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Abstract

Enhanced vascular arginase activity can impair endothelium-dependent vasorelaxation by
decreasing L-arginine availability to endothelial nitric oxide (NO) synthase, thereby reducing NO
production and uncoupling NOS function. Elevated angiotensin 1l (Ang Il) is a key component of
endothelial dysfunction in many cardiovascular diseases and has been linked to elevated arginase
activity. In this study we explored the signaling pathway leading to increased arginase expression/
activity in response to Ang Il in bovine aortic endothelial cells (BAEC). Our previous studies
indicate involvement of p38 mitogen activated protein kinase (MAPK) in Ang ll-induced arginase
upregulation and reduced NO production. In this study, we further investigated the Ang Il-
transcriptional regulation of arginase 1 in endothelial cells. Our results indicate the involvement of
ATF-2 transcription factor of the AP1 family in arginase 1 upregulation and in limiting NO
production. Using small interfering RNA (siRNA) targeting ATF-2, we showed that this
transcription factor is required for Ang Il-induced arginase 1 gene upregulation and increased
arginase 1 expression and activity, leading to reduced NO production. Electrophoretic mobility
shift assay and chromatin immunoprecipitation assay further confirmed the involvement of
ATF-2. Moreover, our data indicate that p38 MAPK phosphorylates ATF-2 in response to Ang 1l.
Collectively, our results indicate that Ang Il increases endothelial arginase activity/expression
through a p38 MAPK/ATF-2 pathway leading to reduced endothelial NO production. These
signaling steps might be therapeutic targets for preventing vascular endothelial dysfunction
associated with elevated arginase activity/expression.
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1. INTRODUCTION

Arginase is the hydrolytic enzyme responsible for conversion of L-arginine into urea and L-
ornithine (Demougeot et al., 2005; Yang et al., 2006). There are two distinct isoforms of
arginase; arginase 1, largely found in the liver as a component of the urea cycle and arginase
2, which is predominant in kidney. Both isoforms, however, have been found in vascular
tissue (Bachetti et al., 2004; Berkowitz et al., 2003).

Elevated arginase activity has been associated with cardiovascular pathologies such as
hypertension, diabetes, atherosclerosis, ischemic reperfusion injury, erectile dysfunction and
sickle cell anemia (Bagnost et al., 2008; Bivalacqua et al., 2007; Jeyabalan et al., 2008;
Morris et al., 2005; Romero et al., 2008). In these conditions, elevation of arginase has been
shown to mediate vascular dysfunction through limiting nitric oxide (NO) production or
availability. Arginase can reciprocally regulate NO production in endothelial cells by
competing with nitric oxide synthase (NOS) for the substrate L-arginine (Bagnost et al.,
2008; Berkowitz et al., 2003; Romero et al., 2008).

Angiotensin Il (Ang 1) actions in endothelial cells are mostly associated with endothelial
NOS (eNOS) dysfunction and uncoupling, which lead to decreased levels of NO and
increased superoxide production (Satoh et al., 2008).

Elevated arginase activity also has been associated with systemic hypertension. Inhibition of
arginase has been reported to decrease blood pressure and improve vascular function of
resistance vessels in adult hypertensive rats (Bagnost et al., 2008; Demougeot et al., 2005).
These findings thus suggest a central role for arginase in diseases in which vascular
dysfunction is linked to elevated levels of Ang Il.

However, it should be emphasized that global inhibition of arginase in the body may be
dangerous. Arginase 1 is a crucial enzyme in the urea cycle for disposal of harmful ammonia
and complete knock-out of the arginase 1 gene in mice is lethal by 2 weeks of age because
of hyper-ammonemia (lyer et al., 2002). Use of arginase inhibitors carries the risk of
reducing its function to very low levels. Hence, identifying the steps - e.g. signaling proteins
or transcription factors - that directly enhance arginase in endothelial cells may be very
beneficial targets in specifically limiting vascular arginase activity without unwanted global
side effects.

We have reported a role for arginase 1 upregulation in vascular dysfunction in a model of
Ang ll-induced vascular endothelial dysfunction and hypertension (Shatanawi et al., 2011).
We have also shown that Ang Il elevates arginase through a RhoA/Rho kinase (ROCK) and
p38 mitogen activated protein kinase (MAPK) pathway. Others have reported that Ang 11
elevates arginase 1 levels in isolated rat periglomerular vessels (Hultstrom et al., 2009).
Additionally, high glucose and reactive oxygen species increase arginase activity in bovine
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coronary endothelial cells via a RhoA/ROCK mechanism (Chandra et al., 2012; Romero et
al., 2008).

Given the importance of endothelial arginase in causing eNOS dysfunction, and the link of
arginase with vascular diseases associated with elevated levels of Ang I, we sought to
define the transcriptional regulation of arginase 1 in response to Ang Il in relation to
arginase activity and NO production. Transcriptional regulation of arginase in response to
thrombin in endothelial cells has been demonstrated to occur through activator protein-1
(AP-1) consensus site (Zhu et al., 2009). More specifically, two transcription factors that
bind to that site were identified - activating transcription factor-2 (ATF-2) and c-Jun. Our
work examined the involvement of these two transcription factors in arginase 1 elevation in
endothelial cells in response to Ang Il and their impact on vascular disease through limiting
NO.

