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Identification of intracellular proteins and signaling pathways in
human endothelial cells regulated by angiotensin-(1-7)

Christian Meinert!2, Florian Gembardt3, llka Bohme?*, Anja Tetzner?4, Thomas Wieland?,
Barry Greenberg®, and Thomas Waltherl:2:4

Linstitute of Experimental and Clinical Pharmacology and Toxicology, Medical Faculty Mannheim,
Universitat Heidelberg, Germany 2 Department of Pharmacology and Therapeutics, University
College Cork, Cork, Ireland 2 Division of Nephrology, Department of Internal Medicine 1lI, Faculty
of Medicine, Technische Universitat Dresden, Germany 4 Department of Obstetrics, Division of
Women and Child Health, Universitat Leipzig, Leipzig, Germany ° Division of Cardiology,
University of California, San Diego, USA

Abstract

The study aimed to identify proteins regulated by the cardiovascular protective peptide
angiotensin-(1-7) and to determine potential intracellular signaling cascades.

Human endothelial cells were stimulated with Ang-(1-7) for 1h, 3h, 6h, and 9h. Peptide effects on
intracellular signaling were assessed via antibody microarray, containing antibodies against 725
proteins. Bioinformatics software was used to identify affected intracellular signaling pathways.
Microarray data was verified exemplarily by Western blot, Real-Time RT-PCR, and
immunohistochemical studies.

The microarray identified 110 regulated proteins after 1h, 119 after 3h, 31 after 6h, and 86 after 9h
Ang-(1-7) stimulation. Regulated proteins were associated with high significance to several
metabolic pathways like “Molecular Mechanism of Cancer” and “p53 signaling” in a time
dependent manner. Exemplarily, Western blots for the E3-type small ubiquitin-like modifier ligase
PIAS2 confirmed the microarray data and displayed a decrease by more than 50% after Ang-(1-7)
stimulation at 1h and 3h without affecting its MRNA. Immunohistochemical studies with PIAS2 in
human endothelial cells showed a decrease in cytoplasmic PIAS2 after Ang-(1-7). The Ang-(1-7)
mediated decrease of PIAS2 was reproduced in other endothelial cell types. The results suggest
that angiotensin-(1-7) plays a role in metabolic pathways related to cell death and cell survival in
human endothelial cells.
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214 205 947; thomas.walther2011@gmail.com.
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Graphical Abstract
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Introduction

The renin-angiotensin system (RAS) is one of the best characterized hormonal systems. It is
involved in the regulation of several important physiological processes, including blood
pressure regulation, sodium and water balance, and electrolyte homeostasis [1]. Initially, the
RAS was considered to be an endocrine system whose bioactive metabolite angiotensin Il
(Angll) was the final product of the system [2, 3] and that the actions of this peptide were
mediated by the Angll receptors type 1 (AT1) and type 2 (AT2) [1, 4].

For many years, Angll was considered to be the only biologically active peptide of the RAS,
but evidence has accumulated that both shorter and longer angiotensin metabolites, such
as angiotensin 111 (AnglI[5-7], angiotensin IV (AnglV) [8, 9], angiotensin-(1-9) (Ang-
(1-9)) [10] and the heptapeptide angiotensin-(1-7) (Ang-(1-7)) [11, 12] also possess potent
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biological activity. The main pathway for Ang-(1-7) formation is hydrolysation of Angll by
the carboxypeptidase angiotensin converting enzyme 2 (ACE2) [13, 14]. The heptapeptide
Ang-(1-7) has been the focus of intense interest due to its ability to counteract the
detrimental actions of Angll, including vasoconstriction [11]. Furthermore, Ang-(1-7) has
beneficial effects on cardiac function [15, 16], counteracts the growth-stimulating effects of
Angll in cardiomyocytes and vascular smooth muscle cells [17, 18], and is involved in the
control of water and electrolyte homeostasis [19]. It has also been reported that the
heptapeptide participates in wound healing [20], learning and memory [21], hematopoiesis
[22], and cancer [23-25].

