2
diabetes (Wang et al., 2011), neuropathology associated with aging
(Head et al., 2010), and capillary rupture in severe hypertension (Ma-
niatis et al., 2008; Cheng et al., 2015). Consistent with previous stud-
ies (Sverdlov et al., 2009; Pavlides et al., 2014; Wang et al., 2015), we
showed that knockdown of Cav-1 in ECs significantly reduced albu-
min and insulin uptake. Interestingly, we also showed that depletion
of eNOS significantly reduced uptake of albumin and insulin, as well
as the phosphorylation AKT Ser473 and ERK T202/Y204, supporting
the concept that caveolae-mediated endocytosis in ECs is mediated
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in part by an eNOS/PI3K/AKT/ERK signaling pathway (Schubert
et al., 2001; Maniatis et al., 2006; Wang et al., 2011).

The ratio of Cav-1 to eNOS protein expression in HUVECs deter-
mined by semiquantitative Western blotting was 200:1, suggesting
that Cav-1 overexpression relative to eNOS may have important im-
plications. eNOS is found associated with the PM through acylation
(Liu et al., 1996; Michel and Michel, 1997; Prabhakar et al., 2000)
and is enriched on caveolae (Maniatis et al., 2006). As shown here,
when Cav-1 is depleted in ECs, eNOS localization in the membrane
is disrupted and its expression is also reduced. The opposite, how-
ever, was not true; eNOS depletion had no effect on Cav-1 expres-
sion. Surprisingly, although the eNOS level was reduced following
Cav-1 knockdown, its phosphorylation and activity per molecule
were increased, indicating that Cav-1 also plays a key role in the
basal inhibition of eNOS activity. Cav-17- mice exhibit pulmonary
and cardiac hypertrophy (Drab et al., 2001; Razani et al., 2001; Zhao
et al., 2002; Maniatis et al., 2008), and eNOS-overexpressing trans-
genic (eNOS-Tg) mice are hypertensive. These data support the no-
tion that excessive endothelium-derived NO or NO, production
when the Cav-1/eNOS ratio is low may impair cardiovascular ho-
meostasis (Mao et al., 2014; Godo et al., 2016; Oliveira et al., 2017).
Thus, an important function of Cav-1 is to maintain normal vessel
function through its ability to modulate NO production under
normal physiological conditions (Jia and Sowers, 2015). When
Cav-1 protein expression is reduced, eNOS becomes hyperphos-
phorylated and hyperactivated, leading to vascular dysfunction, as
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observed in ECs in donor lungs from patients with idiopathic pulmo-
nary arterial hypertension (Bakhshi et al., 2013), T2DM (Mahmoud
et al., 2016), and ARDS (Oliveira et al., 2017).

In conclusion, we have elucidated a heretofore unappreciated re-
ciprocal regulatory relationship between eNOS and Cav-1 in ECs.
On one hand, Cav-1 inhibits eNOS activity through direct binding
(which was known), but we also demonstrated that Cav-1 regulates
eNOS expression level, implicating Cav-1 expression as an important
determinant of endothelial vasodilatory and homeostatic functions
(Frank et al., 2003; Sowa, 2012). On the other hand, eNOS-derived
NO-production and activation of Src kinase induce pY14-Cav-1-de-
pendent endocytosis of albumin and insulin (Maniatis et al., 2006;
Pavlides et al., 2014; Wang et al., 2015), while sustained NO produc-
tion and persistent Cav-1 S-nitrosylation lead to Cav-1 ubiquitination
and degradation (Hayer et al., 2010; Bakhshi et al., 2013). The mole-
cular and structural determinants that dictate how Cav-1 and eNOS
regulate one another’s function in ECs, how vascular dysfunction due
to their depletion contributes to cardiovascular disease (Li et al.,
2006; Pavlides et al., 2014), and finally how to reverse the process to
restore vascular homeostasis await further interrogation and
translation.