2. MATERIALS AND METHODS

2.1 Cell Culture and Treatments

In all cell experiments, bovine aortic endothelial cells (BAECs) were utilized. Proliferating
BAECs were purchased from Cell Applications, San Diego, CA. Cells were cultured in
Endothelial Growth Medium (Cell Applications, San Diego, CA) and maintained in a
humidified atmosphere at 37°C and 5% CO,. Before starting experiments, cells were
adapted to grow in M199 supplemented with 50 uM L-arginine (Invitrogen, Carlshad, CA)
for 72 h to match the normal plasma L-arginine concentration which ranges from 40 to 100
UM (Romero et al., 2006). In addition, the medium was supplemented with 10% FBS
(Catalog # SH30396, hyClone, GE Healthcare Life Sciences South Logan, Utah), 1%
penicillin/streptomycin, and 1% L-glutamine. When cells reached 80% confluency, they
then were serum starved overnight in M199 supplemented with 50 uM L-arginine, 1% L-
glutamine, 1% penicillin/streptomycin and 0.2% FBS. The p38 MAPK inhibitor, SB-202190
(2 uM) (EMD biosciences, San Diego, CA), was used in some experiments and added 2 h
before the addition of angiotensin Il (0.1 uM, for different time points) (Sigma Aldrich, St.
Louis, MO). All experiments were performed with cells from passage 3—7.

2.2 Luciferase Activity

Luciferase constructs used were generously provided by Prof. Sydney M. Morris, Jr. of the
University of Pittsburgh. The constructs were transformed in E Coli competent cells
(Novablue) then amplified and extracted using EndoFree ® plasmid purification kit (Qiagen,
Valencia, CA).

BAECS were co-transfected with one of three arginase 1 luciferase constructs and a Renilla
luciferase gene (Promega) as an internal control using Lipofectin reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. After 48 h of transfection, cells
were treated with Ang I1. In another set of experiments the cells also received co-
transfection with siRNA for ATF-2 and c-Jun or non-targeting sc-RNA. All treatments were
performed in triplicate.
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Firefly luciferase activity was measured for reporter expression according to the instructions
provided in the Dual-Luciferase® Reporter Assay System (Promega, San Luis Obispo, CA).
Transfection efficiency was corrected by co-transfection with a plasmid containing the
Renilla luciferase gene (Promega). Both Firefly and Renilla luciferase activity were
measured within the same sample of cell lysate sequentially using one reaction tube. All
chemiluminescence readings were obtained using a microplate luminometer (POLARStar
OPTIMA, BMG Labtech). Briefly, 20 uL of cell lysate were added to a microplate well
followed by adding 100 pL of luciferase substrate solution (as provided in the kit). The
firefly luciferase activity (AFL) was measured immediately using 15 s as total reading time.
The same well then received 100 pL of Stop & Glo reagent (contains substance to quench
the enzymatic activity of Firefly and a substrate for Renilla luciferase). Renilla luciferase
activity (ARL) was measured immediately using 15 s as total reading time. The corrected
activity (AFL/ARL) was used to compare groups.

2.3 Arginase Activity

Arginase activity was measured using a colorimetric determination of urea production from
L-arginine as described previously (Corraliza et al., 1994). Cells were in Tris buffer (50
mMTris-HCI, 0.1 mM EDTA and EGTA, pH 7.5) containing protease inhibitors (Catalog #
P8340, Sigma, St. Louis, MO). These mixtures were subjected to three freeze-thaw cycles
and then centrifuged for 10 m at 20,000 g. The supernatants were used for arginase activity
assay.

In brief, 25 pL of supernatant was heated with MnCl, (10 mM) for 10 m at 56°C to activate
arginase. The mixture was then incubated with 50 uL L-arginine (0.5 M, pH 9.7) for one
hour at 37°C to hydrolyze the L-arginine. The hydrolysis reaction was stopped with acid and
the mixture was then heated at 100°C with 25 L of a-isonitrosopropiophenone (9% a-ISPF
in EtOH) for 45 m. The samples were kept in dark at room temperature for 10 m then
absorbance was measured at 540 nm.

2.4 siRNA Transfection

BAECs were transfected with siRNA targeting ATF-2 or c-Jun (Dharmacon, Lafayette, CO)
using siPORT Amine (Ambion, Austin, TX), according to the manufacturer’s instructions.
Scrambled siRNA (non-targeting siRNA) served as control to validate the specificity of the
SiRNAs. In brief, cells were transfected with 50 nM of targeting or non-targeting siRNA for
48 h. Specific mRNA depletion was analyzed by Western blot.

2.5 Western Blot Analysis

Cells were lysed in Ripa buffer (Upstate Biotechnology, Temecula, CA) containing protease
and phosphatase inhibitors (Catalog # P5726 and P0044, Sigma, St. Louis, MO). Cell lysates
were centrifuged for 10 m at 20,000 g, and supernatants were collected for Western blotting
analysis. Protein estimation was carried out in supernatants using protein assay kit (Bio Rad,
Hercules, CA). Equal amounts of protein were loaded, separated by electrophoresis using
10% SDS-PAGE gels, and transferred into nitrocellulose membranes. The blots were
blocked using 5% bovine serum albumin (Sigma, St. Louis, MO), incubated with their
respective primary and secondary antibodies; anti-arginase 1 (Catalog # 610708, 1:1000, BD
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Biosciences, San Diego, CA), anti-phospho-ATF-2 (Catalog #9221, 1:1000), anti-total-
ATF-2 (Catalog #9226 1:1000), anti-c-Jun (Catalog #9165, 1:1000) (Cell signaling, Boston,
MA), anti-actin (Catalog #A2066, 1:1000, Sigma, St. Louis, MO), followed by the
respective secondary antibodies. Signals were detected using chemiluminescence. To
quantify the resultant blots, individual band intensities were measured (arbitrary units) and
ratios of protein to actin were calculated per sample using NIH ImageJ software.

