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the protein: protein interactions that coordinate the activation of other Nox isoforms [4].
Instead, the primary driving force for Nox5 activity is calcium [5]. While calcium is
absolutely required for Nox5 activity, discrepancies between the ~mount of calcium
needed to initiate ROS production versus that measured inside cells has led to the
discovery by our laboratory and others that the calcium sensitivity of Nox5 can be
modified by the specific phosphorylation of serine/threonine residues in response to the
protein kinase C (PKC)-agonist, PMA resulting in a sustained activation of Nox5 at
resting levels of calcium [6, 7]. However, the specific kinase(s) mediating the
phosphorylation and activation of Nox5 are not known and their identification was the
goal of our study. Using pharmacological inhibitors, dominant negative mutants and
knockdown of endogenous genes (MEKl, MEK2 and CAMKIIa) using siRNA approach,
we demonstrated that MEKl/2-ERKl/2 and CAMKIIa signaling pathways can positively
regulate Nox5 activity by inducing the specific phosphorylation of S498 and S475,
respectively.
While much attention has been given to the mechanisms that positively regulate
Nox activity, little is known about mechanisms that suppress Nox function. Cellular
stress arising from changes in osmotic pressure, heat, cold etc are potent stimuli for
protein SUMOylation. Importantly, oxidative stress arising from increased ROS is one of
the best recognized stimuli for regulating protein SUMOylation [8, 9]. Hence, we
investigated whether SUMO could influence· the activity of Nox and thus limit the
damaging effects of these molecules. We found that SUMO-1 and the SUMO-specific
conjugating enzyme, UBC-9 potently suppressed the activity of Nox5 as well as other
Nox isoforms (Noxl, 2, 3 and 4). We also found that co-expression of SUMO-1 does not
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result in the SUMOylation ofNox5 and that mutation of predicted sites of SUMOylation
and conserved lysines on Nox5 failed to prevent the SUMO-I driven inhibition of ROS
production.
In summary, we have identified the expression ofNox5 and more specifically the
and

p splice variants

and

p are the

in human blood vessels and tissues. Our data suggest that Nox5 a

only variants capable of producing ROS in human blood vessels, but also

that the inactive variants can function as dominant negatives. Additionally, we have
shown that MAPK and CAMKIIa signaling pathways positively regulate Nox5 activity
via changes in phosphorylation whereas SUMO- I negatively regulates activity through a
yet to be defined mechanism.
INDEX WORDS: Nox5, siRNA, SUMO, MAPK, ERK, MEK and CAMKIIa
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INTRODUCTION
A. Statement of Problem
Accumulating evidence suggest that aberrant levels of reactive oxygen species (ROS)
plays a major role in the initiation and progression of the cardiovascular dysfunction
associated

with

diseases

such

as

diabetes,

hypertension,

hyperlipidemia and

atherosclerosis [1]. The preeminent ROS in the vasculature is the superoxide anion (02 -).
Several enzymatic sources of 0 2 ·- have been identified. Included in this list are xanthine
oxidase, uncoupled nitric oxide synthases (NOS), mitochondria, cyclooxygenase (COX)
and NADPH oxidases which produce superoxide under different conditions [2, 1O].
NADPH oxidases (Nox) family of enzymes have been shown to be present in all
three layers of blood vessels and are major sources of O/ [1 O]. The high concentrations
of ROS that are produced can directly modify vascular tone, promote inflammation, alter
intracellular signaling and are potent inhibitors of nitric oxide synthesis and action.
Additionally, the ability of physiological agonists such as Angiotensin II (Angil) and
Endothelin-1 (ET-1) to increase Nox-derived superoxide demonstrates the importance of
Nox in vascular function [11]. In human and experimental models of hypertension,
including spontaneously hypertensive rats (SHR), an increase in the production of Noxderived superoxide has been observed [12-14]. Furthermore, vascular overexpression of
Nox increases, and genetic deletion ofNox reduces, the severity of hypertension [15, 16].
The Nox family consists of seven members. Noxl-5 and Duox 1 and 2 [2]. Within blood
vessels, Noxl, Nox2, Nox4 and Nox5 are expressed in smooth muscle cells while Nox2,
Nox4 and Nox5 are the major isoforms present in the endothelium [2, 17].
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Even though it has been more than a decade since the last of the Nox isoforms,
N ox5 was discovered, very little is known regarding its functional_ significance and
molecular regulation as compared to other Nox isoforms. This is primarily because Nox5
is present in the genomes of human and other species, but has been lost from rodent
genomes (mice and rats), which have become our primary models for experimentation.
Therefore our first goal was to determine whether N ox5 which exists as 5 known splice
variants, a,

B, 8, y and the truncated variant, Nox5

Short (e) [18] are expressed in human

blood vessels. We investigated whether Nox5 and its splice variants are expressed in
human aortic enothelial cells (HAEC), Human Aortic Smooth Muscle Cells (HASMC),
fibroblasts, human sapheous vein, mammary artery and aorta using RT-PCR. There is
also a significant controversy over whether some or all of the splice variants of Nox5 are
active and produce ROS. Specifically, some reports have shown that Nox5-Short (e),
which lacks the calcium binding EF hands, is active and contributes to Barrett's
esophageal adenocarcinoma [19, 20] whereas other groups have postulated that

it is

inactive [21]. However, to date nobody has expressed the various Nox5 splice variants in
cells and evaluated if they produce ROS. Furthermore, the role of Nox5-derived
superoxide in various intracellular signaling pathways such ERK.1/2, AKT, JNK etc that
are important for vascular function and modified by cardiovascular disease is not yet
known.
In comparison to the other Nox isoforms, the mechanisms controlling the activity
of N ox5 are unique in that they are independent of protein: protein interactions that
normally coordinate the activity of other Nox isoforms [4]. Instead, the primary driving
force for Nox5 activity is calcium [5]. The amino terminus of Nox5 encodes four EF-
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hands that bind calcium and elevated levels of calcium triggers a conformational change
in the enzyme which facilitates electron flow and 0 2 ·- production [5]. The activity of
Nox5 is entirely dependent on calcium and in a cell free system, the addition of cytosolic
subunits does not influence the capacity of Nox5 to produce superoxide [5]. However, a
major limitation to this mode of activation is that the calcium-concentration required for
activation is relatively high (> 1µM) suggesting that Nox5 is unlikely to be fully active in
response to physiological levels of calcium. In a previous study from our laboratory we
reported that the protein kinase C (PKC)-agonist PMA could induce a sustained
activation of N ox5 that was independent of calcium-changes [6, 7]. COS-7 cells
expressing N ox5 release ROS in a slow and sustained manner when stimulated with the
PMA, which contrasts the acute activation seen with calcium-mobilization in response to
ionomycin [6, 7]. This apparent calcium-independent activation was found to be
mediated by the PKC-dependent phosphorylation of specific Thr494 and Ser498 residues on
N ox5 which increases the calcium-sensitivity of the enzyme and enables enzyme
activation at resting levels of calcium [6, 7]. However the kinase (s) that mediates direct
phosphorylation of Nox5 are not yet known and the identification of specific kinases
controlling the activity ofNox5-was one of the goals of our study.
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B. Review of Related Literature
1. Reactive Oxygen Species (ROS)
Reactive oxygen species (ROS) are important contributors to cellular physiology
and participate in intracellular signaling, proliferation, migration and vascular reactivity
[22-25]. Because of their inherent reactivity, ROS production is tightly regulated to
provide the appropriate amount at the right time and place.

In response to physiological

stimuli, ROS are important in the regulation of many cellular activities such as host
defense, cell signaling, smooth muscle contraction, differentiation and the formation of
otoconia [l, 26]. In contrast, the aberrant production of ROS, including O/ and H202, is
commonly observed in diseases such as cancer, inflammation, atherosclerosis,
hypertension and diabetes and occurs alongside disturbances in cell and organ function
[1, 16, 27-30]. 0 2·- which is a negatively charged ion is rapidly dismutated to freely
diffusible gas, H2O2 by superoxide dismutase (SOD). There are 3 SOD isoforms
characterized in mammals: copper zinc SOD (SODl), mitochondrial SOD (SOD2) and
extracellular SOD (SOD3). It is still unclear how negatively charged superoxide ion
crosses hydrophobic bilipid membranes. Some of the potential mechanisms reported so
far by which O/ cross the membrane are due to pH [31 ], via chloride channels [32] and
via endosomes [33]. The conversion of O/ into H20 2 could be the one of the important
mechanisms by which ROS propagates its signaling. In addition to differences in
chemical properties, the existence of specific intracellular pools of H202 and 0 2·- suggest
that they may influence

diverse pathways of cellular signaling [34]. Strategies to

suppress ROS levels using antioxidants have proven largely ineffective in the treatment
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of cancer and heart disease and selective blockade of pathological or excessive ROS
production, without targeting all ROS, may be a more effective approach.
ROS can alter the balance of signaling pathways by inactivating protein
phosphatases [35], modifying protein structure and activity [36] and by reacting avidly
with nitric oxide to reduce its biological effects Thus, the signaling mechanisms that
coordinate the appropriate production of ROS at the right time and location are very
important in our understanding of the mechanisms underlying the control of ROS
production in physiological and pathophysiological states.

2. NADPH oxidases (Nox)
NADPH oxidases (Noxes) are major sources of reactive oxygen species (ROS)
including 02·- and H202 in different types of cells [3, 10, 37]. Nox enzymes can be
functionally divided into an N-terminal transmembrane domain that spans the membrane
6 times and supports two heme residues and a C-terminal reductase domain that binds
FAD and NADPH [2]. In humans, there are seven homologs of the prototypic gp9lphox
(phagocytic oxidase) designated as Noxl-5 and Duox 1 and 2 [2] and all of these have
been identified in non-phagocytic cells [2]. Nox2 is the best characterized of the Nox
family. It is predominantly expressed in phagocytes such as macrophages and neutrophils
[38], and its activity can be regulated by the interactions between the membrane bound
subunit p22phox and several cytoplasmic subunits including p4 7phox, p40phox, p67phox
and the small G-proteins, Rae and Rapla. The production of ROS is initiated by the
phosphorylation of p47phox and subsequent translocation of cytosolic subunits [2, 39].
The mechanism for the activation of N ox 1 and 3 are analogous and involve both
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phosphorylation-dependent events and changes in protein: protein interactions [40-43].
However, unlike Noxl-3, both Nox4 and Nox5 do not require cytosolic subunits for their
activation. Nox4 has been shown to constitutively produce H202 instead of O/ [4] and it
is found bound to the integral membrane protein p22phox [4]. In contrast, Nox5 does not
bind p22phox or other Nox organizers or activators and is primarily regulated by calcium
[5, 18].

3. Subcellular location of NADPH oxidases in vascular tissues
Nox2 or gp91phox is predominantly expressed in cells of the immune system including
neutrophils and macrophages [44]. Mutations in the N ox2 gene in mice and humans have
been shown to impair immune responses [45]. In addition, Nox2 is also found expressed
in non-phagocytic vascular cells such as endothelial cells (ECs) and smooth muscle cells
(SMCs) [46] . Endothelial cells primarily express Nox2 and Nox4 [47]

and changes in

the expression and/or activity of these enzymes have been reported in conditions
associated with endothelial dysfunction [48], diabetes [49, 50], hypertension, in response
to Ang II [51] and increased cellular proliferation [52]. In contrast, VSMCs express
primarily Noxl and to a lesser extent Nox2 and Nox4 [53]. The presence of these
enzymes has been proposed to contribute to vascular smooth muscle proliferation,
hypertrophy [54, 55] and elevated blood pressure [2, 15]. VSMCs from large arteries
predominantly express Noxl and Nox4, while the prototypical Nox2 is absent [4, 56].
Noxl and Nox4 can also be located within different subcellular compartments. Noxl was
found to be localized in caveolae while Nox4 can be detected within focal adhesions, and
each is proposed to differentially regulate cellular function [34]. For instance, Noxl has
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been shown to mediate growth of VSMC while Nox4 is shown to be involved in VSMCs
differentiation [23, 57].
Table L Tissue distribution ofNADPH oxidases isoforms.

Noxl

Colon, SMCs, ECs, Uterus, Placenta, prostate, osteolclasts, retinal pericytes

Nox2

Phagocytes, neurons, cardiomyocytes, skeletal muscles, ECs, SMCs

Nox3

Inner ear, fetal kidney, fetal spleen

Nox4

Kidney, blood vessels, ECs, VSMCs, fibroblasts

Nox5

Lymphoid tissue, testis, ECs, VSMCs, ovary, uterus

Duoxl

Thyroid, airway epithelia, testis, cerebellum

Duox2

Thyroid, salivary and rectal glands

4. Regulation of NADPH oxidases
Several studies have demonstrated that increased production of ROS in
human blood vessels is associated with endothelial dysfunction that is characterized by
impaired NO bioavailabilty. In the presence of excessive

o/ levels, NO is converted into

peroxynitrite (ONOO-) which uncouples eNOS via oxidation of one of its cofactors,
tetrahydrobiopterin (BH4) [58]. A consequence of this is that uncoupled eNOS will
produce superoxide instead of NO, leading to even greater ONOO- production. The final
outcome of this vicious cycle is endothelial dysfunction, an initiating event to more
severe cardiovascular disease. While high concentrations of ROS have been shown to
negatively impact eNOS activity directly, our laboratory found that paradoxically
increased expression of Nox5 and increased ROS formation lead to activation of eNOS
by promoting Hsp90 binding [58].

Nox enzymes have been found to be a major source
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of ROS in human veins, while xanthine oxidase has been shown to be a major source in
human arteries in addition to the Nox enzymes [59]. Clinical risk factors such as
hypercholesterolemia and diabetes are associated with increased N ox activity in human
saphenous veins [60]. HMG CoA reductase inhibitors statins, Angiotensin Converting
Enzyme (ACE) inhibitors and Ang II receptor blockers (ARB) have all been shown to
inhibit Nox derived ROS and improve endothelial function.