MATERIALS AND METHODS

Human subjects

A cross-sectional cohort of human subjects was employed to vali-
date a mechanistic phenotype of vascular disease. Two groups of
participants were recruited, a T2DM group (n = 8; age = 58 £ 4 yr;
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BMI = 34.1 + 2.1 kg/m?) and a LHC group (n=10; age = 27 + 1 yr;
BMI =22.3 + 1.1 kg/m?). The LHC group was selected to represent
a state of optimal health to which the diseased T2DM group could
be compared. Full experimental procedures from larger study co-
horts have been presented previously (Williamson et al., 2015;
Mahmoud et al., 2016; Mey et al., 2018). Briefly, participants were
recruited from the Chicago, IL, metropolitan area, and all subjects
were screened via health history, medical exam, resting EKG, and
fasting blood chemistry in the Clinical Research Centers of the Uni-
versity of lllinois at Chicago. Glucose tolerance was characterized by
a 75 g oral glucose tolerance test (OGTT) following a standard fast-
ing period for all subjects. Individuals were excluded if they used
nicotine, had undergone greater than 2 kg weight change in the past
6 mo, or had evidence of hematological, renal, hepatic, or overt
CVD. LHCs were excluded if results of OGTT indicated impaired
fasting glucose or impaired glucose tolerance. T2DM subjects self-
reported diabetes duration of 4 + 1 yr. On a separate visit and follow-
ing a 12-h fast, skeletal muscle biopsies of the vastus lateralis were
obtained under local anesthetic (lidocaine HCl 1%) using a 5-mm
Bergstrom cannula with suction. Muscle tissue was blotted, trimmed
of adipose and connective tissue if necessary, and immediately (less
than 90 s from extraction) flash frozen in liquid nitrogen and subse-
quently stored at -80°C for future processing and analysis. All stud-
ies were approved by the Institutional Review Boards of the Univer-
sity of lllinois at Chicago and performed in accordance with the
Declaration of Helsinki. Written informed consent was obtained
from all research participants during the initial screening visit.
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Cell culture and transfection

HUVECs and growth medium (EGM-2 plus Bullet kit) were from
Lonza. HEK293 cells were from the American Type Culture Collection
(ATCC). DMEM (for HEK293 cells) was from Invitrogen. Fetal bovine
serum (FBS) was from Serum Source International. Geneticin was
purchased from Invitrogen.

HUVECs were cultured in EGM-2 (Lonza) supplemented with
10% (vol/vol) FBS, split 1:4 upon reaching confluence, and used at
passage 5. For immunofluorescence microscopy, cells were grown
on gelatin-coated glass coverslips. HEK293 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin/streptomy-
cin. cDNAs of Cav-1 or eNOS constructs as described previously
(Chen et al., 2012) were transfected in HEK293 cells with Lipo-
fectamine 2000 according to the manufacturer’s instructions. Stable
cell lines were obtained by single-cell sorting onto a 96-well plate.
Cells with fluorescent tags were verified by fluorescence microscopy
and immunoblot analysis.