Despite many publications regarding the physiological actions of Ang-(1-7) and its
beneficial effects under pathophysiological circumstances, the intracellular signaling
initiated by this peptide has remained elusive. We have previously demonstrated that the
receptor Mas is associated with Ang-(1-7)-stimulated intracellular signaling [26]. It has been
suggested recently that Ang-(1-7) influences the phosphorylation status of 79 proteins,
including several downstream effectors of insulin signaling and the antiproliferative and
antitumorigenic FOXO1, which might account for some of the antitumorigenic effects of the
heptapeptide [27]. The effects of Ang-(1-7) on intracellular signaling, however, have not be
delineated. It was the aim of our study to identify regulated intracellular proteins, verify
them, and define possible intracellular signaling pathways activated by the heptapeptide. For
this purpose, we used a time resolved antibody microarray approach, which enabled us to
screen for the regulation of 725 proteins in endothelial cells. We further evaluated the
findings from the microarray by Western blot, Real-Time RT-PCR, and
immunohistochemical studies.

Material and methods

Materials and chemicals

Human Umbilical Vein Endothelial Cells (HUVEC), the cell culture medium (EGM-2
Bulletkit), Trypsin/EDTA, and the Trypsin Neutralizing Solution (TNS) were purchased
from Lonza (Basel, Switzerland). Human Dermal Microvascular Endothelial Cells
(HDMEC) and Mouse Brain Endothelial Cells (bEnd.3) were a kind gift from Dr. Burkhard
Wiesner (FMP Berlin, Germany), whereas Dulbecco's Modified Eagle Medium (DMEM-
Bulletkit), Dulbecco's Phosphate Buffered Saline (DPBS) and fetal bovine serum (FBS)
were from Gibco (Darmstadt, Germany). Ang-(1-7) was purchased from Bachem
(Bubendorf, Switzerland). The mono-reactive dyes were from GE Healthcare (Little
Chalfont, UK), the Panorama Antibody Microarry-XPRESS Profiler725 Kit from Sigma-
Aldrich (St. Louis, USA). For Western blot experiments, the PIAS2 antibody (ab105361)
was from abcam (Cambridge, UK), the FBI-1/Pokemon (F9429), GAPDH (G9545), and
secondary antibodies (A9169 and A9044) were purchased from Sigma-Aldrich, whereas for
the immunofluorescence studies the PIAS2 antibody was purchased from antibodies-online
GmbH (Aachen, Germany) and the Cy™3-conjugated AffiniPure goat anti-mouse 1gG
antibody from DIANOVA (Hamburg, Germany). Real-Time RT-PCR primers for PIAS2
(QT01012172), FBI-1/Pokemon (QT00226688), and GAPDH (QT00079247), and

J Proteomics. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meinert et al. Page 4

QuantiTect SYBR Green RT-PCR Kit were from Qiagen (Hilden, Germany). All other
chemicals were obtained from Sigma-Aldrich.

Cell culture and cell stimulation

Endothelial cells were grown on 100mm dishes according to manufacturer's specifications in
EBM-2 or DMEM medium at 37°C in a humidified incubator (Sanyo, Watford, UK) in an
atmosphere of 5% CO,. Cells used were passage 6 for HUVEC, passage 10 for HDMEC and
passage 11 for bEnd.3. When the cells reached 70% confluence, they were washed two
times with DPBS and serum starved for 1h in supplements-free EBM-2 or DMEM.
Afterwards, 10~’M Ang-(1-7) was added and cells were incubated for 30min, 1h, 2h, 3h, 6h,
and 9h. Cells only treated with the peptide solvent (DPBS) were used as control. The 10~'M
concentration used for Ang-(1-7) was derived from data of former cell culture studies (e.g.
[28] and unpublished experiments).