5. NADPH oxidase 5 (Nox5)
Nox5 was originally described in testes, spleen and lymph nodes [5]. However, "it
has subsequently been found to be expressed in other tissues including blood vessels and
VSMCs [11, 61, 62] where it has been shown to promote the proliferation ofVSMCs [11,
62]. The expression and activity ofNox5 has also been shown to be dramatically elevated
in segments of human coronary artery afflicted by atherosclerosis [61]. Compared to
other N ox isoforms, considerably less is known about the molecular regulation of N ox5
[63]. The basic transmembrane structure of N ox5 is similar to that described for the other
Nox isoforms, but what distinguishes Nox5 is a unique amino terminus that encodes four
calcium-binding EF-hands [2, 5] as shown in Figure 1.
Elevation of intracellular calcium levels is sensed by the EF-hands, which then
triggers an intramolecular conformational change in Nox5 that facilitates electron flow
and 02·- production. The N-terminus and C-terminus of Nox5 consists of polybasic
regions, PBR-N and PBR-C, which consist of basic amino acids such as lysine, histidine
and arginine. The PBR-N region has been shown to bind to phosphatidylinositol 4,5bisphosphate, a major phosphoinositide in the plasma membrane which causes Nox5 to
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translocate from internal membrane structures to the plasma membrane which enhances
superoxide release to extracellular space. Mutation of PBR-C which is situated between
two predicted NADPH binding sites results in a decreased catalytic activity of Nox5 but
does not affect its localization [64].

15

®0lMJ.t~>JX9ft,,'f•)J%?~::®@O®@(~_\i}(ii'{!l,,
PBR-C

/3

/ .......................~"

e,)'~\@@@@1)'.if,t(.9(,;,,:I(>l'Xt@W:@:!!)@;(~j!'~('i,(?:(tlf3
'"ci\
i NAPDH)

~1~fXfX:¼)~XlXf.Y.!X~X~X'§1.EXt')@®i;~X.lX§;91')'.l!)(~:(fl;~'X~)b'B:CEYi~

,r~

!\':®@J9:~X~XA~X:J,,
DH

./~~

,

1')~@@'..®@@@@ftJJ.'i,,
\.

NAPDH

)

Figure1. Predicted transmembrane topology and function al motifs of Nox5.
Nox5 is a membrane bound protein that spans the membrane six times. The amino terminus
encodes four calcium-binding EF hands. Nox5 also contain two centrally coordinated nonidentical heme residues and C-terminal regions with FAD and NADPH binding domains,
phosphorylation sites Thr494 and Ser 498 and a calmodulin (CAM) binding site. Both N- and Cterminal regions contain polybasic regions.

In humans, the gene encoding N ox5 is located in chromosome 15 and comprises
at least 18 exons. To date, there are five known splice variants of Nox5-Nox5a, ~' 8, y,
and a truncated variant (Nox5-Short, -S or €). The genomic representation of the Nox5
splice variants are shown in Figure 2. All five Nox5 splice variants have been shown to
be expressed in ECs and VSMCs in a different proportion with Nox5a and

~

being the
16

most abundant ones [65]. However, the functional significance of vascular Nox5 and its
splice variants are poorly understood although they have been implicated in both ECs
[65] and platelet derived growth factor (PDGF) induced SMCs proliferation, and
angiogenesis [62].
Several physiological agonists have been shown to regulate the activity of
vascular Nox5. Thrombin, PDGF and ionomycin have been shown to activate Nox5 via
PKC and cAMP response element binding (CREB) [7, 62, 65, 66]. In addition, Angll and
ET-I have recently been shown to regulate Nox5 through Ca2+ and calmodulin-depe·ndent
and Rael-independent pathways [11].
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NoxSa (737aa)

NoxS~ (719aa)
Nox58 (747aa)
Nox5y (765aa)
Exon3-Exon4Exon5

NoxSs ( 565aa)
Exon6

Exons 7-18

Figure 2. Genomic representation o(Nox5 splice variants.
The N ox5 gene is located on chromosome 15 and is comprised of at least 18 exons. There
are five known splice variants of Nox5, including Nox5a, ~' "{, 8 and a truncated variant
(Nox5-S or E).
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6. Molecular Regulation of NADPH oxidase 5 (Nox5).
Except for Nox5-S, the functional significance of the Nox5 splice variants and
importantly, whether they are even active has not been rigorously addressed. There is
significant controversy over whether Nox5-S, which lacks EF hands, can even produce
superoxide. Some groups have shown Nox5-S to be basally active despite the loss of EF
hands and to contribute to esophageal adeno carcinoma [5, 19] while others have claimed
that it is inactive [5]. The calcium-dependent regulation of Nox5 may outwardly appear
simple and secondary to intracellular calcium levels. However, recent published studies
have shown that N ox5 regulation is not as simple as we thought. The calcium
concentration required for Nox5 activity in a cell free activity assay is quite high (EC50
is ~lµM) and is unlikely to be routinely achieved inside cells [5]. While calcium is
absolutely required for Nox5 activity, discrepancies between the amount of calcium
needed to initiate ROS production versus that measured inside cells has led to the
discovery by our laboratory and others that the calcium sensitivity of Nox5 can be
modified by the specific phosphorylation of serine/threonine residues [6] as shown in
Table II.
Table II. Nox5 phosphorylation sites.

Phosphorylation Sites

Effect on Activity

S490

Increase

T494

Increase

S498

Increase
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The activator of protein kinase C (PKC), phorbol-12-myristate-13-acetate
(PMA), elicits a robust slow and sustained production of superoxide from Nox5 without
modifying cellular calcium levels. This is achieved via the increased calcium-sensitivity
of Nox5 via the increased phosphorylation of T494 and Ser498 [6].

Calmodulin has

also been shown to promote greater Nox5 activity at lower levels of calcium [67, 68].
However, the terminal kinase(s) that regulate Nox5 activity are unknown and may or may
not necessarily be limited to PKC isoforms.
While PMA is widely considered to selectively and perhaps exclusively, activate
PKC isoforms, an important but under appreciated ability of PKC is its ability to further
activate members of the Mitogen Activated Kinases (MAPK) family such as ERKl/2 [69,
70]. MAP kinases are Ser/Thr kinases that are comprised of three major groups, the
Extracellular Related Kinase 1 and 2 (ERKl/2), the C-jun terminal kinase (JNK), and p38
MAPK [71]. The prototypical MAP Kinase pathway is the ERKl/2 (p44/42) pathway,
which is primarily activated by the GTPase Ras via a series of MAP kinase kinases that
includes Raf - MEKl/2 - ERKl/2 [71]. MAP kinase pathways have been shown to play
important roles in intracellular signaling in response to or downstream of Nox-derived
ROS. For example, in VSMCs and cardiac myocytes, ROS derived from the Ang IIstimulation of N ox isoforms promotes increased contraction [72, 73] and in endothelial
cells, ROS-induced activation of MAPK promotes dysfunction [74]. Interestingly,
activation of both the ERKl/2 signaling pathway and Nox5 [62] have been reported to
promote cellular proliferation. Despite this close relationship between ROS and MAPK,
the ability of MAPK pathways to regulate ROS output via a direct effect on N ox enzymes
or influence Nox5 activity has not yet been reported.
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The elevation of intracellular calcium influences a multitude of cellular functions
[75] and some of these effects are mediated by the activation of the multifunctional
calcium/calmodulin dependent protein kinases (CAMKs), a family of serine/threonine
kinases that includes CAMKII [76, 77]. CAMKII is activated by increased cytosolic
calcium which promotes calmodulin binding and autophosphorylation of T287 [78]. A
substantial number of studies have identified a close relationship between CAMKII
signaling, ROS production and vascular function. Elevated ROS have been reported to
render CAMKII constitutively active via oxidation of specific methionine residues [79].
In human macrophages which express predominantly N ox2, zymosan induced ROS
production is mediated by CAMKII signaling pathways. (25). CAMKII has also been
shown to be a mediator of redox-sensitive gene regulation in endothelium [80].
Intriguingly, H2 02 has been shown to positively regulate Nox5 activity via Ca+2 mediated,
redox-dependent signaling pathway [81].However, the ability of calcium-dependent
kinases to regulate Nox5 activity is not yet known. Previous studies failed to observe an
effect of a putative CAMKII inhibitor in response to PMA [7], but did not evaluate
whether CAMKII was important following calcium-mobilization.
In addition to phosphorylation, control over protein function in eukaryotes can be
achieved via covalent post-translational modifications such as methylation, acetylation
and ubiquitylation. The Small Ubiquitin-related MOdifier (SUMO) family of proteins is a
recently discovered post translational modification [82]. There are four isoforms of
SUMO encoded by the human genome (SUMOl-4) and SUMO proteins are distantly
related to ubiquitin (20%). The attachment ·of SUMO to target proteins occurs in a
manner analogous to ubiquitylation but utilizes distinct enzymes including the

21

conjugating enzyme UBC-9 which provides substrate specificity [83]. SUMO
modification occurs on specific regions of proteins and this can be predicted by a
consensus motif, wKxE, where 'I' is a large hydrophobic residue, K the SUMO acceptor
and x is any residue. However, there have also been reports showing that SUMO
modification can occur at non-consensus sites [84]. In contrast to ubiquitylation, SUMO
modification does not commit· modified proteins for degradation. Instead SUMOylation
alters protein function and has been shown to modify DNA transcription, intracellular
localization, protein: protein interactions and intracellular signaling of numerous
substrates [85, 86].
Recent studies have revealed a close relationship between SUMOylation and
ROS.

Cellular stresses such as heat, cold, osmotic and high oxidative stress (H20 2) have

been shown to enhance protein SUMOylation [8, 9]. Increased H202 levels in diabetes has
been shown to increase the SUMOylation of ERK5 and promote endothelial dysfunction
[87] and.the ability of ROS to influence protein SUMOylation is concentration-dependent
[88]. SUMO provides protection against cellular stress including oxidative stress and loss
of SUMO-specific enzymes reduces cell and organism viability. However, despite this
information, t4e ability of SUMO to modify the activity of the NADPH oxidases is not
known.

7. Methods to Detect ROS
The direct measurement of ROS in biological samples has proven to be very challenging.
One of the main reasons is the highly reactive nature of these molecules which makes
them extremely unstable and short lived. Hence, several methods have been developed
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for the indirect measurement of ROS. Measuring endproducts that are formed by the
reaction between specific compounds and ROS either by chemiluminescence and
fluorescence is among the most sensitive and commonly used methods to measure
ROS.[89].
Dihydroethidium (DHE) is commonly used to qualitatively assess superoxide
generation from cells and whole animal tissue. DHE is a cell permeable compound which
combines with superoxide to generate red fluorescent product (ethidium and
oxyethidium) which intercalates with DNA. Another important ROS, H202 is commonly
measured by employing non-fluorescent substrate 2', 7'-dichlorofluorescein (H2-DCF)
which turns into a green product upon reaction with H202 . The amplex red reagent in
combination with HRP (horse radish peroxidase) is often used to detect H~0 2 from cells.
In presence of peroxidase amp lex red reacts with H2O2 in 1:1 stoichiometry to produce
red fluorescent oxidation product, resorufin which has a maximum excitation and
emission maxima of 571nm and 585nm respectively.
Cytochrome c reduction is commonly used to measure superoxide that is released
in large amounts such as during the respiratory burst of neutrophils or from isolated
enzymes [90]. It is however difficult to quantify superoxide from human endothelial and
. smooth muscle cells that produce very low levels of extracellular superoxide. When
superoxide combines with ferricytochrome c, it gets reduced to ferrocytochrome c. When
this occurs, the absorbance at 550nm is increased while the absorbance at 540 and 560
remains the same and can be used as isobestic points. The reduction of cytochrome c also
occurs when it gains electron from other enzymes. Hence, for the purpose of specificity,
the level of SOD inhibitable superoxide should be quantified. Many chemiluminescent
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probes are widely used to detect superoxide levels. Among them lucigenin and luminol
are the most commonly used probes. These compounds are oxidized by variety of ROS
such as superoxide, H202 etc. Lucigenin is reasonably specific for superoxide and is cell
permeable. However, low concentrations (SµM) must be used to avoid the potential for
redox cycling and artifacts. In contrast, luminol can be oxidized by superoxide,
peroxynitrite and hydrogen peroxide and thus proper controls such as catalase, SOD,
urate etc must be employed to determine the contribution of individual ROS. L012 is a
new, more sensitive chemiluminescent reagent that is selective for superoxide and has the
advantage of being much more sensitive than lucigenin or luminol.
Electron paramagnetic resonance (EPR) is a more recent and advanced technique
to quantify superoxide from intact cells or isolated enzyme with the proper selection of a
spin probe [90]. This method is based on the absorption of microwave radiation
stimulated by an electromagnetic field created by free radicals molecules. CMH or
EMPO are commonly used as spin traps for superoxide which generate superoxide and
nitroxide radical adducts respectively which can be detected by ESR spectroscopy [90].
Again, given the limited specificity of these probes, SOD must be used to determine the
relative amount of superoxide measured.

8. RNA Interference
RNA interference (RNAi) is a sequence-specific gene silencing process that operates
at the post-transcriptional level [91, 92]. The effectors of RNAi are short (19-28
nucleotides) segments of double-stranded RNA (dsRNA) that are complimentary to
specific genes resulting in the formation of a double-stranded mRNA sequence. This
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sequence-specific binding to the targeted complimentary mRNA sequence, induces the
degradation of mRNA and results in selective gene "knockdown". Based on this property,
RNAi has been widely used to silence gene expression in a wide range of applications
including cultured cells and in whole animals [93]. Interfering· RNA can be introduced
into cells as 19-21 nucleotide long oligos of dsRNA molecules or small interfering RNAs
(siRNAs) and via short hairpin RNAs (shRNA) that can be delivered via plasmids. Gene
knockdown with siRNA is transient and "knockdown" with shRNA can be more stable
due to continued synthesis of the shRNA inside the cell.

9. Viral Vectors
Viruses are highly efficient parasites that possess simple DNA or RNA genomes
and use the host cell machinery to replicate. Based on the highly efficient mechanism of
virus entry into mammalian cells in nature, recombinant viral vectors have been
developed as vehicles for gene delivery since the 1980s. Today, several types of viral
vectors are widely used to provide transgene delivery into various cell types and tissues
as well as in vivo gene therapy using adeno-associated viruses, adenoviruses, retroviruses
and lentiviruses [94]. Each viral vector has its own advantages and disadvantages. The
adenoviral vectors are able to generate high titers of viruses relatively rapidly and are
able to efficiently transduce most cells types. However, the delivered gene is not
integrated into the host genome and is only transiently expressed. On the other hand, the
adeno-associated viral vectors, retroviral vectors and the subclass of lentiviral vectors
provide long-term gene delivery via integration into the host genome, and cause less toxic
responses compared to the adenoviral vectors. The disadvantages of these vector systems
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are relatively low titers of viruses, less robust transduction and safety concerns regarding
genomic integration [95]. The multiplicity of infection (MOI) is the ratio of infectious
viral particles to the targets of viral infection
while higher MOI levels can provide

(e.g. cells) and must be titered carefully as

greater expression levels it can also lead to greater

toxicity.