Reagents

PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo [3, 4-d] pyrimi-
dine), the calcium ionophore A23187, and NC-nitro-L-arginine methyl
ester (L-NAME) were from Sigma. n-Octyl-B-p-glucopyranoside
(ODG) was from RPI Corp. An S-nitrosylated protein detection kit was
from Cayman Chemical. siRNAs for eNOS and transfection reagent
DharmaFect 1 were from Dharmacon. Control siRNA and two Cav-1
siRNAs were purchased from Santa Cruz Biotechnologies. The se-
quence of the first (#1) Cav-1 siRNA was sensee 5-AACCAGAAGGGA-
CACACAG-3’" and antisense 5-CUGUGUGUCCCUUCUG-GUU-3,
and the second (#2) was a pool of three different siRNA duplexes (A:
sense: 5-GUUCCAAGUUGCUAAUACALt-3’, antisense: 5-UGUAU-
UAGCAACUUGGAACtt3'; B: sense: 5-CUUCUCAUGAUCCAACU-
AAtt-3’, antisense: 5-UUAGUUGGAUCAUGAGA-AGtt-3; C: sense:
5-CAUGUCUGUUCUACAUAGALt-3’, antisense: 5-UCUAUGUAGA-
ACAGACAUGtt-3"). Adenovirus (Ad) Cav-1-GFP and control Ad-GFP
were kindly provided by Hemal Patel, University of California, San
Diego. Dynabeads M-280 streptavidin, 4’,6-diamidino-2-phenylin-
dole (DAPI), Lipofectamine 2000, mammalian expression vectors
pcDNA3 and pcDNAS, Alexa 488-conjugated bovine serum albumin
(BSA), and all fluorescently labeled secondary antibodies were pur-
chased from Invitrogen. Alexa fluor 488 labeled insulin was from
NANOCS. Vectors for YFP were obtained from Clonetech. Mouse
anti-eNOS, rabbit anti-caveolin-1, mouse anti-pY14-Cav-1, rabbit
and mouse immunoglobulin G, and mouse anti-actin were from BD
Biosciences. Rabbit anti-phospho-eNOS (pSer1177), rabbit anti-
phospho-AKT (pSerd73), rabbit anti-phospho-ERK, rabbit anti-AKT,
rabbit anti-phospho-ERK (pT202/Y204), and rabbit anti-ERK antibod-
ies were from Cell Signaling Technology. Rabbit anti-Myc antibody
was from Abcam. Goat anti-B-catenin antibody is from MyBiosources.
Nitrocellulose membrane was from Bio-Rad Laboratories. The Super-
Signal West Femto Kit and Restore Western Stripping buffer were
from Pierce.

Construction of Cav-1 and eNOS plasmids

Cav-1 and eNOS plasmid constructs with and without fluorescent tags
were as described previously (Chen et al., 2012; Zimnicka et al., 2016).
Human caveolin-1 WT cDNA in pcDNA 3.1 (Minshall et al., 2000) was
subcloned into pcDNA6 containing 6 Myc and histidine tags.

Immunohistochemistry and confocal microscope

Confluent monolayers of cells grown on coverslips were serum-
starved, treated with reagents, and fixed for 20 min at room tem-
perature with 4% paraformaldehyde in PBS containing 0.12 M
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sucrose as described previously (Chen et al., 2006). Briefly, the fixed
cells were blocked by incubation for 1 h with 5% normal goat serum
in PBS containing 0.2% BSA and 0.1% Triton X-100 at room tem-
perature, and then the cells were incubated at 4°C overnight with
primary antibody. Next, the cells were incubated for 1 h at room
temperature with secondary antibody (Alexa 568, Alex 488, or Alexa
647 conjugates) in PBS containing 2% normal goat or donkey se-
rum, 1% BSA, and 0.1% Triton X-100. The cells were further stained
with DAPI in PBS for 20 min at room temperature. Finally, the cover-
slips were mounted on glass slides. Fluorescent images were ob-
tained using a Zeiss LSM 880 confocal microscope.

Biotin switch assay: S-nitrosylation of Cav-1

S-nitrosylation of Cav-1 was detected by the biotin switch method
as described previously (Jaffrey and Snyder, 2001; Bakhshi et al.,
2013). Briefly, after serum starvation for 3-5 h, endothelial cells were
treated with 5 pM A23187 (with or without 30 min pretreatment with
1 mM L-NAME or 15 pM PP2) for 5 min. The cells were then col-
lected and cell lysates were immunoprecipitated with streptavidin-
conjugated antibodies and pulled down with streptavidin beads.
Biotinylated Cav-1 was resolved by SDS-PAGE. The same samples
prior to immunoprecipitation were used as loading controls.

