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Abstract

We and others have reported significant expression of the Ang Il Type 1 receptor (AT1R) on renal
nuclei; thus, the present study assessed the functional pathways and distribution of the intracellular
ATI1R on isolated nuclei. Ang Il (1 nM) stimulated DCF fluorescence, an intranuclear indicator of
reactive oxygen species (ROS), while the AT1R antagonist losartan or the NADPH oxidase (NOX)
inhibitor DPI abolished the increase in ROS. Dual labeling of nuclei with antibodies against
nucleoporin 62 (Nup62) and AT1R or the NADHPH oxidase isoform NOX4 revealed complete
overlap of the Nup62 and AT1R (99%) by flow cytometry, while NOX4 was present on 65% nuclei.
Treatment of nuclei with a PKC agonist stimulated increased ROS while the PKC inhibitor
GF109203X or PI3 kinase inhibitor LY 294002 abolished Ang Il stimulation of ROS. We conclude
that the Ang 1I-AT1R-PKC axis may influence nuclear function within the kidney through a redox
sensitive pathway.
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Introduction

The well-accepted model of G-protein coupled receptors (GPCRS) entails their cellular
orientation on the plasma membrane to facilitate binding to extracellular or circulating peptides
and the subsequent conformational changes to induce cell signaling. An intricate system of
receptor-associated intracellular proteins is requisite for the regulation and integration of GPCR
-activated signaling that encompasses an array of kinases, phosphatases and nuclear
transcription factors. The angiotensin type 1 (AT1) receptor is one prototypic GPCR whereby
alterations in either receptor levels or its downstream signaling pathways are associated with
the development and progression of cardiovascular pathologies. Indeed, AT1 receptor
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antagonists have emerged as one of the leading therapies for the treatment of hypertension and
tissue injury.

Increasing evidence now supports the intracellular expression of various peptide GPCRs in
tissues and cells [1-3]. Our laboratory has reported a significant density of AT1 receptors on
nuclei isolated from both rat and sheep kidney [4;5]. Importantly, Liand Zhou [6] demonstrated
that angiotensin 1l (Ang II) stimulates nuclear AT1 receptors of the renal cortex to induce
mRNA transcripts for the sodium hydrogen exchanger (NHE-3), the chemokine moncyte
chemoattractant protien (MCP-1) and the pro-fibrotic peptide tumor growth factor beta (TGF-
B). Their findings are consistent with the long-term actions of Ang Il - AT1 receptor activation
to increase sodium retention and stimulate inflammatory pathways within the kidney. Although
the nature of the signaling pathways for the AT1 receptor within the nucleus is not known, the
cell surface receptor mediates multiple intracellular signals including the release of P13 kinase-
dependent phospholipids, diacylglycerol (DAG), alterations in cell calcium, activation of
protein kinase C (PKC) and the generation of reactive oxygen species (ROS) through NADPH
oxidase (NOX) and associated protein components [7]. ROS may activate signaling pathways
in the nucleus to influence gene expression [8] or promote oxidative damage to DNA that may
enhance cell senescence [9]. Moreover, NOX4 localizes to the nucleus or perinuclear region
and contributes to superoxide (SO™) and/or hydrogen peroxide (H,O,) generation [8;10]. To
elucidate the functional properties of the nuclear AT1 receptor, we determined whether Ang
Il stimulates ROS in freshly isolated nuclei from the rat renal cortex, as well as evaluated the
signaling pathways downstream from activation of the AT1 receptor.

Experiments were performed in 12 — 15 week old normotensive male Lewis rats. The rats were
purchased from Charles River Laboratories (Raleigh, NC) and housed in an AALAC-approved
facility in a temperature-controlled room (22 + 2°C) with a 12 hour light: dark cycle and free
access to food and water. These procedures were approved by the Wake Forest University
School of Medicine Institutional Animal Care and Use Committee.