2.6 Electrophoretic Mobility Shift Assay (EMSA)

We also examined the binding of nuclear extracts of BAECs to the DNA probe of arginase
1. Nuclear extracts were prepared from vehicle versus Ang Il treated BAECs using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Rockford, IL)
according to the manufacturer’s protocol. Protein concentrations were determined in both
nuclear and cytoplasmic extracts using a protein assay kit (Bio Rad, Hercules, CA). The
sequences of arginase 1 promoter DNA probes 5' biotin labeled and encompassing the
-3,157 bp AP-1 binding region were used for EMSA as reported in literature (Gray et al.,
2005; Zhu et al., 2009). The sequences are as follows: wild-type AP-1 probe, CCA GTC
TGA CTC TCA GAA CC and mutant AP-1 probe, CCA GTC GTC CTC TCA GAA CC.
These sequences were custom synthesized by Integrated DNA Technologies (IDT,
Coralville, IA). The Light Shift Chemiluminescent EMSA Kit (Catalog #20148 ,Thermo
Fisher Scientific, Rockford, L) was used to perform all EMSA experiments according to the
company’s protocols. In brief, 5 biotin end-labeled arginase 1 DNA (200 pM) was
incubated with 25 pg/ul nuclear extract. The DNA -protein complexes were resolved by
electrophoresis under native conditions on 6% polyacrylamide DNA retardation gels
(Invitrogen, Carlsbad, CA). The DNA-protein complex was then transferred to a positively
charged nylon membrane (Zeta-Probe®, Bio Rad, Hercules, CA) and crosslinked using UV
lamp (Amax=254 nm). The biotin labeled DNA-protein complex was then probed with
streptavidin-HRP conjugate, incubated with the substrate (peroxide), and detected with
chemiluminescence.

2.7 Supershift Assay

ATF-2 antibody (dilution 1:100, Cell Signaling, Boston, MA) was incubated with the
nuclear extracts of Ang Il treated cells at 4°C overnight, and then incubated with the labeled
arginase 1 promoter DNA probes for 30 m at room temperature. The DNA-protein
complexes were resolved by electrophoresis on 6% polyacrylamide gels as described above
in EMSA section (Sarge et al., 1993).

2.8 Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay were performed in BAECs treated with Ang Il versus vehicle treated control.
The ChlIP assay was performed using a kit (Upstate biotechnology, Temecula, CA)
according to the manufacturer’s instructions. Cells were cross-linked, lysed, and sonicated
three times at 4°C.

Two % of the sample was kept to be used as input DNA control. Remaining cell lysates
were incubated with either ATF-2, c-Jun (Santa Cruz Biotechnology, Santa Cruz, CA) or
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IgG antibody (negative control) overnight with rotation, followed by 2 h incubation with
protein A-agarose for ChlIP.

The precipitated chromatin-protein complexes were washed and eluted, and then
crosslinking was reversed. After isolation of the precipitated DNA, samples were quantified
by gPCR. The following primers were custom designed for bovine arginase 1 promoter
(IDT, Coralville, I1A), forward GCTGGTCTGCTTGAGAAACTTAAAG and reverse
GCAAAGGACAGGTCCCCATA. Analysis was performed using delta-delta Ct method.

2.9 Nitric Oxide (NO) Measurement

To measure NO, nitrite (NO,) the stable breakdown product of NO in the cell conditioned
medium was analyzed using NO-specific chemiluminescence (Archer, 1993). After cells
were treated, medium was replaced with fresh M199 for 30 m, and medium aliquots then
were collected for basal reading. Cells were then exposed to the calcium ionophore
ionomycin (1 uM) (Sigma Aldrich, St. Louis, MO) for 30 m and medium samples were
collected.

In brief, samples containing NO, were injected into glacial acetic acid containing sodium
iodide. NO, is quantitatively reduced to NO under these conditions, which can be quantified
by a chemiluminescence detector after reaction with ozone in a NO analyzer (Sievers,
Boulder, CO). The amount of NO generated is calculated as the difference in basal and
ionomycin-stimulated NO levels.

2.10 Statistical Analysis

Data are given as mean + S.E.M.. For multiple comparisons, statistical analysis was
performed by one-way analysis of variance (ANOVA) with the Tukey post-test. For single
comparisons, statistical differences were determined by the Student T test. Experiments
were performed 3-6 times. All statistical analyses were performed with GraphPad Prism
version 4.03 (San Diego, CA). Results were considered significant when P<0.05.