HYPOTHESES:
Hypothesis 1. Nox5 and its spice variants - Nox5a, ~' 8, y, and a truncated variant
(Nox5-S ore) are expressed in human blood vessels and are functionally important.
Hypothesis 2. The MAPK kinase pathway mediates the direct activation and
phosphorylation ofNox5 via the MEKl- ERK.1/2 pathway.
Hypothesis 3. The Ca2+/Calmodulin-dependent protein Kinase II (CAMKII) can
influence the phosphorylation and activity ofNox5.
Hypothesis 4. The NADPH oxidase enzymes are SUMOylated at specific lysine residues
and SUMO is a key regulatory switch that controls the production of ROS.
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MATERIALS AND METHODS

1. DNA constructs: HA-Nox5, T494A and S498A Nox5 mutants and aequorin have

been described previously [6, 96]. HA-tagged wildtype (WT) MEKl, dominant negative
MEKl (DN, K97R) and constitutively active MEKl (CA, S218D), HA-tagged wildtype
(WT) and dominant negative (DN, K52R) ERK2, WT-CAMKIIa, dominant negativeCAMKIIa (DN, T305D) or constitutively active-CAMKIIa (CA, T286D) were generated
by PCR. All constructs were verified by bi-directional sequencing. HA-SUMO-1, UBC-9,
C93S UBC-9, SUMO-GG, SUMO-~GG were obtained from Addgene. FLAG SUMO-1,
FLAG-Nox5 was created from existing constructs by PCR as described previously (22).
Antibodies to FLAG and HA were purchased from Sigma.

2. Adenoviral generation and transduction: Adenoviruses encoding Nox5 constructs
were generated using the pAdDEST system [97]. BAECs were seeded at a density of
2.5x105 cells/3.8cm2 and transduced the next day at a MOI of 100-200.
Lentiviruses encoding the control viruses Lacz, Nox5-S or Nox5-~ were generated
using the plentiDEST lentiviral expression system (Invitrogen). BAECs and HAECs were
seeded at a density of 2.5x105 cells/ C12 well dish and transduced the next day at a MOI
ranging from 12.5 to 125.

3. Cell culture and transfection: COS-7 Cells were cultured in Dulbecco's modified
Eagle's medium (Invitrogen) containing L-glutamine, penicillin, streptomycin, and 10%
(v/v) fetal bovine serum (FBS). COS-7 cells were transfected with Lipofectamine 2000
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(Invitrogen). Control, MEKl and MEK2 siRNA were obtained from Qiagen and
HEK293 cells were transfected using Effectene.

Human aortic vascular smooth muscle

cells were obtained and cultured in SMbM media from Lonza.

4. Immunoprecipitation and immunoblotting: COS-7 cells were lysed in lysis buffer

(4°C) containing 50mM Tris-HCl, pH 7.4, l00mM NaF, 15mM Na4P2O7, lmM
Na3VO4, 1% v/v Triton X-100, lmM phenylmethlsulfonyl fluoride, l0µg/ml pepstatin A,
and 5 µg/ml aprotinin. Lysates were be centrifuged at 10,000 x g to concentrate insoluble
material. N ox5 was extracted from detergent resistant microdomains by the addition of
1% SDS and subsequently diluted 1:10 in lysis buffer. Protein extracts were precleared
by incubation with Protein A/G-agarose for 2 hat 4° C with rocking. Agarose beads were
then pelleted by centrifugation at 1,000 x g. HA-Nox5 in precleared lysates was
immunoprecipitated by incubation with preconjugated agarose: anti-HA antibody
overnight at 4° C with rocking. Immunoprecipitated proteins were eluted from the beads
by boiling for 5 min in 2X sample buffer. Immunoprecipitates or cell lysates were
immunoblotted with various antibodies as detailed within the experimental protocols.

5.Measurement of ROS:

COS-7 cells were transfected with cDNAs encoding Nox5 or

control plasmids (GFP, RFP or lacZ) and 24 hours later c7lls were replated into white
TC-treated 96-well plates (ThermoLabsystems) at a density of approximately 5x104 cells
per well. The cells were incubated at 37°C in phenol free DMEM (Sigma) containing
400µM of the luminol analogue L012 (Wako) for a minimum of 20 minutes prior to the
addition of agonists [6, 98]. Luminescence was quantified over time using a POLARstar
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OPTIMA (BMG Labtech). The specificity of L012 for reactive oxygen species was
confirmed by transfecting cells -with a control plasmid such as GFP or lacZ or by coincubation of a superoxide scavenger such as Tiron (5mM). Both of these interventions
yielded virtually undetectable levels of luminescence under control, PMA or ionomycin
stimulated conditions [6, 98]. Superoxide was also measured using the cytochrome C
assay. COS-7 cells expressing Nox5 were incubated in phenol free DMEM (SigmaAldrich) in the presence and absence of SOD (Sigma-Aldrich). Acetylated cytochrome C
was added ·at a concentration of 1µg/ml and 20 minutes later supematants were
transferred to a POLARstar OPTIMA (BMG Labtech). Superoxide was quantified as the
SOD-sensitive increase in absorbance at A (550-540nM).

6. Isolated Nox5 activity assay:

COS-7 cells co-expressing Nox5 and HA-ERK2 were

lysed in MOPS (30mM, pH 7.2, 4°C) based buffer containing KCl (lO0mM), Triton
(0.3%) and protease inhibitors (Sigma). Adherent cells were rocked gently, the lysis
buffer aspirated, and then the cells were washed 3 times with PBS (4°C). Remaining
cytoskeletal fractions were resuspended in the above MOPS buffer, sonicated at low
power (setting 2, 5xlsec bursts, Fisher Scientific Sonic Dismembrator) and spun down at
10,000 x g at 4°C. The supernatant was then aspirated and the pellet was resuspended in
MOPS buffer with mild sonication (setting ·2, 5xl sec bursts). The cell free extract was
aliquoted into buffers containing, L012 (400µM), lmM MgCli, lO0µM FAD (Sigma)
and 100nM of free calcium. The concentration of free Ca2+ was obtained using the
molecular probes Ca2+-calibration kit (K2EGTA, CaEGTA, 100 mM KCl and 30 mM
MOPS, pH 7.2) as described previously [6]. After a brief period of equilibration, reduced
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NADPH (Sigma) was injected to a final concentration of 100µM and the production of
reactive oxygen species was monitored over time.

7. Calcium measurements: Changes in the intracellular calcium concentration in
response to either ionomycin or PMA were measured using aequorin in COS-7 cells in
response to either ionomycin or PMA. COS-7 cells were transfected with cytosolic
aequorin, and 48 hrs later the aequorin was activated by incubating the cells in Ca2+-free
DMEM (Biosource) containing 5µM coelenterazine (Sigma) for 1 hr. The loading media
was then replaced with calcium-replete media prior to cell stimulation [96].
These measurements were obtained using methods described previously [96].
Cytosolic- (Cyt-aequorin) and PM-targeted (PM-aequorin) aequorin proteins were
expressed in knockdown BAECs via adenovirus, and the relative exposure of these
probes to calcium over time was calculated as a ratio to the total amount of aequorin
remaining in each well under the different conditions (Lmax), Aequorin and its cofactor
coelenterazine react in the presence of calcium to emit a photon. This reaction results in
the permanent oxidation of coelenterazine to coelenteramide, and therefore the emission
of light in response to calcium is a once-only reaction. Thus, the size of the available pool
of luminescence decreases constantly over time in direct proportion to the amount of
calcium present. We therefore interpreted the decrease in Lmax as being indicative of
greater exposure to calcium over time.
We also performed intracellular calcium measurement in COS-7 cells by using
Fluo4 No-Wash assay purchased from lnvitrogen. COS-7 cells were plated at 40,000 50,000 cells per well in a 96-well black microplates. The assay buffer consisted of
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Hank's balanced salt solution (lX HBSS), 20mM HEPES and 2.5 mM probenecid. Fluo4 AM (molecular probes cat#14201) was used at a final concentration of 4µM with
0.08% Pluronic F-127. Growth medium was removed from the cells and replaced with
dye loading solution following 30 minutes incubation at 37°. Polarstar Omega was used
to measure fluorescence at 485 nm excitation and 525nm emission wavelength.

8. MS analysis: Immunoprecipitated Nox5 was phosphorylated in vitro as described
above, size fractionated by SDS-PAGE and proteins visualized by silver staining. The
band of interest was excised from the gel and digested with trypsin (0.1 µg) for 45 min at
4°C. Peptides were then extracted from the gel at room temperature and analyzed by MS
using a LTQ Orbitrap (Thermo Scientific).

Protein identification was obtained from the

MS/MS spectra using Mascot analysis software (Matrix Science, Boston, MA).

9. In vitro phosphorylation: Nox5 was isolated by immunoprecipitation from COS-7
cells transduced with HA-Nox5 adenovirus and incubated with 50ng of active CAMKII
(Cell Signaling Technology) for 20 min at 30° C in buffer containing 20 mM HEPES, pH
7.4, 10 mM MgCh, l0mM MnCl, 0.5mM CaCh, lµg CAM, and lmM DTT with or
without 100 µM ATP.

The reaction was terminated by the addition of SDS sample

buffer. Incorporation of phosphate into Nox5 was determined using by SDS-PAGE
followed by immunoblotting using phosphorylation state specific antibodies that
recognize phosphorylated Nox5 at S490, T494 and S498 as previously characterized [6].
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10. In vitro SUMO conjugation assays: lmmunoprecipitated Nox5 was incubated with
400nM SAE1/SAE2, 4µM UBC-9, 15µM SUMO and ATP at 30°C for 2h (Enzo Life
Sciences). Samples were resolved by SDS/PAGE and immunoblotted for SUMO-1.

11. Isolation of human PMNs: Blood was drawn by venipuncture of the antecubital vein
and collected into 7mL EDTA-treated tubes. PMN were isolated by density gradient
centrifugation. Briefly, whole blood was layered over Lympholyte®-poly at room
temperature and centrifuged at 450 x g for 30 minutes. After centrifugation, the band
containing polymorphonuclear cells was extracted using a Pasteur pipette, washed and
diluted with culture medium.

12. Immunoprecipitation and immunoblotting of SUMO modified proteins: 48 hrs
post-transfection, cells were lysed in ice-cold lysis buffer consisting of 50 mM Tris-HCI
at pH 7.5, l00mM NaF, 15 mM Nc4P2O1, 1 mM Na3VO4, 1 mM phenylmethlsulfonyl
fluoride, 10 µg/ml pepstatin A, and 5 µg/ml aprotinin, 150 mM NaCl, 5 mM EDTA, 15
mM MgCh, 1% NP-40, 1% SDS, protease inhibitors (Sigma) and 20 mM NEM (Sigma).
For immunoprecipitation studies, whole cell lysate lysates were diluted to (0.1 % SDS)
and protein extracts precleared by incubation with Protein A/G-agarose beads for 2 h at
4° C with rocking. Agarose beads were pelleted by centrifugation at 1,000 x g. HAtagged N ox5 in precleared lysates was immunoprecipitated by incubation overnight at 4°
C with rocking following addition of anti-HA antibody (10 µl). Immuno-complexes were
eluted in 2x SDS sample buffer by boiling for 5 minutes prior to SDS-PAGE.
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13. Statistical analysis: Data are expressed as means ± S.E.M. All statistical analyses
were performed using Instat software and were made using a two-tailed student's t-test or
ANOVA with a post-hoc test where appropriate. Differences are considered significant at
p-value<0.05.
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RESULTS
Hypothesis 1. N ox5 and its spice variants - N ox5a,

8, 6, y,

and a truncated variant

(Nox5-S or E) are expressed in human blood vessels and are functionally important.

1. Nox5 and its splice variants are expressed in human blood vessels.

To determine whether Nox5 is expressed in human blood vessels, we analyzed human
VSMCs, MVECs, fibroblasts (lungs and foreskin) and isolated human aorta for the
expression of Nox5 mRNA using quantitative real-time RT-PCR. We found that Nox5
mRNA was expressed in VSMCs, MVECs and isolated aorta. However, we did not detect
any Nox5 mRNA in lung or foreskin fibroblasts (Figure 3A, 3B). We further assessed
whether N ox5 protein is expressed in tissue extracts from human saphenous veins.
Western Blotting convincingly revealed Nox5 expression in these vessels (Figure 3C) .
COS-7 cells expressing the HA-Nox5 transgene were used as a positive control. We also
identified the expression of N ox5 in fixed sections of human saphenous veins by using a
Nox5 specific polyclonal antibody and immunohistochemistry technique (Figure 3D).
Having identified the expression ofNox5 in human vessels, we next determined which of
the Nox5 splice variants were expressed in human saphenous veins also using RT-PCR.
We found only N ox5 a and

~

to be expressed in these vessels, while

oor y variants were

not detected (Figure 4).
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Figure 3. Expression ofNox5 in human blood vessels

Total RNA was extracted from A. HAVSMC, MVEC, lung and foreskin fibroblast, and B.
isolated human aorta and RT PCR was conducted using specific primers to Nox5. C.
Detergent extracts from human saphenous veins were subjected to immunoprecipitation
and Western Blotting using a Nox5 polyclonal antibody. D. Immunohistochemistry of
sections of human saphenous veins that were fixed with paraffin and incubated with
Nox5 polyclonal primary antibody. Results are representative of more than 3 independent
experiments.
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Figure 4. Expression ofNox5 splice variants in human blood vessels.

Total RNA was extracted from human mammary artery and Nox5 splice variants specific
primer design based on its structure shown in Figure 2 was used to detect the presence of
Nox5 variants.

Results are representative of more than 3 independent experiments.
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Figure 5. Synthesis o(Nox5 splice variants.
Nox5 splice variants were generated by using Nox5~ isoform as a template and primers
specific for each isoform to be generated using an overlap extension PCR strategy.
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2. N ox5 a and

p splice variants are the only ROS generating splice variants of N ox5.