ROS measurement

Cortical nuclei were freshly isolated [4] and incubated in 100 mM KH,PQy, 1 mM NaN3, 1
mM EGTA, 100 uM FAD, and 100 uM NADH [8]. Losartan, an AT1 receptor antagonist (10
uM), LY 294002, a P13 kinase inhibitor (10 pM), bisindolylmaleimide I (GF 109203X), a
protein kinase C inhibitor (500 nM), and diphenyliodonium (DPI), a NOX inhibitor (10 uM)
were pre-incubated with nuclei for 10 min at 25°C - all given at their final concentrations in
the assay. The reaction was initiated by addition of Ang Il [1 nM or 1uM, final concentration]
or buffer alone to renal nuclei for 5 min at 37°C and the nuclei subsequently centrifuged at
1,200 x g for 3 min. The fluorescent dye, 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate-acetyl ester (DCF, C6827, Molecular Probes, Eugene
OR) was added to the nuclei at a final concentration of 20 uM and incubated for 30 minutes
at 37°C. DCF incubation was terminated by the addition of phosphate buffered saline (pH 7.0)
and the nuclei centrifuged twice at 1,500 x g for 3 min. Nuclei were acquired (~25,000 events)
on a FACSCalibur (BD, Franklin Lakes, NJ). Data were analyzed with FlowJo software
(Ashland, OR) and expressed as the percent change in mean fluorescence intensity (Y%MFI).

Antibody labeling

Antibody labeling of nuclei was performed using a method adapted from Michalek et al.
[11]. Nuclei were washed with 2% fetal calf serum (FCS), centrifuged at 2,000 x g for 3 min
and fixed with 2% paraformaldehyde (PFA) for 20 min at 4°C. After fixation, the nuclei were
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washed with 2% FCS, centrifuged at 2,000 x g for 2 min thrice and incubated with primary
antibodies to NOX4 (Lot# 487762, 1:250, Abcam, Cambridge, MA) or the AT1 receptor (Lot#
332951, 1:100, Alpha Diagnostics, San Antonio, TX), and nucleoporin 62 labeled with
fluorosceinisothyocyanate (Nup62-FITC, 1:25, BD Transduction, San Diego, Ca) for 30 min
at 4°C in the dark. To control for nonspecific antibody labeling, the primary antibodies were
substituted with either rabbit serum (AT1 receptor), rabbit IgG (NOX4), or mouse IgG-FITC
(Nup62). Nuclei were then washed with 2% FCS, centrifuged at 3,500 x g for 2 min thrice and
incubated with the secondary antibody donkey anti-rabbit 1gG labeled phycoerythrin (PE,
Jackson ImmunoResearch Laboratories, West Grove, PA) for 30 min at 4° C. After completion
of the secondary antibody incubation, nuclei were washed thrice with 2% FCS at 3,500 x g
and finally resuspended in 2% PFA. Approximately 25,000 nuclei were acquired on a
FACSCalibur and the data analyzed by FlowJo software.

Immunoblot Analysis

Isolated renal nuclei were suspended in PBS and added to Laemmli buffer containing
mercaptoethanol as described [4]. Immunodetection was performed on blots blocked for 1 h
with 5% Dry Milk (Bio-Rad) and Tris-buffered saline containing 0.05% Tween, then probed
with the AT1 receptor and NOX4 antibodies.

Statistical Analysis

Data represented as means + standard error (SE). The data were analyzed with student’s t-test
or One-Way ANOVA with Dunnet’s Post hoc test and significance was achieved at p<0.05.
All statistics were computed with Graphpad 4.0 Prism software (San Diego, CA).