3. RESULTS

3.1 Arginase 1 promoter luciferase constructs and arginase 1 gene transcriptional activity
in Ang |l treated BAECs

We used a promoter driven luciferase reporter gene to determine the transcriptional activity
of the arginase gene after Ang Il treatment. The —4.78 kb Luc construct represents the full
length arginase 1 promoter. 5’-deletion constructs at —3.29 and —2.78 kb were also used.
These constructs have been used to assess arginase 1 transcriptional activity in macrophages
(Gray et al., 2005) and in rat aortic endothelial cells (Zhu et al., 2009).

Fig. 1A shows a series of luciferase constructs driven by different lengths of the murine
arginase 1 promoter and illustrates several putative transcription factor binding sequences in
the 4.8 kb promoter region upstream of arginase 1 gene. This arginase promoter region is
conserved among species and includes binding sites for AP-1, c-Jun, SMAD, C/EB, STAT1
and STATG6 (Gray et al., 2005; Serrat et al., 2012).
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BAECs were transfected with the —4.78 kb Luc construct and co-transfected a Renilla
luciferase gene plasmid to normalize for transfection efficiency. We demonstrated that Ang
Il induces an increase in arginase gene expression using this Luciferase—based approach.
Ang 11 (0.1 pM, 24 h) treatment resulted in a ~50% increase in luciferase activity compared
to untreated transfected BAECs (Fig. 1B), indicating enhanced arginase 1 transcriptional
activity in response to Ang Il treatment. These results also indicate the presence of a
responsive element within the arginase 1 promoter site.

3.2 Analysis of the arginase 1 promoter in response to Ang Il

BAECs were next transfected with one of the three different arginase 1 promoter Luc
constructs: the —4.78 kb Luc construct that represents the full length arginase 1 promoter, or
5/-deletion constructs at —3.29 and —2.78 kb. The cells were co-transfected with a Renilla
luciferase gene plasmid to normalize for transfection efficiency. Cells then were treated with
Ang 1l (0.1 uM, 24 h). Fig. 2 shows that Ang Il caused an increase in luciferase activity of
~40% and ~55% versus the untreated controls in —4.78 and —3.29 arginase 1 promoter-Luc
transfected cells, respectively (P<0.05). Ang Il treatment of cells transfected with —2.78 kb
arginase 1 promoter-Luc did not enhance luciferase activity. There was no difference in
luciferase activity among cells transfected with any of the three different 5’-deletion arginase
1 promoter-Luc constructs under basal untreated conditions. These results showed that the
Ang ll-responsive element is located between —3.29 kb to —2.78 kb in the arginase 1
promoter region as indicated by the arrows (Fig. 2). This arginase promoter region includes
binding sites for AP-1, SMAD, C/EBP,STAT1 and STAT6 (Gray et al., 2005; Serrat et al.,
2012).

3.3 Role of AP-1 complex proteins: ATF-2 and ¢c-Jun in Ang ll-induced arginase 1 luciferase

activity

We next determined the role of the AP-1 protein complex in Ang ll-induced arginase 1
luciferase activity with the full length —4.78 kb arginase 1 promoter-Luc construct. Both
ATF-2 and c-Jun are members of activator protein 1 (AP-1) complex. To determine the role
of ATF-2 and c-Jun in arginase 1 gene induction, we co-transfected BAECs with non-
targeting scrambled siRNA (sc-siRNA) or siRNA targeting either ATF-2 or ¢c-Jun in
addition to transfection with the —4.78 kb arginase 1 promoter-Luciferase construct and the
Renilla luciferase gene. Efficiency of the siRNA transfection for ATF-2 and c-Jun was
determined by Western blot analysis. Analysis of the Western blots shows a 35% decrease in
total ATF-2 protein expression, while c-Jun siRNA transfection produced 48% decrease in
total c-Jun protein expression. SC siRNA transfection had no effect on ATF-2 or c-Jun
protein levels. (Fig. 3A, 3B). After 48 h of transfection, cells were treated with Ang 11 (0.1
UM, 24 h) after which luciferase activity was measured.

Luciferase activity was elevated in cells co-transfected with sc-siRNA and treated with Ang
I as compared with sc-siRNA control cells (Fig. 3C) with levels being similar to those in
cells not transfected with sSiRNA. On the other hand, knock-down of ATF-2 protein
prevented the enhancement of luciferase activity induced by Ang Il. c-Jun knockdown only
partially inhibited (~25%) the Ang Il-induced enhancement of luciferase activity (Fig. 3C).
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These results indicate a key role of ATF-2 in Ang Il-induced arginase 1 gene transcription
and also a potential cooperative role of c-Jun.

3.4 Role of ATF-2 in enhanced arginase activity and expression in endothelial cells

For this purpose, BAECs were transfected with either SC-siRNA or authentic SIRNA
targeting ATF-2 or c-Jun for 48 h and then treated with Ang Il (0.1 uM, 24 h). Ang Il
treatment elevated arginase activity in non-transfected and sc-siRNA transfected cells.
Reducing the levels of ATF-2 protein by siRNA prevented the Ang Il-induced elevation of
arginase activity (Fig. 4A). Transfection with c-Jun siRNA only partially reduced (~16%)
the Ang Il induced elevation of arginase activity (Fig. 4A). ATF-2 is also involved in
upregulating arginase 1 protein expression under Ang Il treatment. BAECs were transfected
with either non targeting sc-siRNA or siRNA targeting ATF-2 for 48 h and then treated with
Ang Il (0.1 uM, 24 h). While Ang Il caused elevation of arginase 1 expression in non-
transfected and sc-siRNA transfected cells, it did not induce an increase in ATF-2 sSiRNA
transfected cells (Fig. 4B). Moreover, knockdown of ATF-2 expression reduced arginase
activity below non-siRNA control levels, both with and without Ang Il treatment. These
results indicate that ATF-2 controls arginase 1 protein levels (Fig. 4B) Efficiency of the
transfection determined by Western blot of c-Jun and ATF-2 levels in cell lysates
normalized to a-actin showed a marked reduction in expression levels of both proteins (see
Fig. 3A and 3B).