Antibody microarray

The antibody microarray was performed as described in the Panorama Antibody Microarray-
XPRESS Profiler725 Kit manual. A concentration of 1mg/ml of protein extract from control
and Ang-(1-7)-stimulated HUVEC were labeled with Cy™3 or Cy™5 dye. For two
approaches, control samples were labeled with Cy ™S5, whereas stimulated samples were
labeled with Cy™3. In an additional set, control samples were labeled with Cy™3, whereas
stimulated samples were labeled with Cy™5, Free Cy™3/ Cy™5 was removed, and the
Panorama Antibody Microarray slide was incubated with the labeled samples for 45 min.
The slide was washed with provided washing buffer and air-dried before images were
acquired, using a GenePix 4100A Microarray Scanner (Molecular Devices, Sunnyvale,
USA). Scan resolution was 5um per pixel, and the photomultiplier tube gains were manually
set for each dye to ensure a normal ratio of 1 (+0.1). Data was imported into Acuity 4.0
software (Molecular Devices, Sunnyvale, USA) and normalized using the nonlinear Lowess
normalization method. Applied criteria for spot quality control were <3% saturated pixels,
not flagged as absent, relatively uniform intensity and uniform background, and detectable
above background. The log ratios for the relative expression of the spots that passed quality
control were converted to fold change. The program IPA (Ingenuity Systems, Redwood
City, USA) was used to associate Ang-(1-7) influenced proteins with potential metabolic
pathways.

Western Blotting

Endothelial cells were harvested and lysed for Western blot analysis (5 independent
samples per blot). The medium was removed, and cells were washed two times with ice-
cold DPBS. Cells were lysed and the samples centrifuged for 10s at 10.000 x g in a
microcentrifuge to remove cellular debris. Protein content of the lysates was determined by
BCA protein assay (Thermo Fisher, Waltham, USA). An amount of 20ug of protein was
denatured with Laemmli buffer, incubated at 95°C for 10min, and subjected to SDS-
polyacrylamide gel electrophoresis. The proteins were transferred onto Immobilon-P
Membrane (Millipore, Billerica, USA), and the membrane was blocked with 5% [w/v]
skimmed milk in TBS, pH 7.4 and 0.1% [v/v] Tween 20 for 1h at room temperature. The
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membrane was then incubated with either PIAS2 (1:1000, 3% [w/v] skimmed milk) or
FBI-1/Pokemon (1:1000, 5% [w/v] skimmed milk) antibody overnight at 4°C. After
incubation with peroxidase-linked secondary antibody (1:1000, 5% [w/v] skimmed milk) for
1h at room temperature, immunoreactive proteins were visualized by ECL reagent and
autoradiography film (GE Healthcare, Little Chalfont, UK). Band density was quantified
using ImageJ software (National Institute of Health, http://rsb.info.nih.gov/ij/) and
normalized to the amount of GAPDH in each experiment.

Real-Time RT-PCR

HUVEC were washed twice with ice-cold DPBS and lysed. Total RNA was isolated using
TRIzol Reagent (Invitrogen, Carlsbad, USA) according to manufacturer's instructions. RNA
concentration was determined with a NanoDrop ND-1000 (NanoDrop Technologies,
Wilmington, USA). The samples were prepared regarding the instructions of the QuantiTect
SYBR Green RT-PCR kit with 10ng RNA per reaction. Real-Time RT-PCR was performed
in a Roche LightCycler (Roche, Penzberg, Germany) and results were normalized to
GAPDH expression.