Results and Discussion

Using flow cytometry of DCF-labeled intact nuclei isolated from the renal cortex, addition of
Ang Il (1 nM) for 5 minutes resulted in a 55% shift in mean fluorescence intensity (MFI) as
compared to non-stimulated (control) nuclei loaded with DCF in the fluorescence graph (Figure
1A). Pre-treatment of nuclei with the AT1 receptor antagonist losartan (10 uM), the NOX
inhibitor DPI (10 uM) or their combination reduced the shift in DCF fluorescence with 1 nM
Ang Il (Figure 1B, 1C and 1D, respectively). The increased in the mean fluorescence response
to Ang Il (1 nM) was 39 £ 6% (p < 0.01; N=8). A higher concentration of Ang Il (1 uM) did
not result in a greater production of ROS as compared to the lower dose of the hormone (28 £
9%, N=4, p>0.05 vs. 1 nM). Treatment of nuclei with either losartan, DPI or their combination
essentially abolished Ang l1-dependent stimulation of ROS (Figure 1E). Addition of losartan,
DPI or losartan/DPI in the absence of Ang Il did not significantly reduce DCF fluorescence in
the control nuclei (Figure 1E). The blockade of the Ang Il response by losartan in isolated
nuclei is consistent with previous studies demonstrating a high density of AT1 receptors on
renal cortical nuclei by radioligand binding and immunoblot methods [4; 6]. Since the renal
cortex contains multiple cell types and the whole cortex was utilized in these studies, it is not
known to what extent the AT1 receptor is expressed on all nuclei. Therefore, we applied flow
cytometry to probe the renal cortical nuclei with antibodies against the unique nuclear protein
nucleoporin (Nup62) and the AT1 receptor. As shown in the upper right panel of Figure 2A,
the majority of nuclei identified by the Nup62 antibody were also positive for the AT1 receptor
antibody. In three separate preparations of nuclei, the AT1 receptor was positive for 99 + 1%,
(N=3) of isolated cortical nuclei. The flow analysis also revealed two distinct densities for the
AT1 receptor (3145 + 317 vs. 928.0 * 84.0 fluorescence intensity units, p < 0.01, N=3) that
differed approximately three-fold on the cortical nuclei. It is unclear whether the different
densities in the nuclear AT1 receptor arise from distinct cell types of the renal cortex (i.e.,
mesangial versus tubular epithelial cells) or whether there are subpopulations of nuclei within
the same cell type that express different receptor densities. Substitution of the Nup62 and AT1
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primary antibodies with their isotype controls (labeled with FITC and PE, respectively) did
not reveal evidence for significant co-localization (Figure 2B). As shown in Figure 2C, the
full-length immunoblot using the same AT1 receptor antibody as for the flow analysis reveals
a single band at 52 kDa, a molecular weight identical to that found in isolated nuclei from the
rat and sheep kidney [4; 5].

Studies in intact cells or isolated tissues clearly demonstrate the activation of NADPH oxidases
by Ang Il in the production of ROS [16]. NOX4 is considered the predominant NADPH
isozyme in the kidney with prevalent expression in the proximal tubules [9;13]. Although we
are not aware of subcellular studies on NOX4 expression in the kidney, nuclear forms of NOX4
were identified in endothelial and vascular smooth muscle cells (VSMC) in culture [8;10;14—
16]. The nuclear localization of NOX4 is consistent with the protein’s two canonical nuclear
localization signals (NLS) on residues 90-97 and 451-458. Moreover, NOX4 may either
directly generate H,0O, or, similar to other NADPH oxidases, form SO~ that rapidly dismutates
to H,O, amore stable product and readily detectable with DCF [16-18]. Therefore, we probed
the nuclei isolated from the renal cortex with fluorescently tagged antibodies against Nup62
and NOX4 to assess the distribution of the oxidase. As shown in the upper right panel of Figure
1D, flow cytometry revealed that NOX4 was colocalized on 77% of renal nuclei with a mean
value of 65 £ 4% (N=3). The isotype control antibodies for NOX4 and Nup62 did not reveal
evidence of colocalization (Figure 1E). The immunoblot reveals a single band of 65 kDa using
the same affinity-purified NOX4 antibody as for flow cytometry (Figure 1F). The molecular
size of nuclear NOX4 in the renal cortex demonstrated in the gel is identical to the predicted
size of the enzyme [9;19] and to the nuclear form in 3T3 adipocytes and endothelial cells
[15;16;18]. Thus, the flow analysis indicated a substantial overlap of the AT1 receptor and
NOX4 on nuclei isolated from the renal cortex. Originally thought to be constitutively active
[9], recent evidence demonstrates NOX4-dependent stimulation of ROS by insulin, TGF-f and
Ang 1l [14;15;18;20;21]. It remains to be determined, however, whether NOX4 or other
oxidases that are expressed in the kidney (NOX 1 and NOX 2) participate in the Ang II-
dependent formation of ROS in renal nuclei