3.5 Ang Il induces phosphorylation of activating transcription factor-2 (ATF-2)

BAECs were treated with Ang Il for 5-60 m and effects on levels of phospho-ATF-2 and
total ATF-2 were determined by Western blot. This analysis showed a time-dependent
increase in phosphorylation which became evident at 10 m after exposure to Ang Il and
peaked at 30 m (Fig. 5A). Total ATF-2 appeared to increase in response to Ang Il.
Pretreatment with the p38 MAPK inhibitor SB-202190 (2 uM, 2 h) prevented these effect
(Fig. 5B), indicating that ATF-2 is a downstream target of p38 MAPK. This finding agrees
with reports indicating ATF-2 as a substrate for phosphorylation by p38 MAPK leading to
its activation (Lopez-Bergami et al., 2010; Raingeaud et al., 1995).

3.6 Effect of Ang Il on binding of nuclear proteins to the AP-1 site

We further performed the electrophoretic mobility shift assay (EMSA) to confirm that the
AP-1 site in the arginase promoter was an Ang Il-responsive regulatory element. Nuclear
extracts were prepared from non-treated (control) or Ang Il-treated BAECs. As stated in
Materials and Methods, wild-type (WT) and mutant (MUT) double-stranded oligonucleotide
probes were designed to encompass the AP-1 binding element and labeled with biotin.
Nuclear extract treated with Ang 11 (0.1 uM, 30 m) showed enhanced binding complex with
oligonucleotide containing the wild-type AP-1 site compared to untreated BAECs (Left
panel, Fig. 6). The binding complex formation was determined by the presence of a band
shift. No specific complex formation was observed for either nuclear extracts with the
oligonucleotide containing the mutant AP-1 sequence (Right panel, Fig. 6).

To determine whether ATF-2 binds to the arginase promoter in Ang Il treated BAEC,
supershift assays were performed with labeled wild type AP-1 probe. Ang Il treated nuclear
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extracts were incubated with ATF-2 antibody before electrophoresis to determine if this
treatment further decreases in electrophoretic mobility of the ATF-2 (supershift). Addition
of ATF-2 antibody to the EMSA reaction mixture resulted in the formation of a larger
complex of ATF-2 Ab/ATF-2 protein present in the nuclear extract and AP-1 probe. This
new complex formation was detected by the appearance of another band that was shifted
further (supershift) (Fig. 7). These results indicate that ATF-2 is binding to the AP-1 site in
arginase promoter in BAEC.

3.7 Chromatin Immunoprecipitation (ChIP) analysis of ATF-2 association with the arginase

1 promoter

ChIP assays were performed with ATF-2 antibody and 1gG (as a control) by using
chromatin from untreated and Ang Il-treated BAECs. We used bovine arginase 1 DNA
primers and amplified DNA fragments from anti-ATF-2 chromatin precipitates in Ang Il-
treated cells. qPCR was performed with primers for the 18S promoter and for arginase 1
gene. The gPCR analysis was performed using delta-delta cycle times. Our results showed
that anti-ATF-2 precipitates from untreated control BAECs resulted in little or no DNA
amplification. However in cells treated with Ang 1, anti-ATF-2 chromatin precipitates
showed an amplification of DNA of about 5 folds (Fig. 8). These results demonstrate that
Ang Il increased specific binding of ATF-2 to the arginase 1 promoter in BAECs.

3.8 Role of ATF-2 in limiting NO production in to Ang Il

Since arginase and NOS share the same substrate, we determined the effect of Ang Il on NO
production from endothelial cells and the role of ATF-2 in this effect. BAECs were
subjected to the same transfection treatments as in Fig. 4. Stimulated NO production
measured in the cell media confirmed the role of ATF-2-induced arginase expression in
reducing NO levels, showing a decrease in NO production with Ang Il treatment that was
also prevented with ATF-2 siRNA transfection (Fig. 9).

4. DISCUSSION

Elevated arginase activity/expression is involved in vascular endothelial dysfunction in
many disease states, such as hypertension, diabetes, atherosclerosis, ischemic reperfusion
injury and inflammation (Demougeot et al., 2005; Gao et al., 2007; Yang and Ming, 2006).
In these conditions, arginase competes with NOS for their common substrate, L-arginine.
Reduction in L-arginine availability to NOS can lead to decreased production of NO, NOS
uncoupling and increased superoxide formation. Competition between arginase and NOS is
involved in disease states such as hypertension and vascular complications of diabetes
(Demougeot et al., 2005; Romero et al., 2008) and in aging (Berkowitz et al., 2003).