To determine whether the splice variants of Nox5 are active and can produce ROS (0 2 ·or H2O 2), we first cloned all of the Nox5 variants into a pcDNA3 expression vector using
overlapping PCR strategy as shown in Figure 5. The DNA sequences were confirmed by
automated sequencing and expression was confirmed using western blotting. Cells
transfected with cDNA encoding Nox5 a,

p, 8 and y yielded the predicted product sizes

of approximately 80kDa whereas the truncated Nox5 short produced a protein of
approximately 65kDa as it lacks all 4 N-terminal EF hands (Figure 6A). We expressed
these variants in COS- 7 cells and measured 0 2 · - and H2O2 production both under basal
(resting) and stimulated conditions (ionomycin and PMA). Nox5 a and

p produced both

02 · - and H2O2 under basal (Figure 6) as well as stimulated conditions (Figure 7) while
Nox58, y and short variants failed to produce either ROS.

38

A.

Nox5 Nox5
Nox5 Nox5 Nox5
RFP Delta Gamma Short Beta Alpha

8OkDa

1B: Nox5
6OkDa

18: GAPDH

37kDa

B. BASAL 02 60

30
,;;-0

C:

t50

r 2s
Q} :J

40

~

32~
~
~ 20
L... C:

"O
0 --

a:(1.)0
b 30
~3
e a::
(I.)

Q} (I)

a. g

e! 15

20

C: 0

10

e -ga::

Q} ::I

O>U:

0.

05

-

■
Catalase
[:l + Catalase

10

"C
>, ><

:c

0

Nox5u

Nox5f3

Nox5y

Nox53

Nox5
Short

Q)

0.

E

5

--1'.:

0

Nox5a

Nox5p

Nox5y

Nox58

Nox5
Short

Figure 6. Expression of the Nox5 splice variants.
COS-7 cells were transfected with cDNAs encoding the Nox5 splice variants (a,

B, y, 8,

short (E). A. Relative expression of splice variants was confirmed via Western Blot using
a Nox5 polyclonal antibody. B. Detection of basal superoxide production using L012. C.
Measurement of basal H 20 2 using Amplex red. Results are presented as mean +/- SEM,
n=5-6.
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(lµM) or PMA (l00nM). Results are presented as mean+/- SEM, n=5-6.
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3. N ox5 splice variants exhibit distinct functional roles.

To evaluate the functional significance of the inactive Nox5 splice variantsNox58, y and short (E), we co-expressed them with active Nox5a and Nox5~ and
measured superoxide production. As shown in Figure 8A, all of the inactive Nox5
variants competitively inhibit active Nox5a activity with Nox5-S being the most potent
inhibitor. We also observed similar results with inhibition of Nox5~ following coexpression of the inactive variants (data not shown). Increased oxidant stress within cells
has been shown to upregulate the redox sensitive transcription factor, Nrf2 which
subsequently induces the expression of several antioxidant genes in a protective feedback
loop. As we have shown that only Nox5a and Nox5~ are actively producing ROS, we
wanted to further investigate whether these variants might be playing a different type of
functional role. This was achieved via measuring luciferase activity from COS-7 cells coexpressing the individual Nox5 splice variants, Nrf2, Keapl and an antioxidant response
element (ARE) linked luciferase reporter system. The ARE reporter system was a
mixture of the Nrf2 responsive luciferase construct and an internal control in the form of
a constitutively expressing renilla construct (40: 1). Nrf2 is maintained in the cytsol via
binding to Keap 1. Elevated ROS and oxidative stress promote disengagement and
translocation of Nrf2 to the nucleus where it binds to ARE. Accordingly, luciferase
activity was indicative of Nrf2 activity and is normalized to total renilla activity. As
shown in Figure 8B, all the splice variants of Nox5 significantly increased Nrf2 activity
and interestingly, Nox5-S, which we have shown to be inactive, was the most potent
activator ofNrf2.
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Figure 8. Contrasting function of Nox5 splice variants .
A. COS-7 cells were co-transfected with active Nox5 variant-a. and inactive variants -8, y
and short and superoxide production was monitored using L012. B. Individual Nox5
variants were co-transfected with Nrf2, Keapl and ARE luciferase reporter construct and
relative firefly/renilla luciferase activity was measured. The data are presented as mean
+/- S.E.M (n=6). *p<0.05 vs. control group.
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4. N ox5 mediates activation of several redox sensitive signaling pathways in vascular
tissues.

To further explore the functional significance ofNox5 in the human vasculature, HAECs
and HAVSMCs were transduced with progressively higher concentrations of
adenoviruses encoding the Nox5 gene (5-200 MOI). The effect of increased ROS was
assessed by measuring the expression and phosphorylation status of various redox
sensitive signaling pathways such as ERK.1/2, JNK, JAK2, IKKa, GSK3, PARP, Akt,
eNOS, Hsp90, Caspases and Bcl2. In HAECs, the progressive increase in Nox5
expression lead to increased p38 MAPK, JAK2, JNK and ERKl/2 phosphorylation
(Figure 9A). In contrast, increased-expression of Nox5 in HAVSMCs only increased
ERK.1/2 phosphorylation (Figure 9B). Phosphorylation of Akt was not significantly
increased by Nox5. At higher concentrations of Nox5, there was evidence of increased
apoptosis in endothelial cells but not smooth muscle cells as detected by the presence of
cleaved caspase-3, cleaved PARP and reduced levels ofBcl-2.

43

A.

B.

18:Bd-2
18:Cleaved Caspase 3

IB:Cleaved Caspase 3

IB:CI eaved Parp

IB:CIE;aved Parp

18:eNOS

IB:hsp90

IB:hsp90

IB:P-Akt

IB:P-Akt

IB:P- P42/p44

IB:P- P42/p44
IB:P-JNK

IB:P-JNK

18:P- P38

18:P- P38

IB:P-GSK3

IB:P-GSK3

18:P-- IKKalpha
18:P- P-JAK2

IB:P-P-JAK2

18:JAK-2

1B:GAPDH

m:GAPDH

18:NOXS

18:NOXS

HAEC

HAVSMC

Figure 9. Nox5 induces redox sensitive signaling pathways in human aortic endothelial
cells and human smooth muscles cells.
A. HAECs and B. HAVSMCs were transduced with increasing concentrations of

adenovirus encoding Nox5 (MOI 5-200).

Expression of Nox5 and components of

various signaling pathways were determined via Western blotting using specific
antibodies. GAPDH and Hsp90 were used as loading controls. Results are representative
of more than 3 independent experiments.
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~ext, we investigated whether various vasoactive stimuli such as TNFa, Ang II,
leptin, ET-1 and FGF that have all shown to be increased in settings of inflammation and
cardiovascular disease can influence Nox5 mRNA expression. While we were
performing these experiments, other groups reported that overnight incubation of
HAVSMC and HAEC with AngII and ET-1 dose dependently increased Nox5 protein
expression which was shown to enhance smooth muscle cell proliferation [11]. In
addition to Ang-II and ET-1, we found that TNFa and leptin can also significantly
upregulate Nox5 mRNA expression as shown in Figure 10. However, the functional
consequences of these changes are yet to be determined.

45

C.

■ CONTROL

*

TNFa
Angll

lElillLeptin
ET-1

FGF

Figure JO. ET-1, Angil TNFa and leptin treatment of HAVSMC induce Nox5 mRNA
expression.
HAVSMCs were treated with ET-l(lOng/ml), AngII (O.lµM), TNFa (lOOng/ml), FGF
(lOng/ml) and leptin (25ng/ml) for 24-hours and Nox5 mRNA levels were determined via
real time PCR using Nox5 specific primers. *p<0.05
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Hypothesis 2. The MAPK kinase pathway mediates the direct activation and
phosphorylation of N ox5 via the MEKl- ERKl/2 pathway.

Figure 11. Schematic for Hypothesis 2.
Working hypothesis: PKC dependent -Nox5 regulation involves Ras-Raf-MEKl/2 and
ERK 1/2 signaling pathway.
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5. PMA induces ERKl/2 phosphorylation.

As discussed above, the supraphysiological amount of calcium required to
activate Nox5 in a cell free assays led to the discovery by our laboratory and others that
the calcium sensitivity of Nox5 can be modified by the specific phosphorylation of
serine/threonine residues by the protein kinase C (PKC)-agonist PMA resulting in a
sustained activation of Nox5 at resting levels of calcium which contrasts with the acute
activation seen with ionomycin that parallels the change in intracellular calcium [6]. We
have reproduced these findings in our study as shown in Figure 12A, PMA-induced a
large and sustained increase in superoxide production that was not present in cells
expressing a control plasmid (lacZ) instead of Nox5. The PMA-dependent increase in
superoxide was also completely reversed with supplemental SOD (Figure 12B).
Increased superoxide production in response to the calcium-ionophore, ionomycin was
also observed only in cells expressing Nox5 (Figure 12C) and absent in control
transfected cells.
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Given that PMA is an established agonist for PKC activation, it is reasonable to
assume that PKC might exclusively be involved in the direct phosphorylation of Nox5.
Evidence to support this is derived from the ability of pharmacological inhibitors of PKC
to attenuate PMA-dependent increases in the phosphorylation of Nox5 and reduce
superoxide production [6]. However, these inhibitors may not be entirely specific for
PKC and may not discriminate between its multiple isoforms and PKC may also operate
through a secondary kinase cascade such as ERK.1/2 to directly modulate Nox5 activity.
Hence, we next investigated whether the activator of PKC, PMA could influence the
phosphorylation of the MAPK, ERK.1/2. As shown in Figure 13A, PMA (1 OOnM)
induced a robust and significant increase in the phosphorylation of ERK.1/2 in serumstarved COS-7 cells. Serum (FBS, 20%) was used as a positive control and also robustly
activated ERK.1/2.

To assess the time-course of ERK.1/2 activation, COS-7 cells were

exposed to PMA for 0, 5, 10-, 20, 40 and 60 minutes. As shown in Figure 13B, activation
of ERK.1/2 occurred rapidly (5 minutes) and phosphorylation was sustained over 60
minutes. The concentration of PMA required to activate ERK.1/2 was low with 3 nM
eliciting near maximal activation (Figure 13C).
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Figure 13. PMA activates ERKJ/2.

(A) Serum-starved COS-7 cells were stimulated with PMA (100 nM) or Fetal Bovine
Serum (FBS, 20%) for 20 minutes and cell lysates immunoblotted for phosphorylated
ERK.1/2 versus total ERK.1/2 (lower panel). Relative densitometry of phosphorylated
ERK 1/2 versus total ERK 1/2 is shown in graph in the upper panel. Results are presented
as mean± SEM, n=4. * p <0.05 (B) COS-7 cells were stimulated with PMA (1 00nM) for
the times indicated (C) COS-7 cells were stimulated with increasing concentrations of
PMA (0-1 000nM).

Blots are representative of 3 separate experiments.
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6. Activation of MEKl and ERKl/2 is necessary for the PMA-dependent activation
ofNox5.
To assess the role of MEK-ERK pathway in the PMA-dependent activation of Nox5,
COS-7 cells expressing N ox5 were stimulated with PMA ( 100 nM) in the presence and
absence of a pharmacological inhibitor of MEKl (intermediary kinase in the MAPK
pathway, 20µM PD98059). As shown in Figure 14A, the MEKl inhibitor significantly
reduced superoxide production from Nox5 expressing COS-7 cells suggesting that
ERK.1/2 participates in Nox5 phosphorylation and superoxide production. To determine
the specificity of PD98059 for PMA-dependent activation, we next assessed whether it
influences the response to ionomycin which activates Nox5 exclusively via the elevation
of calcium and does not induce a change in its phosphorylation state[6]. As shown in
Figure 14B, PD98059 did not affect ionomycin stimulated superoxide production.
Equivalent results were obtained with the structurally dissimilar MEKl/2 inhibitor U0126
(l0µM, data not shown). To confirm these results using an alternative method to measure
superoxide levels, we next employed the cytochrome C assay. The specificity of this
assay is shown in Figure 14C, where the increased absorbance of cytochrome C in COS-7
cells expressing Nox5, is reversed by the presence of supplemental SOD. Pre-treatment
of cells with PD98059, also significantly attenuated the PMA-dependent increase in
superoxide production as determine by cytochrome C reduction (Figure 14D).

In Figure

13A, we showed that fetal bovine serum (FBS) was more efficacious than PMA in
stimulating the phosphorylation of ERK.1/2. To assess whether FBS can activate Nox5,
COS-7 cells were transfected with Nox5 and then serum starved (0.1 % FBS) for 12
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hours. Cells were then exposed to 20% FBS and superoxide was measured using L012.
As shown in Figure 14E, PMA but not FBS, was able to activate Nox5.
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Figure 14. Inhibition of MEKJ/2 reduces PMA, but not ionomycin, stimulated superoxide
release from Nox5.

COS-7 cells expressing HA-Nox5 were stimulated with (A) PMA (1 00nM) or (B)
ionomycin (lµM) in the presence and absence of the MEK inhibitor PD98059 (20µM).
Superoxide in A-C was measured with L012. C. Superoxide release from COS-7 cells
transfected with N ox5 was measured using the reduction of cytochrome C in the presence
and absence of SOD (1 00U/ml). (D) SOD inhibitable superoxide release was measured
from control and PMA-stimulated COS-7 cells expressing Nox5 using cytochrome C.
Cells were preincubated with vehicle or

PD98059 (PD, 20µM). (E) Detection of

superoxide using L012 in COS-7 cells expressing HA-Nox5 in response to PMA
(1 00nM) or FBS (20%). Results are presented as mean ± SEM (n=4-8), * p<0.05 vs.
control.
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7. Active MEK/2 is necessary but not sufficient for the PMA-dependent
phosphorylation activation ofNox5.
We next assessed whether pharmacological inhibition of MEKl/2 with PD98059,
modulates the phosphorylation of Nox5 at the activating phosphorylation site, S498. As
shown in Figure 15, PMA robustly phosphorylated Nox5 and this was significantly
attenuated in cells pretreated with the MEKl/2 inhibitor PD980589.
As pharmacological inhibitors can have non-specific effects, we next generated
wild-type, dominant negative (DN, K97R), and constitutively active forms of MEKl
(CA, S218D). These mutants were co-transfected together with Nox5 in COS-7 cells. We
first confirmed the effectiveness of dominant negative and constitutively active mutations
of MEKl by Western blotting for phosphorylated ERKl/2. As shown in Figure 16A,
expression of the constitutively active (CA MEKl) greatly increased ERKl/2
phosphorylation, WT MEKl slightly increased ERKl/2 phosphorylation and dominant
negative MEKl (DN MEKl) did not modify basal ERKl/2 phosphorylation. Similar
results were found with regard to the ability of MEKl mutants to alter the PMAdependent phosphorylation of Nox5 on S498 with the CA-MEKl increasing the
phosphorylation of Nox5 to the greatest extent and no change observed from cells cotransfected with the DN-MEKl (Figure_ 16B). To assess the effects of these mutants on
Nox5 activity, we measured superoxide in COS-7 cells co-expressing DN-MEKl or CAMEKl with Nox5. As shown in Fig. 16C, DN-MEKl significantly reduced PMA-·
stimulated superoxide production. In contrast, co-expression of CA-MEK 1 did not
increase basal or unstimulated Nox5 activ_ity (Figure 16D) suggesting that active MEKl
alone is not sufficient to activate Nox5.
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Figure 15. Erkl/2 phosphorylates Nox5.