The downstream signaling for Ang 11-dependent activation of NAPDH oxidases and ROS
generation is complex, which may reflect tissue and/or cell specific pathways [7;22]; however,
there are no data regarding the pathways within the nucleus that contribute to Ang Il stimulation
of ROS. Addition of the protein kinase C (PKC) activator phorbol myristate acetate (PMA, 1
M), a known stimulator of ROS in intact cells [17], resulted in a shift in MIF of 72% as
compared to control (Figure 3A). Since the PKC agonist PMA increased DCF fluorescence
(58 = 1%, N=4) to a similar extent as Ang Il in nuclei (Figure 3D), we determined whether
PKC inhibition would block the stimulation of ROS by Ang Il. As shown in Figure 3B,
GF109203X (GF, 500 nM), an inhibitor of both conventional and novel PKCs, shifted the
nuclear Ang ll-dependent ROS production by 62%. The PKC inhibitor essentially abolished
Ang Il stimulation of ROS in the isolated nuclei that was not different than the NOX inhibitor
DPI (Figures 3D and 1E, respectively). PKC activation typically depends on the increased
availability of calcium and phospholipids such as diacylglycerol [23;24]. There is compelling
evidence for a nuclear phosphoinositol system that includes several PI3 kinase isoforms [25;
26]. Asthe Ang I1-AT1 receptor stimulation of ROS is linked to P13 kinase and PKC activation
in intact cells [27], we then assessed whether P13 kinase inhibition would abrogate the nuclear
Ang Il response. Pre-treatment of isolated renal nuclei with the selective P13 kinase inhibitor
LY294002 (LY, 10 uM) shifted the Ang Il fluorescence trace by 31% (Figure 3C) and
attenuated the increase in ROS generation to Ang Il to the same extent as the PKC or NOX
inhibitors (Figures 3D and 1E, respectively). It should be noted that pretreatment of the nuclei
with the PKC or P13 kinase inhibitors alone did not significantly alter DCF fluorescence as
compared to the control nuclei (Figure 3D). These data support findings by Griendling and
colleagues that P13 kinase and PKC are essential in Ang I1-dependent formation of ROS in
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intact VSMC [28]. To our knowledge, the current studies are the first to provide evidence for
a functional role of PI3 kinase and PKC in Ang Il-dependent actions within isolated renal
nuclei; however, we cannot distinguish whether PKC is upstream or downstream from PI3
kinase. Moreover, further studies are required to define the identity of the nuclear PKC and
P13 kinase isoforms required for Ang Il generation of ROS.

Intracellular or nuclear Ang Il receptors have been demonstrated in various tissues or cells
[4;5;29-32]. Indeed, the AT1 receptor shares a canonical localization sequence (KKFKR)
along with other G-protein coupled receptors (GPRC) that traffic to the nucleus [32]. The
demonstration of a nuclear Ang Il — AT1 receptor-mediated pathway to rapidly generate ROS
is in keeping with an intracrine RAS for functional intracellular hormones [33;34]. In isolated
nuclei from rat hepatocytes, Ang Il stimulated transcripts for renin and angiotensinogen [31].
Moreover, Baker and colleagues found that intracellular expression of Ang Il significantly
increased cardiac hypertrophy in the absence of alterations in blood pressure or circulating
levels of Ang 11 [35]. In contrast, expression of secreted Ang Il in the heart did not influence
cardiac hypertrophy except when sufficient levels were achieved that raised both blood
pressure and plasma Ang Il [36]. Finally, the Ang I1-AT1 receptor stimulates cytokines and
sodium transporter mMRNA in cortical nuclei that would clearly contribute to the actions of a
renal RAS [6].