We previously reported a role for angiotensin Il (Ang I1), a peptide heavily linked to
endothelial and vascular dysfunction, in increased arginase activity/expression in BAEC
(Shatanawi et al., 2011). This elevation was mediated through a signaling pathway that
involved activation of RhoA/Rho kinase and subsequent activation of p38 MAPK. In a
model of hypertension and vascular dysfunction in mice infused with Ang 11, we also
evaluated Ang 1l effect on arginase levels. Our findings showed that Ang Il elevates
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arginase activity and expression in mice aortas, and this effect is mediated through p38
MAPK. This increase in arginase activity was associated with endothelial dysfunction and
was blocked by prior treatment with p38 MAPK inhibitor. Ang Il-induced vascular
dysfunction and hypertension was also prevented in transgenic mice that lacked one copy of
the arginase 1 gene and both copies of the arginase 2 gene (Shatanawi et al., 2011).

Blockade of essential physiological functions of arginase could limit the clinical usefulness
of arginase inhibitors to control endothelial arginase activity. However, identifying signaling
pathways that lead to enhanced arginase activity in endothelial cells can provide more
specific signaling targets to control/limit arginase activity in pathologic conditions, without
disrupting upstream pathways essential for normal organ functions.

We sought to determine downstream signaling events from p38 MAPK that are involved in
increased arginase 1 expression and activity. As our results show, arginase activity appears
to be proportional to the amount of arginase protein, which, in turn, is determined primarily
by transcription of the arginase genes. Elevation of arginase protein levels result from
increased transcriptional activity of the arginase genes. We demonstrated that treatment with
SiRNA for ATF-2, which markedly reduced ATF-2 expression, completely blocked the Ang
I1-induced increase in arginase 1-linked luciferase activity, prevented the rise in arginase
expression and activity and reduced arginase 1 protein levels even below those in the
untreated cells. Our results provide very strong evidence for the critical involvement of
ATF-2 in arginase 1 gene transcription.

Recent examination of the transcriptional regulation of arginase 1 gene in endothelial cells
in response to thrombin has indicated involvement of AP-1 transcription factors proteins,
ATF-2 and c-Jun (Zhu et al., 2009). Our results indicate the involvement of AP-1 proteins in
Ang ll-induced upregulation of arginase 1. We have shown that arginase 1 gene
transcriptional activity is elevated in response to Ang Il as measured by luciferase activity.
Elevation of luciferase activity in response to Ang Il was lost when cells were transfected
with a luciferase arginase 1 promoter construct missing the AP-1 consensus sequence. These
results show that an Ang Il responsive element in BAECs is likely present in the arginase
promoter region between —3.29 and -2.78 kb that encompasses the AP-1 binding site. These
data indicate the importance of AP-1 proteins in enhancing arginase 1 transcription in
response to Ang Il. Two AP-1 proteins appear involved, ATF-2 and c¢-Jun. Knockdown of
ATF-2 completely prevented the Ang Il-induced activation of arginase 1 transcription, while
c-Jun knockdown was only partially effective.

The actions of AP-1 proteins are known to occur through dimerization of two of the AP-1
family proteins. This could involve homodimerization of one transcription factor or
heterodimerization of two different factors of family members which include Jun, Fos, ATF
and Maf (Lopez-Bergami et al., 2010). Dimeric combinations and transcriptional activity
observed in vivo are largely influenced by tissue-specific expression patterns of the
individual proteins, and by specific activating mechanisms. Thus, while both ATF-2 and c-
Jun seem to be equally important in activation of arginase 1 in isolated endothelial cells by
thrombin (Zhu et al., 2009), effects of Ang Il on arginase 1 transcription appear to mainly
require actions of ATF-2 with only a partial contribution of c-Jun protein.
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It is important to note here that analysis of the arginase 1 promoter region reveals several
putative transcription factor binding sequences in the promoter region between -3.29 and
—2.78 kb upstream of the transcription start site that are conserved among species (Gray et
al., 2005). Studies of the structure and promoter of human liver-type arginase (arginase 1)
indicate that there is a 84% homology with the murine arginase 1 gene, and that the
promoter region used in our study is present in the promoter of human arginase 1 (Serrat et
al., 2012; Takiguchi et al., 1988). These include binding sites for AP-1, c-Jun, SMAD, C/
EBP, STAT1 and STATS6. Involvement of these transcription factors in arginase 1
upregulation in endothelial cells should be studied further. We focused on ATF-2, a known
target of p38 MAPK (Lopez-Bergami et al., 2010), and determined its involvement in Ang
Il-induced arginase expression/activity.