COS-7 cells expressing were HA-Nox5 were incubated with MEKl inhibitor PD98059
(20µM) for 30-60 minutes before stimulation with PMA for 15 minutes. Nox5 was
immunoprecipitated and immunoblotted for phosphorylated S498 versus total Nox5
(lower panel). Densitometric analysis of phosphorylated Nox5 (S498) versus total Nox5
is shown in the upper panel. This Figure is representative of three experiments. * p <0.05
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Figure 16. MEKJ is necessary, but not sufficient for Nox5 phosphorylation and
activation.

(A) COS-7 cells were co-transfected with HA-Nox5 and either control (LacZ), WTMEKl, dominant negative MEKl (DN, K97R) or constitutively active-MEKl (CA,
S218D). Cell lysates were immunoblotted for phosphorylated ERKl/2 and total ERKl/2
or (B) phosphorylated S498 Nox5, MEKl and total Nox5. (C) Superoxide release was
measured from cells expressing HA-Nox5 and DN-MEK 1 using LO 12 in the presence of
PMA (1 00nM) (D) Superoxide release from cells expressing HA-Nox5 and CA- MEKl.
Results are presented as mean± SEM (n=4-6), * p<0.05 vs. control.
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8. Endogenous MEK is necessary for PMA-stimulated Nox5 activity.

After observing a decrease in Nox5 activity due to inhibition of MEKl activity using a
dominant negative construct, we next wanted to determine whether the knockdown of
endogenous MEKl and MEK.2 would support this finding. To achieve this we cotransfected HEK.293 cells with siRNA targeting MEKl or MEK2 or a combination of
MEKl and MEK.2 specific siRNA together with Nox5. Inhibition of MEKl and MEK2,
both separately and together, reduced the PMA-dependent increase in superoxide
production from Nox5 and the phosphorylation of ERK.1/2 (Figure 17A). Interestingly,
the combination of MEKl and MEK.2 siRNA was necessary to show a reduction in total
MEK expression using an antibody that recognizes both MEKl and MEK2 isoforms. To
show the effectiveness of MEKl and MEK.2 siRNA we re-probed cell lysates using
antibodies that selectively recognize either MEKl or MEK2. As shown in Figure 17B
and C, siRNA to MEKl and MEK2 reduced the expression of respective isoforms.
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Figure 17. Silencing ofMEKJ and MEK2 antagonizes PMA-dependent phosphorylation
ofERKJ/2 and the activation o(Nox5.

HEK293 cells were co-transfected with HA-Nox5 and either a control (non-targeting)
siRNA or siRNA selective for MEKl or MEK2 and a combination of both MEKl and
MEK2 siRNA and 48hrs later cells were stimulated with PMA (1 00nM). (A) PMAstimulated superoxide release was monitored using L012 and cell lysates probed for total
Nox5, combined MEK1/MEK2, phosphorylated ERK.1/2 and total ERK.1/2 (lower
panels). (B) HEK293 Cells were transfected with siRNA selective for MEKl and lysates
immunoblotted for MEKl versus GAPDH. (C) HEK293 Cells were transfected with
siRNA selective for MEK2 and lysates immunoblotted for MEK2 versus GAPDH.
Results are presented as mean± SEM (n=6), * p<0.05 vs. siRNA control.
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mobilization of intracellular calcium whereas PMA produced a very small transient that
was not distinguishable from the injection artifact (data not shown). This suggests that
PMA and ERK.1/2 mediated activation of Nox5 occurs independently of changes in the
intracellular calcium concentration.
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9. ERK2 directly influences Nox5 activity.

Thus far our results support a role for MEKl m regulating the activity of Nox5.
Therefore, our next goal was to establish whether ERK, the terminal MAP kinase in the
MAP kinase signaling cascade, could directly influence Nox5 activity. To achieve this we
first co-transfected COS-7 cells with Nox5 and either wild type ERK2 or a dominant
negative ERK2 and measured Nox5-dependent superoxide production. As shown in
Figure 18A, we observed a significant increase in Nox5 activity in cells expressing the
wild type ERK2, while the dominant negative ERK2 significantly reduced Nox5dependent superoxide production in response to PMA. We also observed increased
ERKl/2 phosphorylation in cells expressing the wild type ERK2 while the dominant
negative ERK.2 significantly reduced ERKl/2 phosphorylation (Figure 18A, lower
panels). To determine whether ERK can directly modify Nox5 activity, we next
conducted an isolated Nox5 activity assay in which Nox5 was extracted from COS-7
cells expressing either Nox5 or a control cDNA (lacZ) or Nox5 and ERK2. Nox5 was
then activated in presence of a low concentration of calcium (l00nM), NADPH (200µM)
and FAD (200µM) to produce superoxide [6, 98]. As shown in Figure 18B, ERK2
significantly increased N ox5 activity in a cell free system indicating that the ability of
ERK to alter Nox5 activity is likely to be a result of a direct modification to Nox5 rather
than the indirect alteration of other cytoplasmic proteins or secondary changes in the
levels of Nox substrates or co-factors. To determine if the level of intracellular calcium
has any role in the PMA-dependent activation of Nox5, we expressed the calciumsensitive photoprotein aequorin in COS-7 cells and measured intracellular calcium in
response to PMA or ionomycin. As shown in Figure 18C-D, ionomycin triggered a robust
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Figure 18. ERK potentiates PMA-dependent Nox5 activity in both intact cells and
isolated activity assays but does not modifr intracellular calcium levels.
(A) COS-7 cells were co-transfected with HA-Nox5 and either control (lacZ), WT-ERK.2
or DN-ERK.2 (K52R) and superoxide release measured in response to PMA (100 nM).
(B) Superoxide release from Nox5 in an isolated activity assay. Nox5 was extracted from

detergent resistant microdomains of cells co-transfected with HA-Nox5 and a control
(LacZ) or WT-ERK.2 and exposed to PMA. Nox5 was incubated in a buffer
containingl00 nM CaCh, lO0µM FAD and superoxide initiated by injection of l00µM
NADPH (indicated by the arrow). (C) Measurement of intracellular calcium in aequorintransfected COS- 7 cells in response to ionomycin (1 µM) and PMA (100 nM) over the
times indicated. Results are presented as mean± SEM (n=4-6), * p<0.05 vs. lacZ control.

62

10. ERK2 activates N ox5 via S498 phosphorylation.

Previously, we have shown that PMA-dependent activation of Nox5 occurs via the
increased phosphorylation of S498 and T494. To determine if these residues are
important in the activation of Nox5 by ERK, we expressed Nox5 S498A and T494A
which contain mutation of the individual phosphorylation sites to the nonphosphorylatable residue alanine. We then co-transfected COS-7 cells with either wild
type Nox5 or the Nox5 mutants (S498A or T494A) and ERK.2. As shown in Fig. 19A-C,
the mutation of S498 to alanine virtually abolished ERK.2-mediated increases in Nox5
activity while mutation of T494 to alanine had a minimal ~ffect. This data suggests that
ERK.2 promotes the phosphorylation ofNox5 on S498 and increases its activity.
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Figure 19. Mutation o{S498A prevents ERK-dependent increases in Nox5 activity.

COS-7 cells were co-transfected with either (A) wildtype HA-Nox5 or (B) S498A or (C)
T494A mutants together with WT-ERK.2 or control DNA (lacZ) and superoxide
measured in response to PMA (l00nM). Results are presented as mean± SEM (n=4-5), *
p<0.05 vs. lacZ control.
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11. The MEK-ERK pathway contributes to PMA-dependent superoxide production
in human VSMCs.
To determine the physiological significance of the MEK-ERK in a cell type that natively
expresses N ox5, we next measured superoxide production in response to PMA in human
aortic smooth muscle cells (HAVSMC) in the presence and absence of the MEK
inhibitor, PD98059. We found that inhibition of MEKl/2 reduced PMA-stimulated
superoxide production (Fig. 20A). To determine the contribution of Nox5 to superoxide
production in HAVSMCs, we exposed cells to the calcium chelator, EGTA. As shown in
Fig. 20B, EGTA significantly reduced superoxide release from HAVSMCs.
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Figure 20. PMA-stimulated superoxide release from human vascular smooth muscle cells
(HAVSMCs) is inhibited by MEKJ/2 inhibitors and chelation of calcium.
(A) HAVSMCs were treated with PMA (1 00nM) in the presence or absence of PD98059
(PD, 20µM) and superoxide measured using L012. (B) HAVSMCs were treated with
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Results are presented as mean± SEM (n=5), * p<0.05 vs.

control.
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Hypothesis 3. The Ca2+/Calmodulin-dependent protein Kinase II (CAMKII) can
influence the phosphorylation and activity of N ox5.

12. CAMKII positively regulates Nox5 activity.
To determine whether CAMKII has a role in the regulation of Nox5 activity, we first
utilized a pharmacological inhibitor of CAMKII, KN-93. Bovine aortic endothelial cells
(BAEC) were used as they express endogenous CAMKII [99] and were transduced with a
N ox5 adenovirus as these cells have low amounts of N ox5 compared to native blood
vessels (unpublished observation). As shown in Figure 21A, pretreatment of BAEC with
the inhibitor of CAMKII, KN-93 produced a dose-dependent inhibition of N ox5 activity.
To complement the results. obtained using pharmacological inhibitors, we next assessed
whether genetic modulation of CAMKII activity can influence Nox5 activity. COS-7
cells were co-transfected with Nox5 and either a control gene (RFP) or WT-CAMKIIa
and superoxide was measured. As shown in Figure 21 B, cells expressing WT-CAMKII
released significantly more superoxide versus control cells but did not modify the
expression level of Nox5 (lower panel). The endogenous level of CAMKII in COS-7
cells is low (Figure 21B, lower panel). The ability of CAMKII to increase Nox5-derived
superoxide was sensitive to pharmacological inhibition with KN-93 (Figure 21 C).
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Figure 21. CAMKIIa regulates Nox5 activity.

(A) Bovine endothelial cells were transduced with Nox5 adenovirus (MOI 50) and
incubated with increasing concentrations (5µM and lOµM) of the CAMKII inhibitor,
KN-93 for 30 min and basal superoxide release was measured using L012
chemiluminescence.

(B) COS-7 cells were co-transfected with HA-Nox5 and either

control (LacZ) or WT-CAMKIIa cDNAs and basal superoxide release was measured.
Cell lysates were immunoblotted for total Nox5 and CAMKIIa (lower panels). (C) COS7 cells were co-transfected with HA-Nox5 and either control (LacZ) or WT-CAMKIIa in
the presence and absence of KN-93 (l0µM). Basal superoxide release was measured with
L012. Cell lysates were immunoblotted for total Nox5 (lower panel). Results are
presented as mean± SEM, n=5. * p <0.05 versus vehicle or control lacZ.
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To further explore a relationship between Nox5 and CAMKII, we co-transfected COS-7
cells with Nox5 and either a control cDNA (RFP), WT, constitutively active or a
dominant negative CAMKII. As shown in Figure 22, co-expression of WT-CAMKII
increases Nox5 activity and superoxide release. Co-expression of a constitutively active
form of CAMKII (T286D), ~hich mimics persistent phosphorylation of T287, with Nox5
produced significantly higher levels of superoxide than the WT CAMKII. Co-expression
of a dominant negative CAMKII (T305D), which mimics persistent inhibitory
phosphorylation, had no effect on superoxide production.
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Figure 22. CAMKIJa is sufficient for Nox5 activation.

COS-7 cells were co-transfected with HA-Nox5 and either control (LacZ), WTCAMKIIa, dominant negative-CAMKIIa (DN, T305D) or constitutively · activeCAMKIIa (CA, T286D).

Basal superoxide release was measured using L012 and cell

lysates were immunoblotted for total Nox5 (lower panel). Results are presented as mean

± SEM (n=4-6), * p<0.05 vs. control.
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Figure 23. CAMKl!a directly increases Nox5 activity in isolated activity assays but does
not modify intracellular calcium levels.
(A) Superoxide release from Nox5 in an isolated activity assay. Nox5 was extracted from
detergent resistant microdomains of cells co-transfected with HA-Nox5 and a control
(LacZ) or WT- CAMKIIa. N ox5 was incubated in a buffer containing 100nM CaC12,
IO0µM FAD and superoxide initiated by injection of IO0µM NADPH (indicated by the
arrow).

(B) Measurement of intracellular calcium in intact COS-7 cells expressing

Nox5 and CAMKIIa using Fluo4-NW. Changes in fluorescence intensity were monitored
with a 485/10nm excitation and a 520/10nm emission filter. Results are presented as
mean± SEM, n=6, * p<0.05 vs. lacZ control. Results are presented as mean± SEM (n=56), * p<0.05 vs. control.
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13. CAMKIIa directly modifies Nox5 activity.

We next assessed whether CAMKII-can directly influence Nox5 activity or alter other
secondary events such as the level of intracellular calcium. To achieve this we first
performed an isolated N ox5 activity assay. Nox5 was purified from COS-7 cells coexpressing a control cDNA (RFP) or CAMKII and reconstituted with calcium, FAD and
superoxide production was initiated with NADPH. As shown in Figure 23A, Nox5
activity from cells co-expressing CAMKII produced more superoxide than control cells
in response to NADPH. This occurred despite an apparently lower level of Nox5
expression in cell-free extracts from cells expressing CAMKII (inset).

To determine

whether CAMKII influences the level of intracellular calcium, we incubated COS-7 cells
co-expressing Nox5 and either a control cDNA or CAMKII and measured intracellular
calcium using the fluorescent calcium-reporter, Fluo-4. We found that expression of
CAMKII did not modify basal or ionomycin-stimulated. intracellular calcium levels
(Figure 23B).

14. CAMKII-does not stimulate ROS production from other Nox enzymes.

To address whether CAMKII can increase the activity of other Nox enzymes we coexpressed CAMKII with Noxl and its regulatory proteins, NOXOl and NOXAl. While
CAMKII can potently increase superoxide release from Nox5, it does not modify Noxl
activity (Figure 24).
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Figure 24. CAMKII-does not stimulate ROS production from other Nox enzymes.