Immunohistochemical studies

Statistics

HUVEC were seeded into sterile 8-well p-Slides (ibidi GmbH, Martinsried/Munich,
Germany). At 80% confluence cells were washed once with DPBS and serum starved in
supplement-free EBM-2 for 1h followed by stimulation with 10~’M Ang-(1-7) for 1h at
37°C. Cells only treated with the peptide solvent (DPBS) served as control. Stimulation was
terminated by cell fixation with 4% paraformaldehyde (Carl Roth GmbH + Co. KG,
Karlsruhe, Germany) for 30 min at room temperature. After three times washing with DPBS
cells were permeabilized and non-specific binding was blocked with 0.2% Triton-X 100
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) containing 5% goat serum
(DIANOVA, Hamburg, Germany) for 30min at room temperature. Cells were incubated
with anti-PIAS2 mouse monoclonal antibody (1pg/ml) in DPBS over night at 4°C, washed
three times with DPBS and subsequently incubated with Cy™3-conjugated AffiniPure goat
anti-mouse 1gG (7.5ug/ml) in DPBS for 30min at room temperature. After three times
washing with DPBS cells were mounted with Immunoselect Antifading Mounting Medium
DAPI (DIANOVA, Hamburg, Germany). Fluorescence images were obtained using an Axio
Observer.A1 microscope fitted with an EC Plan-NEOFLUAR 63x/1.25 Qil objective and an
AxioCam ICcl camera (Zeiss, Jena, Germany). The fluorescence was detected using filter
set 49 (blue for DAPI DNA stain) and filter set 43 (red for Cy™3). Images were collected at
1392 x 1038 resolution with 10x optical zoom using the AxioVision software (Release
4.8.2) at room temperature. The final composite image was created using Photoshop 10.0
(Adobe Systems GmbH, Munich, Germany).

For the antibody microarray data, a significant expression fold change of one value =1.8, or
of 2 out of 3 values of expression fold change >1.5, was applied as cut off criteria.
Association of regulated proteins to metabolic pathways was done by IPA software
(Ingenuity Systems, Redwood City, USA). The software calculated a p-value using the right
tailed Fisher Exact test. The p-value gives the probability that the association between
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regulated detected proteins and the pathways is due to random chance. The software
considers a p-value <0.05 as statistically significant. To compare the differences between
Ang-(1-7) stimulation versus solvent stimulation in Western blot and Real-Time RT-PCR
experiments, the Student's t-test was used (Graph Pad Prism 5.01; Graph Pad Software Inc.,
San Diego, USA). So here, a p-value <0.05 was considered to be significant (* P < 0.05, **
P <0.01, and *** P < 0.001).

Identification of intracellular proteins and metabolic pathways regulated by Ang-(1-7)

To investigate Ang-(1-7) mediated intracellular signaling pathways in human endothelial
cells, we used an antibody microarray in a time resolved approach. Stimulation of HUVEC
with Ang-(1-7) for 1h changed the protein level of 110, for 3h of 119, for 6h of 31, and for
9h of 86 proteins (data not shown). To rule out possible false-positive results, the datasets
were screened for repeatedly identified differentially expressed proteins (RIDEPS) [29].
These are proteins that are detected as differentially expressed in a microarray regardless of
the experiment, tissue or species and such regulation can not be confirmed by follow up
methods as Western blot [30, 31]. The RIDEPs Zyxin, 14-3-3, BID, etc. were present in the
microarray data for all four time points and two of them, 14-3-3 and Zyxin, were even
verified by Western blot. As expected, their regulation in the microarray could not be
confirmed by Western blots (data not shown).

Subtracting the RIDEPS, the data showed that MAP1b, Pyk2(pTyr®79), PIAS2, Cdk3, PP2A,
and Mad2 were the six proteins with highest values of expression fold change after 1h of
stimulation with the heptapeptide (Table 1). While regulation of Mad2 by Ang-(1-7) was
not detected at any other time point, MAP1b was under the highest 25 values after 3h,
whereas the four other proteins were still influenced by the heptapetide at a lower level (not
among the highest 25 values of expression fold change). However, none of these five was
altered at 6h or 9h.