Our results indicate that Ang Il causes activation of ATF-2 as shown by increased levels of
phospho-ATF-2. Phosphorylation of ATF-2 either at Thr69, Thr71 or Thr73 is known to
stimulate its transcriptional capacity (Livingstone et al., 1995). ATF-2 phosphorylation was
maximal within 30 m of treatment which runs in line with the increase of p38 MAPK
activation that peaked by 15 m of Ang Il treatment, but was still elevated at 30 m. Activation
of ATF-2 was prevented by pretreatment with a p38 MAPK inhibitor, indicating that ATF-2
activation is a downstream event of p38 MAPK that regulates its phosphorylation. Our prior
studies using the p38 MAPK inhibitor SB-203580 have demonstrated its ability to inhibited
Ang ll-induced phosphorylation of p38 (Shatanawi et al., 2011; Toque et al., 2010). As
explained earlier, the MAPK family regulates activity of several AP-1 proteins. ERK, INK
and p38 MAPK are predominantly responsible for phosphorylation and activation of Fos,
Jun and ATF-2, respectively, in response to stress, mitogens, hormones or oncogene
activation (Lopez-Bergami et al., 2010; Niwano et al., 2006). Our results support these
findings in relation to p38 MAPK and ATF-2. We did note an apparent increase in ATF-2
expression in response to Ang Il for 60 m. While we did not expect to see this change in
expression early on as early as 60 m, others have shown that Ang Il can induce expression
of transcription factors of the AP-1 family in a period of 45 m and lasting at least 2 h
(Sharma et al., 1994). So our results show that not only increasing the phosphorylation of
ATF-2 can play a role in arginase expression but also increasing levels of the ATF-2 protein
as well.

Our results from EMSA and supershift indicate that Ang 11 enhances binding of nuclear
proteins to the arginase promoter region encompassing an AP-1 binding site. Supershift
assay identified ATF-2 as the nuclear protein in Ang Il treated cells. Our results reveal that
after exposure of endothelial cell to Ang Il, ATF-2 is recruited to the AP-1 consensus
sequence in the arginase 1 promoter leading to transcriptional upregulation of arginase 1.
Results from our ChIP assay confirm the EMSA results. We observed that Ang Il enhances
binding between ATF-2 and the arginase 1 promoter.

We also examined the functional role of ATF-2 on arginase activity and NO production.
Decreasing levels of ATF-2 protein by siRNA prevented the Ang Il-induced increase in
arginase activity. This effect was associated with restoration of NO production levels that
were blunted in response to Ang Il. Since arginase and NOS share the same substrate L-
arginine, Ang ll-induced decreases in NO production can be attributed to increases in the
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activity of arginase and thus limitation of L-arginine availability. Our results confirm a
functional role of ATF-2 in limiting NO production. Our NO production results represent an
important contribution to vascular function in intact tissue. We have previously reported the
role of arginase 1 in Ang Il-induced vascular endothelial dysfunction (Shatanawi et al.,
2011).

ATF-2 also seems to be involved in repressing eNOS expression in IL-1[ treated endothelial
cells. Interestingly, this effect of ATF-2 was shown to be also mediated through p38 MAPK
activation (Niwano et al., 2006). Repression of eNOS gene transcription by ATF-2 also
could limit or decrease NO production. This mechanism represents another means for
maintaining NOS function and NO production by limiting activity of ATF-2.

5. CONCLUSIONS

Collectively, our results indicate that ATF-2 is a central factor in regulating arginase
transcription and activity in response to Ang Il in endothelial cells. Involvement of ATF-2
also has implications for NO production. As discussed and presented, Ang Il can impair
vascular endothelial function by limiting NO availability through elevated arginase activity.
Thus, identifying mediators of this pathway may not only shed light on the signal pathway
of arginase upregulation, but may also provide additional targets for novel therapies that
limit vascular dysfunction and damage resulting from excessive arginase activity in
conditions of elevated Ang 11, such as hypertension and diabetes.

Continued research is needed to identify inhibitors for transcription factors such as ATF-2
involved in pathological conditions. Piperine, the phenolic component of black pepper, is a
reported potent inhibitor of several transcription factors in melanoma cells, among which is
ATF-2 (Pradeep and Kuttan, 2004). Several inhibitors are being developed. Interferon
regulatory factor-2-binding protein-1, reported to be a transcriptional co-repressor of
interferon regulatory factor-2, also has been shown to repress ATF-2 -mediated
transcriptional activation (Kimura, 2008). Selectively targeting transcription factors
involved in arginase upregulation in endothelial cells could be a novel therapeutic strategy to
limit vascular dysfunction in conditions of elevated Ang Il. Since many factors upregulate
endothelial arginase 1 expression causing vascular dysfunction, the signal transduction
pathway for arginase being defined for Ang Il may also apply to other stimuli.
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Fig 1. Arginase 1 promoter luciferase constructs and luciferase activity in Ang Il treated BAECs
(A) Scheme representing a series of luciferase constructs driven by different lengths of the

murine arginase 1 promoter and illustrating several putative transcription factor binding
sequences in the 4.8 kb promoter region upstream of arginase 1 gene. (B) BAECs were co-
transfected with the full length luciferase construct- —4.78kb arginase 1 promoter-Luc for 48
h and Renilla luciferase gene plasmid to normalize for transfection efficiency. Cells were
then treated with Ang Il (0.1 pM, 24 h). Luciferase activity shows a 50% increase with Ang
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Il treatment versus transfected untreated cells (control). n=4 times each performed in
triplicates; *P<0.05 vs. control.
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Fig 2. Analysis of the arginase 1 promoter in response to Ang 11
BAECs were co-transfected with one of three different deletion arginase 1 promoter-

luciferase (Luc) constructs and Renilla luciferase gene plasmid to normalize for transfection
efficiency. Luciferase activity induction showed that the Ang Il-responsive element was
located between —3.29 kb to —2.78 kb in the arginase 1 promoter as arrows indicate. n=3
each performed in triplicates; *P<0.05 vs. corresponding length of promoter (no