(A) COS-7 cells were co-transfected with Nox5 or Noxl, NoxAl, Nox0l with and WTCAMKIIa or control DNA (lacZ) and basal superoxide was measured using LO 12
chemiluminescence. Results are presented as mean± SEM (n=S-6), * p<0.05 vs. control.
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15. Nox5 is a substrate for CAMKII phosphorylation.

To determine whether CAMKII can directly phosphorylate Nox5, we performed an in
vitro kinase assay using immunoprecipitated Nox5 as a substrate. As shown in Figure
25A, in the presence of ATP, CAMKII robustly phosphorylated Nox5 on Serine 498
(S498), threonine 494 (T494) but not Serine 490. To identify whether these sites are
functionally important we expressed non-phosphorylatable mutants of Nox5 (S498A,
T494A, S490A) together with CAMKII. As shown in Figure 25B-D, the phospho-null
mutants ofNox5 do not prevent the ability of CAMKII to increase Nox5 activity.
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Figure 25. CAMKIIa robustly increases phosphorylation o(Nox5 on S498 and S494 in an
in vitro kinase assay.

(A) Nox5 was immunoprecipitated from COS-7 cells transduced with HA-Nox5
adenovirus and subject to an in vitro Kinase assay. Phosphorylated samples were
immunoblotted for phosphorylated S490, T494 and S498 versus total Nox5. COS-7 cells
were co-transfected with either (B) T494A or (C) S498A or (D) S490A, T494A, S498A
triple mutants of HA-Nox5 together with WT-CAMKIIa or control DNA (lacZ). Basal
superoxide was measured by L012. Relative expression of Nox5 was detected by
immunoblotting (lower panel). Results are presented as mean± SEM (n=4-6), * p<0.05
vs. control.
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16. Identification and significance of novel Nox5 phosphorylation sites.

Because the ability of CAMKII to modify Nox5 activity appears to be a direct effect on
the enzyme and the S490, T490 and S498 non-phosphorylatable mutants did not prevent
changes in Nox5 activity we next examined whether CAMKII phosphorylates Nox5 on
other sites. Nox5 was phosphorylated in vitro, purified via SDS-PAGE, trypsin digested
and subjected to MS/MS analysis [100]. We found an additional 3 sites of
phosphorylation, serines 475, 659 and 502 listed by rank of Mascot and Sequest scores
(Table III).
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Peptide

Mascot
Score

Sequest
Score

Ser475

46

3.4

KDpSITGLQTR

Ser659

32

2.76

SpSKGSEILLEK

Ser502

n/d

0.84

Peptide
L YEpSFKASDPLGR

Phospho

Table III. Mass spectrometry identification of novel CAMKIIa phosphorylation sites in
Nox5.

HA-Nox5 was immunoprecipitated from COS-7 cells transduced with HA-Nox5~
adenovirus and subject to an in vitro kinase assay. Phosphorylated samples were run on
SDS gel, silver-stained and the band corresponding to the correct molecular weight of
Nox5 (80kDa) was excised, trypsin digested and subject to analysis by mass
spectrometry. In addition to the reduced basal activity, Nox5 S475A also produced
significantly less superoxide in presence of ionomycin stimulation as shown in Figure
26B. The other mutants produced comparable amount of superoxide in response to
ionomycin.
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Figure 26. Mutation o(S475A prevents CAMKlla-dependent increases in Nox5 Activity.
COS-7 cells were co-transfected with either (A) wildtype HA-Nox5 or S475A or S659A
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superoxide was measured with L012. (B) Wild type and mutant Nox5 expressing COS-7
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were immunoblotted for relative expression ofHA-Nox5, CAMKIIa and GAPDH (lower
panels). Results are presented as mean± SEM (n=4-5), * p<0.05 vs. control.
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17. CAMKIIa activates Nox5 via S475 phosphorylation.

To address the functional significance of these sites, we made point mutations of serine
475, 659 and 502 to the non-phosphorylatable analogue alanine. As shown in Figure 26A,
the Nox5 mutant S475A was active, but produced significantly less superoxide compared
to the WT Nox5 and did not produce additional superoxide in the presence of CAMKII.
The other sites, S659 and -S502 were significantly activated by CAMKII, albeit to a
reduced degree compared to the WT N ox5.
Next, we evaluated whether the CAMKIIa induction of S475 phosphorylation
exists in cells and not only in vitro assay as shown by MS (Table III). Wildtype and
S475A Nox5 were cotransfected with either RFP or CAMKIIa in COS-7 cells and the
lysates were run through the phosphoprotein enrichment chromatography column. The
phosphorylated fractions were immunblotted with HA and control phospho ERK.1/2
antibody. As shown in Figure 27A, the mutation of S475 to non-phosphorylatable analog
alanine significantly reduced elution fraction ofNox5, but did not affect the level of other
phosphoproteins such as phospho ERK.1/2 (Figure 27B).
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Figure 27. CAMK/la phosphorylates Nox5 S475 residue.
COS-7 cells expressing CAMKIIa and either Nox5 or S475A Nox5 were passed through
phosphoprotein affinity columns (Pierce). (A) The total input and (B) the eluted fractions
were immunoblotted with anti HA and p-ERK.1/2 antibody.
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To determine the physiological significance of the CAMKila in a cell type that
natively expresses Nox5, we next measured calcium chelator (EGTA)-inhibitable
superoxide production in HAVSMCs in the presence and absence of the CAMKIIa
siRNA. As shown in Figure 28, we found that silencing of CAMKIIa significantly
reduced the calcium-dependent superoxide production from HAVSMCs.
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Figure 28. Silencing of endogenous CAMKIIa in HAVSMCs reduces· calcium-dependent
superoxide production.

40-50% HAVSMC cells were transfected with CAMKIIa siRNA using siPORT amine
transfection reagent (Ambion). After 72 hours, the cells were subjected to superoxide
measurement in presence of EGTA (2mM) using LO12 and the remaining cell lysates
were immunoblotted with anti CAMKIIa and GAPDH antibody. Results are presented as
mean± SEM (n=5), * p<0.05 vs. control.
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Hypothesis 4. The NADPH oxidase enzymes are SUMOylated at specific lysine
residues and that SUMO is a key regulatory switch that controls the NADPHoxidase dependent production of ROS.

19. Co-expression of SUMO-1 negatively regulates NADPH oxidase activity.

To determine whether SUMO influences the activity of NADPH oxidases,
cDNAs encoding SUMO-1 and Nox5 were co-transfected in COS-7 cells and superoxide
release was quantified using L012 luminescence. We found that SUMO-1 was a potent
inhibitor of both basal (Figure 29A) and stimulated Nox5 activity in response to the
calcium-mobilizing agent ionomycin (Figure 29C) and the PKC agonist, PMA (Figure
29D). Increased expression of HA-SUMO-1 significantly increased SUMOylated
proteins compared to control cells as shown in Figure 29B. To establish whether the
ability of SUMO-1 to inhibit Nox5 exhibits a dose-dependent relationship we transfected
cells with a fixed concentration ofNox5 and increasing amounts of SUMO-1. As shown
in Figure 30, SUMO-1 dose-dependently inhibited Nox5 activity suggesting that its
ability to inhibit Nox5 is dependent on the amount of free SUMO-1 and not an all or none
phenomenon.

20. SUMO Inhibition of of Nox5 requires the attachment of SUMO-1 to Substrate

Proteins. We next established whether the attachment of SUMO-1 to client proteins was

necessary for its inhibitory actions. As shown in Figure 31, a SUMO-1 construct that
lacks the C-terminal diglycine motif (~GG) that is required for activation by El enzymes
was unable to inhibit Nox5. SUMO-2 (Figure 31) and SUMO-3 (data not shown) were
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also unable to inhibit Nox5 activity, but a modified or mature form of SUM0-1 lacking
the C-terminal pro-peptide (hydrolase-independent) was as effective as the wild-type
SUM0-1. These results suggest that the covalent attachment of SUM0-1 to target
proteins is necessary to inhibit Nox5. The attachment of SUM0-1 requires UBC-9, a
SUMO conjugating enzyme that provides substrate specificity. Co-expression of UBC-9
with Nox5 resulted in reduced Nox5 activity whereas co-expression of a dominant
negative construct lacking a critical cysteine residue (C93) was ineffective (Figure 32).
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Figure29. SUMO-I inhibits basal and stimulated production ofsuperoxide.

In A, COS-7 cells were transfected with Nox5 with and without SUMO-1 or a nonspecific gene (RFP) and superoxide production was monitored by LO 12 in the presence
and absence of ionomycin (lµM, C) or PMA (100 nM, D). Cell lysates were subjected to
western blot using anti-HA and anti-SUMO-1 antibody (B). Results are presented as
Mean+/- SEM, n=4-6. * p<0.05 vs. control.
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Figure 30. SUMO-I suppresses Nox5 activity in a dose dependent manner.

COS-7 cells were transfected with Nox5 and different concentrations of SUMO-1 cDNA
ranging from 0-300ng. Production of ROS from Nox5 was determined via
chemiluminescence and expressed as a relative light units (RLU), Means+/- S.E.M, n=6.
Results are representative of more than 3 independent experiments. *p<0.05 vs. control
(0-300 ng SUMO-1).
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Figure 31. Effect of dominant negative and constitutively active mutants o{SUM0-1 on
Nox5 activity.
COS-7 cells were transfected with Nox5 and either active (SUMO-GO) or dominant
negative (SUMO-~GG) mutant of SUMO-I. SUM0-2 was transfected along with Nox5
to determine if other isoforms of SUMO-I have similar effect on Nox5 activity. ROS
generation from Nox5 was determined via luminol based chemiluminescence and
expressed as a relative light units (RLU), means +/- S.E, n=6. Results are representative
of more than 3 independent experiments. SUMO-GO is the active mutant where SUMO
has exposed carboxyl terminal double glycine residue due to cleavage by SUMO
proteases while SUMO-~GG is an inactive mutant and has its double glycine residue
removed that is important for conjugation.
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21. SUM0-1 inhibits the activity of other NADPH oxidases isoforms To assess
whether SUMO-I can modify the activity of other members of the Nox family, we
cotransfected SUMO-I together with NoxI, Nox3 or Nox4 and measured ROS
production. SUMO-I was an effective inhibitor of NoxI, 3 and 4-mediated ROS
production (Figure 33 A - C). ROS production from COS-7 cells expressing SUMO-I
alone was measured in parallel with cells expressing control DNA or Nox5 to show the
requirement for Nox in the detection of ROS. As shown in Figure 33D, SUMO-1
transfected cells produced negligible amount of ROS as compared to cells transfected
with an NADPH oxidase (Nox5).

22. Endogenous SUMO represses the activity of NAPDH oxidases. While we have
shown that increased expression of SUMO-I can reduce Nox activity, we have not yet
demonstrated whether endogenous SUMOylation is important for Nox activity. To
achieve this we suppressed the endogenous expression of SUMO- I and UBC-9 in
HEK293 cells that stably express Nox5. Reduced expression of SUMO-1 significantly
increased N ox5 activity and this was further increased by knockdown of UBC-9 (Figure
34A, B). To assess whether endogenous SUMO is important for Nox activity in primary
cells we exposed human neutrophils and human vascular smooth muscle cells to a
pharmacological inhibitor of SUMOylation, anacardic acid. Anacardic acid increased
superoxide from smooth muscle cells and dose-dependently increased superoxide from
PMA-challenged neutrophils (Figure 34C-D) suggesting that endogenous SUMOylation
not only restricts the activity of Nox5 but also constrains other members of the NADPH
oxidase family.
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Figure 34. Endogenous SUMOylation restrains Nox activity in COS-7, vascular smooth
muscle cells and neutrophils.
In A, superoxide release from COS-7 cells stably expressing Nox5 in the presence and
absence of siRNA for SUMO-I and UBC-9. In B, immunoblot for SUMO-I and UBC-9
in cells transfected with control siRNA or siRNA for either SUMO- I or UBC-9. In C,
PMA-stimulated superoxide release from human neutrophils in the presence and absence
of anacardic acid (1-5 µM). In D, superoxide release from human vascular smooth muscle
cells in the presence and absence of anacardic acid (l0µM). Western blot of cell lysates
with increasing concentration of Anacardic acid is shown next to the Figure whereas
western blot at lower panel shows the endogeneous expression level of Nox5 m
HAVSMC. Results are presented as mean+/- SEM, n=3-6. *p<0.05 vs. control.

91

23. SUMO directly influences NADPH oxidase activity and does not modify levels of
intracellular calcium.

We next determined whether SUMO-I directly modifies the activity of Nox5 or
whether it influences secondary events important for Nox5 activity such as calcium levels
which would then indirectly inhibit superoxide production. This was first achieved using
a cell-free activity assay in which Nox5 was extracted from transfected cells and
activated in the presence of supplemental calcium, NADPH and FAD to produce
superoxide [6]. As shown in Figure 35A, SUMO-I mediated inhibition ofNox5 was also
evident in the cell-free assay, indicating that the inhibitory effect of SUMO-I was
dependent on the direct modification of N ox5 and not dependent on cytoplasmic proteins
or changes in the level of substrates or co-factors. In support of these data, in Figure 3SB
we measured the level of intracellular calcium using the intracellular calcium reporter
I

Fluo-4 [101] and found that SUMO-I does not influence the level of calcium in COS-7
cells. Furthermore, saturation of intracellular calcium with increasing concentrations of
the calcium ionophore, ionomycin failed to overcome the inhibition from SUMO- I as
shown in Figure 35C. Therefore the ability of SUMO-I to inhibit Nox5 is likely due to
direct modifications of the enzyme and is independent of changes in the concentration of
intracellular calcium.
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Figure 35. SUMO-I inhibition o{Nox5 is direct and does not involve changes in the level
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stimulated with increasing concentration of ionomycin (0.1-1.0µM) and superoxide
release was measured using LO 12 chemiluminescence. Results are presented as mean +/SEM, n=6. *p<0.05 vs. control (RFP).
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24. SUMO does not promote Nox5 degradation via the proteasome.