At 3h of stimulation, FXR2, RAIDD, PINCH-1, Zip Kinase, and DNase Il were the proteins
with the highest values (Table 2). However, except DNase I, the other four of these
proteins were also detected after 1h of stimulation at lower levels of expression fold change.
Stimulation of HUVEC with Ang-(1-7) for 6h resulted in the most pronounced regulation of
FAK (pTyr®77), Heat Shock Factor 1, Protein kinase CB; and CB,, DcR1, and Tau
(pSerl99/202y (Taple 3). Except for FAK (pTyr>’7) and Protein Kinase Cf; and Cp, none of
these proteins were detected in the antibody microarray at any other time point. The 10
proteins with the highest values at 9h (Table 4) are with the exception of H3 (Ac-Lys?) also
present at least once among the most effected (25 highest values) proteins for other time
points. Interestingly, the regulation of PUMA/bbc3, FBI-1/Pokemon, and Caspasel3 could
be detected for the first time 6h after the stimulation with Ang-(1-7), where they were
between the 10 and 25 highest values. However, the microarray data showed also two
proteins, TRAIL and Bmf, which were among the most regulated proteins, but only at three
out of four time points.
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Bioinformatics software was used to identify potential intracellular pathways associated to
Ang-(1-7) signaling. Three of these pathways, “Molecular Mechanism of Cancer”, “p53
signaling”, and “Cyclins and Cell Cycle regulation”, were not only significantly regulated at
all four time points but have been always under the 10 pathways with highest p-values
(Table 5). Other metabolic pathways like “Death Receptor signaling”, “Apoptosis
signaling”, “Chronic Myeloid Leukemia signaling”, and “Small Cell Lung Cancer
signaling” were also associated to the regulated proteins, but with lower significance.
Furthermore, the regulation of identified proteins fitted into the signaling cascades in a time
dependent manner, as exemplarily comparison of microarray data with the metabolic
pathway “Molecular Mechanism of Cancer” showed regulated ERK1/2 and SMADA4 after
stimulation for 1 h with Ang-(1-7), whereas after 3 h their downstream targets p19 and p21
were affected (data not shown).

Verification of antibody microarray data of Ang-(1-7)-regulated proteins PIAS2 and FBI-1/

Pokemon

Because of the large number of proteins regulated by Ang-(1-7), we selected for further
validation one protein that has been regulated by the heptapeptide at an early stage and one
protein regulated at the late stage. The antibody microarray data displayed a significant Ang-
(1-7)-mediated effect on MAP1b, Pyk2(pTyr579), PIAS2, Cdk3, and PP2A at an early stage
(1h) of stimulation, whereas it detected a distinct regulation of PUMA/bbc3, FBI-1/
Pokemon, and Caspasel3 after 6h of stimulation with the heptapeptide that increased in
significance at the late stage (9h) of stimulation. Therefore, we chose one of the proteins that
showed regulation by Ang-(1-7) at an early stage, PIAS2, and another one, FBI-1/Pokemon
that was affected at a late stage of stimulation with the heptapeptide and used Western blots
to verify the antibody microarray results for these two proteins. For PIAS2, stimulation of
HUVEC with Ang-(1-7) for 1h and 3h showed a significant decrease by 48% and 46%
respectively, but no change in protein level for 6h and 9h stimulation (Figure 1 A-D), being
congruent with the array data. In case of FBI-1/Pokemon, Western blot results showed a
decrease in protein level for 1h (by 40%) and 9h (by 50%) (Figure 2 A-D), whereas
stimulation for 3h and 6h with the heptapeptide did not change the FBI-1/Pokemon protein
concentration. These results were only partially in accordance with the antibody microarray
data that showed Ang-(1-7)-induced change in protein level for 6h and 9h stimulation, but
none for 1h and 3h.

Notably, a few more regulated proteins were verified by Western blot as e.g. AKT and p21
(data not shown). In both cases the Western blot results showed an increase in protein level,
for AKT by 20% and 30% for 3h and 9h, and for p21 by 39% for 3h stimulation with Ang-
(1-7), confirming the microarray data.

Ang-(1-7)-mediated effect on PIAS2 and FBI-1/Pokemon is dynamic over time

To investigate whether Ang-(1-7) influences the levels of both proteins already on an earlier
stage than 1h, we investigated the heptapeptide's effect on both proteins at additional time
points. In case of PIAS2, protein concentration was already influenced by Ang-(1-7) after
30min (Figure 3A) and remained low after 2h of stimulation (Figure 3B), indicating that
Ang-(1-7) is not just effective at a certain time point, but down-regulates PIAS2 over a
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longer time period between at least 30 min and 3h after stimulation. In contrast, stimulation
with Ang-(1-7) for 30 min did not lead to any effect on FBI-1/Pokemon, determining the
start point of the heptapeptide's earliest influence on this protein somewhere between 30 min
and 1h (Figure 3C). Since the Ang-(1-7) mediated reduction of FBI-1/Pokemon protein
level after 1h (Figure 2A) was also seen after 2h of stimulation (Figure 3D), the early phase
of the significant effect of Ang-(1-7) on FBI-1/Pokemon ends consequently somewhere
between 2h and 3h.