Western blotting and Cav-1 oligomerization

After treatment with different reagents, cells were lysed by sonica-
tion in 2% ODG in Tris buffer (pH 7.50, 50 mM Tris, 150 mM NaCl, 1
mM NaF, 1 mM EDTA, 1 mM Na3VOy, 44 pg/ml phenylmethylsulfo-
nyl fluoride [PMSF], 1% protease inhibitor cocktail). The lysates were
centrifuged for 20 min at 16,000 x g at 4°C. The supernatants were
collected for Western blotting.

For Cav-1 oligomerization, confluent HUVECs were serum
starved for 3-4 h and then treated for indicated times. Loading buf-
fer and DTT were added to the same amount of sample and incu-
bated for 10 min at 60°C. Finally, the samples were run on 8-12%
gradient SDS-PAGE gels for Western blot analysis.

siRNA-mediated Cav-1 and eNOS Depletion

HUVECs were cultured to ~80% confluence and transfected with
eNOS (50 nM), Cav-1 (100 nM), or scrambled siRNA (100 nM). After
24 h, cells were transferred to glass coverslips and cultured for an-
other 2 d for confocal immunostaining slides, or to six-well plates for
Western blotting experiments.

Ad-Cav-1 transfection in endothelial cells

Rescue of Cav-1 expression was tested, and the best time was
shown to be 24 h after transfection with Ad-Cav-1 compared with
control Ad-GFP (unpublished data) as described previously (Li et al.,
2003). Briefly, medium containing Ad-Cav-1 was added to ECs 48 h
after transfection with siRNA, and the cells were cultured for another
24 h prior to experiments.

Fluorescently labeled albumin and insulin uptake in
endothelial cells

For BSA and insulin uptake experiments, confluent HUVECs were
grown on gelatin-coated glass coverslips as described previously
(Sverdlov et al., 2009; Wang et al., 2011). Briefly, ECs were starved
for 5 h in basal EBM2 and incubated with 10 pg/ml Alexa 488-
conjugated BSA in basal media containing 0.1 mg/ml unlabeled
BSA or 50 nM Alexa 488-labeled insulin for 30 min at 37°C. Cells
were washed with acid wash buffer, pH 2.5, and then with Hank’s
balanced salt solution (HBSS) to remove surface-bound BSA or
insulin, fixed with 4% paraformaldehyde, and stained with the
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nuclear marker DAPI (1 pg/ml). For quantification of uptake in
siRNA-transfected cells, at least 10 images of equal area were ac-
quired, and each experiment was repeated three times. The up-
take percentage was assessed from thresholded images using the
ImageJ Particle Analysis module.

Phosphoryation of eNOS (Ser1177), Cav-1 (Tyr14), AKT
(Serd73), and ERK (T202/Y204)

After overnight serum deprivation in culture medium containing
0.5% FBS or 0.1% FBS for ~5-7 h, agonists were added to cells and
incubated for indicated times at 37°C. Inhibitors were added 30 min
prior to stimulation. Cells were collected and lysed for Western blot-
ting. After being probed for phosphoryated eNOS (pSer1177),
Cav-1 (pTyr14), AKT (pSer473), and ERK (pT202/Y204), the same
blots were stripped and reprobed for total eNOS, Cav-1, AKT, and
ERK proteins, and actin was probed as a loading control.

Chemiluminescence-based NO measurements

Briefly, HUVECs or HEK293-transfected cells were washed twice
with HBSS and incubated with HBSS-Arg (HBSS plus 0.2-0.5 mM
t-arginine) for 30 min at 37°C. The cells were then treated with ago-
nists for up to 30 min in HBSS-Arg. NO concentration in the culture
media was assessed by measuring NO, accumulation as described
(Bonini et al., 2002; Chen et al., 2012) using a Sievers NO analyzer
(Sievers Instruments). NO release from transfected HEK293 cells
was assessed from the NO,™ level in the media (Bernatchez et al.,
2005) and reported as pmol NO,/min per 10¢ cells.

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was per-
formed by Student's t test or one-way analysis of variance using
GraphPad InStat software).
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