In contrast to ubiquitin, the SUMOylation of proteins is not necessarily associated with
their degradation. To assess whether co-expression of SUMO-1 influences the
degradation of Nox5 we monitored the relative expression of Nox5 over time following
cyclohexamide treatment of cells. As shown in Figure 36A, co-expression of SUMO-1
did not modify the turnover of Nox5. In addition, the proteasome inhibitor MG-132 was
unable to reverse SUMO-1 dependent inhibition of Nox5 activity suggesting that the
reduction in activity was not due to increased Nox5 degradation (Figure 36B).

25. SUMO does not modify the PMA-dependent phosphorylation of Nox5 regulatory
sites.

To assess whether co-expression of SUMO-1

influences the PMA-dependent

phosphorylation of Nox5 at sites which have been shown to regulate calcium-sensitivity
and activity [6], we evaluated the phosphorylation level of Nox5 S498 and S494 in COS7 cells co-expressing Nox5 and SUMO-I following stimulation with PMA. As shown in
Figure36C, increased expression of SUMO-I did not modify PMA-dependent Nox5
phosphorylation.
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Figure 3 6. Co-expression of SUMO-I does not modify the stability and phosphorylation of
key Nox5 residues.

In A, COS-7 cells were co-transfected with Nox5 with and without SUMO-1 and treated
with cyclohexamide (50µM) and cell lysates harvested at the indicated times. In B,
superoxide release from COS-7 cells expressing Nox5 in the presence and absence of the
proteasome inhibitor MG-132 (1 0µM). In C, COS-7 cells expressing Nox5 with or
without SUMO-1 were stimulated with PMA (l00nM) for 15 minutes and cell lysates
were immunoblotted for phospho-Nox5S498 and phospho Nox5S494 Results are
presented as mean+/- SEM, n=4. *p<0.05 vs. control (RFP).
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26. Nox5 is not a direct substrate for SUM0-1.

To date, there is no direct evidence to suggest that N ox5 or other N ox enzymes can be
SUMOylated. To determine if indeed Nox5 can be directly modified by SUMO in vitro,
we employed purified HA-Nox5 as a substrate which was incubated with recombinant
SUMO-1, El-activating (SAE1/SAE2) and E2-conjugating (UBC-9) enzymes in an in
vitro SUMOylation reaction. In the presence of ATP, Nox5 is SUMOylated as evidenced
by higher molecular weight bands that are immunoreactive to SUMO-I (Figure 38A).
Next, we determined whether Nox5 is SUMOylated in intact cells. We co-expressed
FLAG-tagged Nox5 with HA-tagged SUMO-1 or YFP tagged SUMO-1 in COS-7 cells
and immunoprecipitated Nox5 (via the FLAG epitope) and immunoblotted for FLAGNox5 and for the presence of attached SUMO-I (HA or YFP). The schematic of
experimental approach is shown below in Figure 37. We also performed similar
experiment with myc tagged BMAL 1 which has previously been shown to be modified
by attachment of SUMO-1 [102].

HA-FLAG_..,

FLAG

Figure 3 7. Schematic outlining the experimental approach to detect the direct
SUMOylation ofNox5.
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As shown in Figure 3 8C, in total cell lysates, co-expression of mycBMAL 1 and either
HA-SUMO-1 or YFP-SUMO-1 yielded an additional higher molecular weight band, that
was approximately 10-15kDa and 40-45kDa heavier than BMAL 1 (BMAL 1*). However,
in cells expressing FLAG-Nox5 the co-expression of HA-SUMO-1 or YFP-SUMO-1
failed to yield these additional higher molecular weight bands (Figure 38B).

To show

that YFP tagged SUMO-1 was working in a similar fashion as HA-SUMO-1 which was
used throughout the study, we did a side by side comparison of the ability of YFP- and
HA- tagged SUMO-1 to inhibit Nox5 (Figure 38C). To confirm these findings, we
performed additional experiments using Ni2+ -NTA agarose purification a. Lysates from
COS-7 cells co-expressing HA-Nox5 and Histidine (HIS) tagged SUMO-1 were purified
by using Ni2+ affinity columns. The purified elution fractions were analyzed by Western
blotting with anti-HIS and anti-HA antibodies. The purification of HIS-tagged proteins
significantly concentrated the amount of SUMOylated proteins (Figure 39B). However
we still failed to see the higher molecular weight band when immunoblotted for HANox5 (Figure 39A).
As previously outlined, SUMO modification of proteins occurs on specific
regions that can be predicted by the consensus motif, \j/KxE, where 'I' is a large
hydrophobic residue, K the SUMO acceptor and xis any residue. To examine whether
there are SUMO binding sites in Nox5 and that these sites are important for its activity,
we performed site-directed mutagenesis of predicted Nox5 lysine (K) to arginine (R) and
measured superoxide production from COS- 7 cells expressing these mutants with or
without SUMO-1. As shown in figure 40A-B, mutation of different predicted SUMO-1
sites in Nox5 had no effect on SUMO inhibition of Nox5 activity.
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Figure 38. Nox5 is not a SUMO substrate in cells.

In A, HA-Nox5 was immunoprecipitated from COS-7 cells and subject to an in vitro
SUMOylation reaction.

In B, COS-7 cells were cotransfected with FLAGNox5 and

either HA-SUMO-I or YFP-SUMO-I and the total cell lysates were immunoprecipitated
with anti-FLAG antibody. In C, COS-7 cells were cotransfected with mycBMALI and
either HA-SUMO-I or YFP-SUMO-I and the total cell lysates were immunoprecipitated
with anti-myc antibody. In D, superoxide release was measured from COS-7 cells
expressing Nox5 and HA-SUMO-I or YFP-SUMO-I. *p<0.05 vs. control (RFP).
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DISCUSSION
The major findings of the our study are that Nox5 and its splice variants are expressed in
isolated human blood vessels and human tissues such as endothelial cells and smooth
muscle cells and its activity is regulated by at least three newly described posttranslational modifications, phosphorylation via ERK.1/2 and CAMKIIa signaling
pathways and SUMOylation.
We detected the presence of Nox5 mRNA in human endothelial cells, smooth
muscle cells and isolated aorta using RT-PCR. These findings were complimented with
the detection of N ox5 protein expression in human saphenous veins and mammary artery
using a specific polyclonal antibody. While we were performing these experiments,
another group reported the presence ofNoxS in the endothelium and smooth muscle cells
of diseased human coronary artery [61]. However, which of the Nox5 splice variants are
expressed in human blood vessels has not been reported. We found that only Nox5a and
NoxSP mRNAwere expressed in isolated human saphenous veins and mammary artery,
whereas N ox5y and 8 were not detected. Also, in order to shed light on the ongoing
controversies over whether some or all of the N ox5 splice variants are active and produce
ROS, we cloned individual Nox5 variants in the pcDNA3 expression vector. We
measured ROS (H202 and 02·) from COS-7 cells expressing these variants and found that
only Nox5a and Noxsp were actively producing ROS whereas Nox5y, Nox58 and Nox5S were found to be inactive. In human adenocarcinoma cells, upregulation ofNoxS-S has
been attributed to the pathology of this disease. However, the mechanism by which this
occurs was not investigated. Our findings add more complexity to a putative mechanism
of Nox5-S as we have shown this variant to be incapable of producing ROS. To
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understand the functional significance of the Nox5 splice variants, we evaluated whether
the presence of the inactive Nox5 variants could affect the function of active Nox5
variants. Indeed, we found that active Nox5 splice variants- Nox5a and Nox5B produced
significantly less superoxide in the presence of inactive variants -Nox5y, 8 and Nox5-S.
We speculate that this occurs due to a dominant negative action of the inactive N ox5
splice variants in which the lack of or lack of functional EF hands prevents activation of
the active Nox5 variants. Furthermore, increased expression of all of the Nox5 splice
variants significantly upregulated Nrf2 activity and interestingly, Nox5-S was the most
potent activator of Nrf2. Further investigation is required to elucidate the mechanisms by
which the inactive Nox5-S upregulates the activity of the redox sensitive transcription,
Nrf2. In a separate experiment, we evaluated the functional role ofNox5 in various redox
sensitive signaling pathways. A progressive increase in the expression ofNox5 in HAEC
resulted in increased p38 MAPK, JAK2, JNK and ERK.1/2 phosphorylation and
promoted increased expression of cleaved PARP. In contrast, progressive increases in
the-expression of Nox5 and ROS production in HASMCs only increased ERK.1/2
phosphorylation. The phosphorylation of Akt was not significantly modified by Nox5. At
higher concentrations of Nox5, there was evidence of increased apoptosis as shown by
the presence of cleaved caspase-3, cleaved PARP and reduced levels of Bcl-2. The
functional roles of individual splice variants in these signaling pathways are currently
under investigation by our group.
The molecular regulation of N ox5 was originally thought to be unique in its
simplicity and unitary dependence on intracellular calcium. This was largely based on
comparison to the more complex regulation of the other N ox isoforms which depend on
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the interactions of numerous subunits and phosphorylation-dependent events for
superoxide generation.

However, we have since found that the regulation ofNox5 is not

quite as simple as first thought. The ability of PMA to increase Nox5 activity without
elevating intracellular calcium led to the discovery of PMA-dependent phosphorylation
and calcium-sensitization. As PMA is an established agonist for protein kinase C (PKC)
activation, it was reasonable to assume that PKC might be involved in the direct
phosphorylation of Nox5. Evidence to support this is derived from the ability of
pharmacological inhibitors of PKC to significantly attenuate PMA-dependent increases in
the phosphorylation of Nox5 and reduce superoxide production [6, 7]. However, these
inhibitors may not be entirely specific for PKC and cannot discriminate between its
multiple isoforms or determine if PKC operates through a secondary kinase cascade such
as MEK/ERK to directly modulate Nox5 activity.
Indeed, in our study, we found that PMA also robustly stimulates the
phosphorylation of ERK.1/2 and that the MEKl/2 inhibitor PD98059, dominant negative
MEKl and MEKl siRNA significantly reduce .the PMA dependent phosphorylation of
S498 and the activity of Nox5. All of these findings suggest that the participation of
ERK.1/2 is necessary for Nox5 activation. However, we also found that a constitutively
active MEKl failed to activate Nox5 suggesting that this pathway, while necessary, is not
sufficient to drive Nox5 activity in the absence of additional stimuli. In a previous study
we found that the ability of PMA to stimulate N ox5 activity could not be fully blocked by
the mutation of a single PKC phosphorylation site and that mutation of greater than 2
sites were required to fully suppress PMA-stimulated activity [6]. Therefore it is possible
that the ERK.1/2-dependent phosphorylation of S498 requires the cooperative
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phosphorylation of other sites on Nox5 in order to fully activate the enzyme and this
explains the inability of a constitutively active MEKl to increase Nox5 activity in the
absence of other stimuli. In agreement with this hypothesis, the single mutation of S498
to the non-phosphorylatable analogue, alanine, nearly abolishes ERK2 dependentincreases in Nox5 activity. In contrast, mutation of T494 was

significantly less effective

at blocking ERK-activation and yet both sites are required for the PMA-dependent
increase in Nox5 activity[6]. These data suggests that S498 is the primary site regulated
by ERKl/2 and that its phosphorylation is necessary, but not sufficient, to elicit changes
in Nox5 activity.
Previous studies have shown that MAP kinases can phosphorylate the regulatory
subunits of other Nox enzymes and influence ROS output [103-107]. The regulatory
subunit p47phox, which can influence the activities of Noxl, 2 and 3 has been shown to
be phosphorylated by ERKl/2 on S345 and this modification promotes increased Nox2
activity [108]. Other Nox regulatory subunits that can be targeted by ERK include
NOXOl and NOXAl which regulate the activities of both Noxl and Nox3 [109, 110].
These effects are not limited to ERK and other MAPK kinases such as p3 8 MAPK can
also influence p47phox phosphorylation and Nox2 activity [108]. However, the direct
phosphorylation of Nox enzyme units by ERK has not yet been reported and Nox5 may
be the first example of direct regulation. In addition to COS-7 cells, we found that O/
release from HAVSMCs, which express Nox5 [5, 61, 62] was also sensitive to inhibition
of MEKl/2. The ability of reduced calcium levels to suppress Nox5 activity also supports
a role for Nox5 in the PMA-dependent release of O/ from human VSMC and is
consistent with findings obtained using Ang II and ET-1 [11].
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A close relationship exists between ROS and MAPK signaling and elevated ROS,
particularly in the form of H20 2, can promote increased ERK activity [111-115]. Noxgenerated ROS have been shown to activate the redox sensitive transcription factor, Nrf2,
which is abolished by inhibitors of ERKl/2 signaling [116]. Conversely, antioxidants
have been shown to reverse ERK activation in response to growth factor signaling [117,
118]. The mechanism of ERK activation by ROS is not fully understood, but it is likely to
be an indirect target of altered upstream phosphatase and kinase activity [119].
To the best of our knowledge, our results are the first to demonstrate that MAPK
signaling can directly influence the phosphorylation state of a transmembrane Nox
enzyme and also that it contributes to the increased activity of N ox5 in response to PMA.
The mechanism by which this occurs is via the increased phosphorylation of S498 and to
a lesser extent the phosphorylation of T494, and these events promote greater activation
of the enzyme at resting levels of calcium. The elevated production of ROS which is
known to occur in pathologic states such as cardiovascular disease may activate the
MAPK/ERKl/2 pathway and thus promote enhanced Nox activation via the
phosphorylation of p47phox or the through direct phosphorylation of Nox5 leading to
greater ROS production and thus may form an aberrant feed forward cycle that drives
further ERK phosphorylation and contributes to the excessive production of ROS.
In response to PMA, a recent study has ruled out CAMKII as a regulator ofNox5
activity based primarily on the lack of effect of the putative CAMKII inhibitor KN-92 on
ROS production [7]. However, it should be noted that KN-92 does not effectively inhibit
CAMKII and instead is often used an inactive structural analog of the active inhibitor,
KN-93 [120]. In contrast, we found that superoxide release from BAEC expressing Nox5
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and from COS-7 cells co-transfected with Nox5 and wt CAMKII was strongly inhibited
by the active inhibitor, KN-93. PMA has also been shown to regulate the activity of
voltage sensitive calcium channels [121, 122] and thus it is possible that in cell types
expressing these channels that PMA could indeed promote increased CAMKII activity
through the secondary elevation of calcium. However, this has not been shown to be
important for Nox5 activity in COS-7 cells or BAEC and in our study, we found that
CAMKII can directly increase the activity of Nox5. We found that in vitro CAMKII can
phosphorylate Nox5 on at least 5 different sites, T494, S498, S502, S475 and S659. Of
these sites, only S475 is functionally important for superoxide release. The effect of
CAMKII on superoxide release was selective for Nox5 as CAMKII did not modify the
activity of Noxl. Previously, we showed that the PMA-dependent phosphorylation of
Nox5 on T494 and S498 increases the calcium-sensitivity of Nox5 and permits elevated
O/ release at resting levels of intracellular calcium[6]. While we found that CAMKII
can increase the phosphorylation of Nox5 on T494 and S498 in vitro, the mutation of
these sites to non-phosphorylatable residues had no effect on the ability of CAMKII to
increase O/ release from cells expressing Nox5. Thus within the cell, it is possible that
either CAMKII does not modify the phosphorylation of these sites or alternatively that
the phosphorylation of S475 can override these effects.
The mechanism by which the phosphorylation of S475 increases Nox5 activity is
not yet known. This site lies in the C-terminal, cytoplasmic region ofNox5, just after the
predicted FAD binding region and before the first NADPH binding site [18]. This region
also contains the other Nox5 phosphorylation sites S490, T494 and S498.