Ang-(1-7) does not regulate PIAS2 and FBI-1/Pokemon on mRNA level

To determine, whether the Ang-(1-7)-mediated early effect on PIAS2 and FBI-1/Pokemon
takes place on mRNA or protein level, we quantified their RNA expression in a Real-Time
RT-PCR approach. As shown in Figure 4A-D, no change in mRNA level was detected for
either proteins after 30 min and 1h of stimulation with the heptapeptide. Furthermore, the
late effect of the heptapeptide on FBI-1/Pokemon (Figure 2D) was not mediated by
alteration in mRNA, since 9h of stimulation with Ang-(1-7) did not affect the mRNA
expression (Figure 4E-F). These results suggest that the Ang-(1-7) mediated effect on
PIAS2 and FBI-1/Pokemon takes place on protein, but not on mRNA level.

Ang-(1-7) regulates PIAS2 and FBI-1/Pokemon in other endothelial cell lines

Next, we investigated if our findings in HUVEC could be reproduced in other human
endothelial cell lines. For PIAS2, stimulation of HDMEC with Ang-(1-7) resulted in
decreased protein level (Figure 5A), as observed earlier in HUVEC, while Ang-(1-7) had no
effect on FBI-1/Pokemon in these cells (Figure 5C). Furthermore, we tested the effect of
the heptapeptide in endothelial cells of another species. We stimulated mouse brain
endothelial cells with the heptapeptide for 1h. As seen for both human endothelial cell lines,
a reduction in PIAS2 protein was also found in bEnd.3 cells (Figure 5B). In such cells, Ang-
(1-7) could also decrease the protein level of FBI-1/Pokemon (Figure 5D).

Ang-(1-7) decreases cytoplasmic PIAS2 concentration

Finally we investigated whether the Ang-(1-7)-induced decrease in PIAS2 protein
concentration could be also visualized in immunofluorescence studies in HUVEC.
Unstimulated cells showed an intense and diffuse signal for PIAS2 in the cytoplasm (Figure
6, left panel). Stimulation of HUVEC with Ang-(1-7) for 1h dramatically decreased
cytoplasmic PIAS2 (Figure 6, right panel). Furthermore, the remaining PIAS2 appeared to
be confined to a distinct compartment at the edge of the nucleus. Notably, there was no
evidence of translocation of PIAS2 from the cytoplasm into the nucleus after stimulation
with Ang-(1-7).

Discussion

Although both the number of publications related to Ang-(1-7) and recognition of its effects
on physiological and pathophysiological processes have dramatically increased over the last
few years, there is almost nothing known about the intracellular signaling stimulated by this
heptapeptide. Whereas some single proteins like DUSP1 were described as targets of Ang-

(1-7) [32], there is to our knowledge only a single publication that used an array approach to
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examine its effects [27]. Since this approach aimed to discover Ang-(1-7)-mediated changes
in phosphorylation, and therefore focused on short-term changes, it was the aim of our study
to investigate the long-term effects of the heptapeptide on the regulation of a widespread
number of proteins.

In the pool of 725 proteins tested, the number of regulated proteins detected by the antibody
microarray was unexpectedly high. Stimulation of HUVEC with the hetapeptide affected an
average of 11% of the total amount of proteins that can be examined with the array. Only
after stimulation for 3h less than a tenth of the proteins were influenced by the heptapeptide.
However, the number of identified regulated proteins depends on the defined cut-off value
and the higher the cut-off, the less protein appears to be regulated. In our case the relatively
high number of identified proteins could be due to the second cut-off of 21.5, which was
chosen deliberately low to ensure that no interesting potential candidates were overlooked.
This cut point was selected with the knowledge that sometimes small changes in the
concentration of a critical protein might have intracellular effects that result in a substantial
impact on physiological/pathophysiological processes. Although the microarray results
provided total values of expression fold change to identify Ang-(1-7)-regulated proteins, it
has to be stated that a prediction for the direction of regulation was not possible, a clear
disadvantage of the microarray, as it necessarily requires further evaluation before
concluding on up- or downregulation.