treatment), #P<0.05 vs Ang I1.
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Fig 3. Role of ATF-2 and c-Jun in Ang Il-induced arginase 1 luciferase activity in BAECs
BAECs were co-transfected with the full length luciferase construct- —4.78kb arginase 1

promoter-Luc for 48 h and Renilla luciferase gene plasmid to normalize for transfection
efficiency. In addition co-transfection of BAECs with non-targeting siRNA (SC siRNA) or
SiRNA targeting either ATF-2 or c-Jun was performed. Cells were then treated with Ang 11
(0.1 uM, 24 h). (A) Representation of Western blot probed with ATF-2 antibody shows the
efficiency of ATF-2 siRNA transfection. Band intensities from multiple experiments were
quantified and normalized to a-actin. n=3 (B) Representation of Western blot probed with c-
Jun antibody shows the efficiency of ¢c-Jun siRNA transfection. Band intensities from
multiple experiments were quantified and normalized to a-actin. n=3 (C) Luciferase activity
was measured in cell lysate, normalized to Renilla luciferase and expressed as percent of
scrambled (SC) siRNA transfected controls. n=3 each performed in triplicates; *P<0.05 vs.

SC control, #P<0.05 vs. SC Ang .
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Fig 4. Arginase Activity and Arginase 1 Expression in BAECs
BAECs were transfected with either sSiRNA for ATF-2, c-Jun or scrambled (SC) siRNA.

BAECs were then treated with Ang 1l (0.1 uM, 24h) (A) Elevation of arginase activity by
exposure of BAECs to Ang Il was prevented by transfection of cells with ATF-2 siRNA and
partially prevented by c-Jun transfection. Transfection with sc-siRNA did not prevent
response to Ang I1. n=3 *P<0.05 vs. control, #P<0.05 vs. SC siRNA for Ang I1. (B)
Elevation of arginase 1 expression by exposure of BAECs to Ang 11 (0.1 uM, 24 h) was
prevented by transfection of cells with ATF-2 siRNA. Transfection with sc-siRNA did not
prevent response to Ang Il. Values are expressed as means of percent of control + S.E.M..n=
3. *P<0.05 vs. control, #P<0.05 vs. SC siRNA for Ang I1.
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Fig 5. Activation of ATF-2 by Ang |1
(A) BAECs exposed to Ang Il (0.1 pM) for 5 to 60 mins show a time-dependent increase in

phospho-ATF-2 expression first evident at 10 mins and peaking at 30 mins. (B) Pretreatment
of BAEC with SB-202190 (2 uM, 2 h) blocked the phosphorylation of ATF-2 caused by
Ang I1 (0.1 uM, 30 min). Representative autographs are shown. Values are expressed fold
change over control + S.E.M. of phospho-ATF-2/total-ATF-2 ratio. n=3 of independent
experiments carried out in duplicate. *P<0.05 vs. control. #P<0.05 vs. Ang .
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Fig 6. Electrophoretic mobility shift assay in Ang Il treated cells

+ Nuclear Extract

Electrophoretic mobility shift assay (EMSA) analysis was performed with nuclear extracts
from control BAECs or Ang Il treated BAECs (0.1 uM, 30 mins). Ang Il treatment
enhanced formation of binding complex between nuclear extracts with oligonucleotide
containing the wild-type AP-1 site compared to untreated BAECs (Left panel). No specific
complex formation was observed for either nuclear extracts with the oligonucleotide
containing the mutant AP-1 sequence (Right panel). Result shown is representative of three

independent experiments. n=3.
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Fig 7. Identification of activating transcription factor 2 (ATF-2) binding to AP-1 elements within
the arginase 1 promoter using supershift assay

Supershift assay was performed with nuclear extracts from BAECs treated with Ang 11 (0.1
UM, 30 mins) in the absence and presence ATF-2 specific antibody (1:100) before
performing the EMSA with oligonucleotide containing the wild-type AP-1 site. Results
shown are representative of three independent experiments. n=3.
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Fig 8. ChlP assay determines ATF-2 association with the arginase 1 promoter
ChIP assays were performed in BAECs treated with Ang Il versus untreated control. anti-

ATF-2 antibody and arginase 1 PCR primer were used. IgG (5 pg/IP) was used as negative
IP control. qPCR was performed with primers for the 18S promoter and for bovine arginase
1 gene. gPCR analysis was performed using delta-delta circle time (Ct). Fig. shows
percentage of DNA input (relative amount of immunoprecipitated DNA compared to input
DNA after gPCR analysis normalized to the internal control 18S). IP; Immunoprecipation,
a-ATF-2; anti-ATF-2. n=3 of independent experiments. *P<0.05 vs. control, #P<0.05 vs.
Ang Il IP: a-ATF-2.
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Fig 9. Role of ATF-2 in limiting NO production in endothelial cells in response to Ang Il
lonomycin stimulated NO production was determined in non-transfected, scrambled (SC) or

ATF-2 siRNA transfected cell lysate with or without exposure to Ang Il (0.1 uM, 24 h) as
nitrites released in cell media of the treated cells. Basal control NO production was 60.5
pmol/ml/hr. Ang Il decreased NO production. This effect was prevented with ATF-2 siRNA
transfection. Data represent mean + S.E.M. n=4 independent experiments carried out in
triplicates. *P<0.05 vs. control. #P<0.05 vs. Ang I1.
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