We conclude that the rapid but low-level stimulation of ROS by Ang Il would support a redox
sensitive signaling pathway within the nucleus, perhaps to influence gene expression [8]. The
use of AT1 receptor blockers (ARBS) to prevent the binding of extracellular Ang Il has become
a widely accepted therapy to lower blood pressure. Although patients treated with ARBs may
achieve adequate control of their blood pressure, they may still exhibit indices of renal injury
including proteinuria and an impaired filtration fraction. Moreover, higher doses of ARBs may
have added benefit within the kidney which may reflect greater tissue penetration of these
agents to intracellular targets [37]. In lieu of the present data for functional AT1 receptors
within the nucleus coupled with the existing evidence that Ang Il directly influences gene
regulation, the issue of adequate intracellular access of ARBs becomes important. Indeed, the
nuclear Ang Il receptor, if evident in the human kidney and other tissues, should be considered
a new treatment target.
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Figure 1.

Angiotensin (Ang) Il stimulates reactive oxygen species (ROS) in renal cortical nuclei. ROS
was visualized with dichlorofluroscein (DCF, 20 uM) in isolated renal cortical nuclei by flow
cytometry. Nuclei were incubated with Ang Il (1 nM) for 5 min at 37°C. Inhibitors were added
10 min prior to Ang Il-stimulated or control nuclei. Panel A: Representative fluorescence
tracings of Ang Il (1 nM) as compared to control. Panel B: Ang Il and the AT1 receptor
antagonist losartan (Los, 10 uM); Panel C: Ang Il and the NADPH oxidase inhibitor DPI (10
uM). Panel D: Ang Il and the combination of LOS and DPI. Panel E: Changes in mean
fluorescence intensity (% MFI) as compared to control nuclei. Data are means + SE from 4 —
6 experiments, *P<0.01 vs. Ang II.
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Figure 2.

AT1 receptor and NOX4 localization in renal cortical nuclei by flow cytometry. Panel A:
Nuclear labeling with the AT1 receptor and nucleoporin 62 (Nup62) antibodies. Panel B:
Nuclear labeling with the isotype antibody controls for AT1 receptor (rabbit 1gG-labeled
phycoerythrin, PE) and Nup62 (mouse 1gG-labeled fluorosceinisothyocyanate, FITC). Panel
C: Immunoblot of 3 separate renal nuclear preparations with the AT1 receptor antibody. Panel
D: NOX4 antibody labeling with Nup62. Panel E: Nuclear labeling with the isotype antibody
controls for NOX4 receptor (rabbit 1gG-PE) and Nup62 (mouse IgG-FITC). Panel F:
Immunoblot of 4 separate renal nuclear preparations with the NOX4 antibody. Molecular
weight (MW) expressed in kilodaltons (kDa).
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Figure 3.

Angiotensin (Ang) I1-dependent reactive oxygen species (ROS) production is sensitive to PKC
and P13 kinase inhibitors. ROS was visualized with dichlorofluroscein (DCF, 20 uM) in
isolated renal cortical nuclei by flow cytometry. Nuclei were incubated with Ang 11 (1 nM) for
5 min at 37°C. Inhibitors were added 10 min prior to Ang Il-stimulated or control nuclei. Panel
A: Representative fluorescence tracing of the PKC activator PMA (1 uM) compared to control.
Panel B: Ang Il (1 nM) and the PKC inhibitor GF 109203X (GF, 500 nM). Panel C: Ang Il
and the PI3 kinase inhibitor LY 294002 (LY, 10 uM). Panel D: Changes in mean fluorescence
intensity (% MFI) as compared to control nuclei. Data are means + SE from 3 — 6 experiments,
*P<0.01 vs. Ang II.
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