The authors have deliberately omitted the investigation of later time points like 24 h or 48 h,
as their experience gained from cell culture work shows that at later time points it cannot be
distinguished between primary, secondary and tertiary effects. In addition, at later time
points (24-48 h) morpho-histological changes as well as alterations in the number of cells
can result in changes in intracellular signalling that are not directly triggered or influenced
by intracellular signalling stimulated by Ang-(1-7).

False positive detection of proteins might also influence the results of the antibody
microarray. Hodgkinson et al. identified 13 RIDEPs specifically for the Panorama Antibody
Microarray-XPRESS Profiler725 Kit from Sigma-Aldrich [29], the majority of which were
also found in our microarray data. However, it is possible that there were even more false
positive results among the proteins assayed. Given the fact that TRAIL and Bmf were
always among the most regulated proteins at three out of four time points, these two might
be also false positives. However, this possibility requires further investigation when testing
for other proteins than PIAS2 and FBI-1/Pokemon we investigated here in detail.

Due to such RIDEP issues and also to quantify the regulation of specific proteins, it is
essential to validate the antibody microarray data with an additional method. Because of the
very large number of proteins regulated by Ang-(1-7), we selected candidates of interest for
further validation. Thus we decided to validate the microarray data for PIAS2, a protein that
showed regulation by Ang-(1-7) at an early stage and for FBI-1/Pokemon, a protein that was
affected at a late stage of stimulation with the heptapeptide.

While the Western blot data for PIAS2 completely confirmed the microarray data, it was
only partially consistent for FBI-1/Pokemon as this protein was regulated in the array at 6h
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and 9h, but in Western blot experiments only at 9h. However, the results show a high
reproducibility of the antibody microarray data, which has been also shown by other groups
[33-35]. Nonetheless, it seems vital to validate changes in proteins seen in the microarray by
other methods in the future. However, it is important to note that there may be deviations in
the results due to different sensitivities of the validation methods.

The validity of the antibody microarray data that we have reported is also supported by the
fact that most of the identified proteins are part of specific pathways, with most of them
clustered in a few networks (Table 5). The most significant pathways were the “Molecular
Mechanism of Cancer”, “p53 signaling”, and “Cyclins and Cell Cycle regulation”, a finding
that is consistent with published data showing that Ang-(1-7) negatively influences the
progression of cancer by reducing cell proliferation [23, 24, 32, 36-38]. In addition, another
one of the pathways identified is the “Chronic Myeloid Leukemia” signaling, which is in
keeping with our recent findings that Ang-(1-7) stimulates the production of hematopoetic
progenitor cells [22]. Furthermore, the fact that bioinformatic software associated the
regulation of identified proteins to the signaling cascades in a time dependent manner as e.g.
regulation of the early protein SMADA4 in the case of “Molecular Mechanism of Cancer”
after 1h lead to changes in downstream proteins p19 and p21 at 3h, strongly supports the
quality of our array data.

Unfortunately, both of the proteins that we investigated in detail cannot easily be linked into
biological and physiological/pathophysiological consequences caused by their down-
regulation by Ang-(1-7), e.g. PIAS2 was originally identified as a protein inhibitor of
activated STAT2, but also interacts with STAT1 and STATA4 [39, 40]. Moreover, PIAS2 has
been reported to interact with RACK1, PARK7, DNMT3A, and the androgen receptor
[41-45]. Our findings, however, should stimulate further studies to determine the upstream/
downstream targets of PIAS2 and to identify the receptor by which Ang-(1-7) affects the
protein.