Thus, given

its location it is likely that phosphorylation of this site promotes increased electron flow
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from NADPH to FAD or FAD to heme but the exact mechanisms are not yet known.
Indeed, the mechanisms regulating the calcium-dependent activity of Nox5 via
occupation of N-terminal EF hands in general is not fully understood [123]. Within the
cell, Nox5 can be found primarily on membranes of the endoplasmic reticulum and also
at the plasma membrane [6, 7, 64]. How CAMKII interacts with Nox5 is not yet known.
CAMKII is not intrinsically membrane bound but can interact with substrates at the
plasma membrane and also those that are present on the sarco/endoplasmic reticulum
such as the ryanodine receptor [121, 124]. Some substrates of CAMKII have been
proposed to contain a binding motif that can resemble part of the regulatory domain of
CAMKII [125], but it is not yet known whether Nox5 binds tightly to CAMKII or
participates in "kiss and run" interactions prior to phosphorylation.
CAMKII has been shown to regulate the levels of intracellular calcium by
phosphorylating subunits of voltage gated calcium channels and also the ryanodine
receptor [121, 124]. However, this action is unlikely to account for the ability of
CAMKII to increase Nox5 activity in COS-7 cells for several reasons. Firstly, in these
cells, CAMKII did not modify intracellular calcium levels and this is further supported by
the evidence that CAMKII can induce lasting increases in N ox5 activity in a cell free
activity assay where the calcium concentration is fixed. Lastly, the loss of responsiveness
of the S475A phosphonull mutant of Nox5 to CAMKII suggests that the mechanism by
which CAMKII regulates Nox5 activity is not simply due to secondary changes in
calcium. However, it is possible that in smooth muscle cells, which express both Nox5
and voltage gated calcium channels, that CAMKII could promote the elevation of
intracellular calcium and this would serve to further increase Nox5 activity[ll, 62, 126].
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The ability of CAMKII to regulate superoxide release from cells was also dependent on
the presence of Nox5 as increased superoxide was not observed in control cells (without
N ox5) or in cells expressing N ox 1.
As CAMKII is a calcium-calmodulin [125] regulated kinase it is interesting that
under resting conditions or in the absence of a calcium-transient that the activity of the
WT kinase approached that of the constitutively active form of CAMKII. While a
fraction of the CAMKII pool is thought to be active, this is unlikely to account for the
high basal activity observed. One explanation for this is that ROS are a potent stimulus
for increased activity of CAMKII [127-131] and the elevated levels of ROS derived from
the co-expression of Nox5 may be the cause of the increased activity of wt CAMKII.
Indeed, a recent study has shown that CAMKII can be directly modified by the NADPHoxidase dependent oxidation of two methionine residues which renders the enzyme
constitutively active [79]. The ability of ROS to stimulate CAMKII-activity has
important functional consequences. Elevated ROS have been shown to potently
upregulate the expression of eNOS in endothelial cells in a CAMKII-dependent manner
[80]. ROS-stimulated CAMKII also contributes to apoptosis of cardiac myocytes,
impaired cardiac function and increased mortality following myocardial infarction [79].
More relevant to the current study, ROS in the form of H202 have been shown to
positively regulate Nox5 activity via a c-Abl kinase, Ca+2 mediated, redox dependent
signaling pathway [81]. However, it is not yet known whether CAMK participate in this
process. The ability of ROS to stimulate CAMKII activity and then secondarily increase
Nox5 activity also suggests the existence of a feed-forward mechanism that could lead to
excessive ROS production via reciprocal stimulation.
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The activity of Nox5 and CAMKII are strongly influenced by agonists that
promote the mobilization of intracellular calcium and thus it is likely that both enzymes
are co-activated when expressed in the same cell. Ang II has been shown to stimulate
CAMKII activity in vascular smooth muscle cells to promote hypertrophy [132] and not
surprisingly Ang II is also a potent regulator ofNox5 [11]. Similarly, CAMKII and Nox5
are abundant proteins in sperm and are important for motility and capacitation [133, 134].
CAMKII plays an important role in cardiac myocyte excitation contraction coupling,
calcium handling and apoptosis[125]. It is not yet ~own if Nox5 is expressed in human
cardiac myocytes although its expression has been documented in cardiac fibroblasts
[135].
Control over protein function in eukaryotes can be achieved via covalent posttranslational modifications such as phosphorylation, S-nitrosylation, methylation,
acetylation and ubiquitylation which have been shown to regulate NADPH Oxidase
activity. However, an emerging and indispensable posttranslational modification is the
"SUMOylation" of substrate proteins. SUMOylation can be regarded as analogous to
ubiquitination and involves the covalent attachment of SUMO to select lysine residues of
substrates. We have identified SUMOylation as a novel mechanism that negatively
regulates the activity of the NADPH oxidases and limits the production of ROS. We
found that SUMO-I can potently reduce ROS production from Noxl-5 and that the active
form of SUMO- I and the SUMO-specific conjugating enzyme UBC-9 are required to
suppress ROS production. Furthermore, inhibition of endogenous SUMOylation using
siRNA or a pharmacological inhibitor increases ROS production from human vascular
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smooth muscle cells and neutrophils and suggests that SUMO 1s an endogenous
suppressor of ROS production.
The overproduction of ROS by Nox enzymes is a fundamental mechanism
underlying the vascular dysfunction associated with cardiovascular disease and excessive
inflammation [1]. Aside from changes in the expression level of the various subunits,
Nox activity is controlled through post-translational modifications [2]. Nox5 is unique
among the 5 Nox isoforms in that its activity does not depend on the binding of additional
proteins. Instead, the regulatory elements controlling Nox5 activity are contained within
the one protein and thus post-translational changes in the activity of Nox5 activity are
likely to be due to modifications specific to Nox5 and not other proteins or subunits. For
these reasons we used Nox5 as a surrogate to explore the mechanisms by which SUMO
inhibits Nox activity. We found that only SUMO-I, but not SUM0-2 or the closely
related SUM0-3 was able to inhibit Nox5. This is consistent with previous findings
showing that paralogs of SUMO can exhibit significant substrate specificity where, for
example, RANGAPl is preferentially modified by SUM0-1 and topoisomerase II by
SUM0-2/3 [8, 136]. The ability of SUMO-I to suppress Nox5 activity in an isolated
activity assay which separates Nox5 from cytosolic variables including other proteins,
calcium, NADPH and FAD levels suggests a direct effect of SUM0-1. Importantly,
SUMO did not decrease the expression or turnover of Nox5 and the reduced production
of ROS were not reversed by an inhibitor of the proteasome which further supports a
posttranslational mechanism rather than a change in gene expression. As N ox5 activity is
strongly dependent on calcium availability, we also investigated whether SUM0-1
affects the concentration of intracellular calcium or the sensitivity of Nox5 to calcium
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which is mediated via phosphorylation of T494 and S498 [6]. We found that SUMO did
not affect the level of intracellular calcium or Nox5 phosphorylation and the ability of
SUMO to reduce Nox5 activity in an isolated enzyme assay also rules out changes in
subcellular localization as a primary mechanism of inhibition [64]. As a form of SUMO-I
that cannot be conjugated to substrates failed to inhibit Nox5, these data collectively
support the concept that Nox5 is directly modified by SUMO. However, we could not
find evidence of Nox5 SUMOylation and mutational analysis of 19 predicted SUMO
sites ('l'KxE, where 'I' is a bulky hydrophobic residue and x, any residue) and other
conserved lysine residues did not reveal a functionally significant attachment site for
SUMO modification. Thus, we must exclude direct SUMOylation of Nox5 as a
mechanism of inhibition.
In addition to Nox5, we found that SUMO inhibited the activities of Noxl, 3 and
Nox4. In neutrophils where the predominant oxidant producing enzyme is Nox2 [38]. A
pharmacological inhibitor of endogenous SUMOylation, anacardic acid [137], increased
the production of ROS suggesting that SUMOylation also represses the activity ofNox2.
Similarly in human vascular smooth muscle cells expressing Nox5, inhibition of
SUMOylation potentiates superoxide production and provides further evidence that
SUMO tonically represses the activity of the Nox enzymes and limits ROS production.
However, comparison of the amino acid sequence of Nox5 with that of Noxl-4 reveals
little evidence for the existence of conserved lysines that conform to accepted
SUMOylation motifs and this further supports an indirect mode of inhibition. Other
potential mechanisms by which SUMO could inhibit the Nox enzymes is through altered
protein: protein interactions via a non-covalent SUMO interacting motif (SxS) [138]

111

which can orchestrate protein: protein interactions with other proteins that are
SUMOylated. SUMO-1 has also been shown to SUMOylate SOD-1 which promotes
increased protein stability. However, this mechanism cannot explain the ability of
SUMO-1 to inhibit Nox5 in an isolated enzyme assay or Nox4 which emits primarily
hydrogen peroxide. We recently described the ability of MEKl to regulate Nox5 activity
via ERK.1/2 [139]and the recently reported SUMOylation of MEKl [140] could
indirectly influence Nox5 activity. Evidence against this is the lack of change in Nox5
phosphorylation in the presence of SUMO-I and ability of SUMO-I to inhibit other Nox
enzymes such as Nox4 that are not regulated by MEKl. Alternatively, as the majority of
SUMO substrates are transcription factors [141] it is possible that changes in the
expression of other proteins could conspire to suppress NADPH oxidase activity. One
pertinent example is the SUMOylation and inhibition of the Pleomorphic Adenoma
Gene-Like 2 which has been shown to regulate the expression of the Nox subunit
p67phox [142]. However, this would not influence Nox4 or Nox5 activity or Noxl/Nox3
in the presence of NOXOl and NOXAl. Further identification of novel mechanisms is
likely to be a complex endeavor and is beyond the scope of the present study.
SUMOylation is an important mechanism for the posttranslational regulation of
protein function that includes transcription, intracellular localization, protein-protein
interactions and cell signaling [85, 86]. The mechanisms controlling protein
SUMOylation are poorly understood and cellular stress in the form of heat, osmotic
pressure, genotoxic insults and ROS [8, 143] have all been shown to promote
SUMOylation. SUMOylation provides protection against thermal and ischemic damage
in hibernating animals [144] and is increased in a number of disease states including
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Parkinson's, Huntington's, diabetes and cancer [145]. While the sum effect of increased
SUMOylation is thought to be cytoprotective, the effect of SUMO on individual proteins
is likely to vary considerably.

In this study, the SUMOylation of Nox enzymes and the

resulting reduction in ROS output would be consistent with a protective mechanism that
limits further cellular damage from excessive ROS formation. However, not all of the
effects of SUMOylation are protective. The increased SUMOylation of ERK5 reduces its
transcriptional activity and exacerbates deficits in cardiac function induced by myocardial
ischemia [87] and the SUMOylation oftransglutaminase promotes inflammation [146].
Reactive oxygen species in the form of hydrogen peroxide can dramatically
increase SUMOylation [8]. However, the effect of ROS and oxidative stress on protein
SUMOylation is complex. The amount of ROS is a very important variable and high
concentrations of hydrogen peroxide (millimolar range) have been shown to promote
SUMOylation whereas low concentrations decrease overall SUMOylation. Low
concentrations of hydrogen peroxide preferentially oxidize the catalytic cysteine residues
of the SUMO conjugating enzymes and reduce SUMOylation. In contrast higher
concentrations inactivate the SUMO isopeptidases which deconjugate SUMO resulting in
increased SUMOylation [88]. The influence of endogenously produced ROS is likely to
add to this complexity. Inside the cell, ROS production is not ubiquitous and occurs at
discrete intracellular sites [147, 148]. Therefore the local concentration of ROS may vary
considerably with location and thus may selectively influence the SUMOylation of
proximal proteins. Indeed, even the comparatively large concentrations afforded by
extracellular ROS fail to promote uniform changes in the SUMOylation/deSUMOylation
of all substrates [88]. While we have shown that inhibition of endogenous SUMOylation
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can potentiate ROS output in neutrophils and smooth muscle cells, it remains to be
determined whether superoxide or ROS production itself controls the degree of
SUMOylation and inhibition of the NADPH oxidases or whether other cellular stresses
participate.
In summary, we have identified N ox5 and its spice variants N ox5 a and

Pto be

expressed in human blood vessels and have shown that they play important roles in
various redox sensitive signaling pathways. We have also revealed that the ability of
PMA to stimulate increased Nox5 activity does not exclusively involve the participation
of protein kinase C isoforms. We found that inhibition of ERK.1/2 signaling reduced the
ability of Nox5 to produce superoxide in response to PMA which suggests that protein
kinase C can activate Nox5, at least in part, via the ERK.2-dependent phosphorylation of
S498. In addition to ERK.1/2, we have found that CAMKII can also directly increase the
activity of Nox5 and promote superoxide release. We found that in vitro CAMKII can
phosphorylate Nox5 on at least 5 different sites, T494, S498, S502, S475 and S659. Of
these sites, only S4 7 5 is functionally important for superoxide release. Whether there
exists cross talk between ERK.1/2 and CAMKII in regulation of Nox5 is yet to be
identified. Additionally, we have shown that SUMO-1 suppresses the activity of the Nox
enzymes and reduces ROS production. Inhibition of SUMOylation potentiates ROS
production suggesting that endogenous SUMO-1 controls ROS output but we did not find
evidence to support the concept that Nox enzymes are direct substrates for SUMO
conjugation. Further studies are necessary to elucidate the mechanisms controlling
SUMOylation of the Nox enzymes and to determine the importance of this pathway in
diseases associated with the overproduction of reactive oxygen species.
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