One of the main findings is that PIAS2 protein is regulated without any change in mMRNA
quantity at all time points RNA was investigated. This identifies the level of regulation,
because no change in mRNA but a significant alteration in protein implicates
posttranslational regulation. The reduction of PIAS2 protein levels could result from
dissolving the PIAS2 complex during SUMOylation of STATS by stimulation with Ang-
(1-7), making PIAS2 more vulnerable to proteolytic activity. Furthermore, our results
suggest that the Ang-(1-7)-mediated effect on PIAS2 is not restricted to either the source of
the vessel or species, suggesting that the down-regulation of PIAS2 by Ang-(1-7) is a
generalized effect of the intracellular signaling that is stimulated by the heptapeptide in
endothelial cells.

In summary, our experiments identified a significant number of previously unknown
proteins associated with Ang-(1-7). Our data is the needed add to the short-term regulated
(phosphorylated) proteins described by Verano-Braga et al. [27] to understand the Ang-
(1-7)-mediated signaling and illustrates the complexity of intracellular network been altered
by the heptapeptide.
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Conclusion

We are the first, to our knowledge, to use a broad approach to identify proteins
quantitatively regulated by Ang-(1-7). We detected a significant amount of proteins that are
affected by the heptapeptide in endothelial cells, many of which have not been associated
with Ang-(1-7) previously. These findings open potentially new insights into the role of
Ang-(1-7) not only in endothelial cells and in vascular reactivity, but also in other
physiologic and pathophysiologic processes throughout the body.
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Significance

Despite many publications regarding the physiological actions of Ang-(1-7) and its
beneficial effects under pathophysiological circumstances, the intracellular signalling
initiated by Ang-(1-7) remains still elusive. Since no studies are available related to
longer-term effects of Ang-(1-7) on intracellular signalling, we are the first using a broad
approach to identify proteins quantitatively regulated by Ang-(1-7). We aimed to identify
such proteins, to verify them, and based on this to define possible intracellular signalling
pathways activated by the heptapeptide. We detected a significant amount of affected
proteins that have not been associated with Ang-(1-7) before. They have been mainly part
of metabolic pathways related to cell death and cell survival.

Taken together, our results identified a variety of new proteins being associated with the
intracellular signalling of Ang-(1-7). This is all the more important as they might be
associated with the beneficial cardiovascular effects of the heptapeptide and thus could
represent new targets for the treatment of cardiovascular diseases. Finally, our data will
significantly stimulate further research on the Ang-(1-7) related intracellular signalling.
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Highlights

1. Ang-(1-7) regulates proteins in a time-dependent manner in endothelial cells.

2. Such proteins associate to metabolic pathways related to cell death and cell
survival.

3. Microarrays and Western blots identified downregulation of PIAS2 FBI-1/
Pokemon.

4. Changes in both proteins but not their RNA implicate posttranscriptional
regulation.

5. Regulation pattern of both proteins was similar in different endothelial cell
types.
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Figure 1.

Verification of antibody microarray data for PIAS2 by Western blot. Western blots were
performed with lysates from HUVEC stimulated for 1h (A), 3h (B), 6h (C), and 9h (D) with
10~’M Ang-(1-7). Protein quantities were measured by densitometry and were normalized
to GAPDH levels. Cells stimulated with the solvent were used as control.
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Figure 2.

Verification of antibody microarray data for FBI-1/Pokemon by Western blot. Western blots
were performed with lysates from HUVEC stimulated for 1h (A), 3h (B), 6h (C), and 9h (D)
with 10~'M Ang-(1-7). Protein quantities were measured by densitometry and were
normalized to GAPDH levels. Cells stimulated with the solvent were used as control.
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Figure 3.
Identification of Ang-(1-7)-mediated effect on PIAS2 (A and B) and FBI-1/Pokemon (C and

D) after 30min and 2h. Western blots were performed with lysates from HUVEC stimulated
for 30min and 2h with 10~'M Ang-(1-7). Protein quantities were measured by densitometry
and were normalized to GAPDH levels. Cells stimulated with the solvent were used as
control.
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quantified in HUVEC stimulated for 30min (A) and 1h (B) with 10~’M Ang-(1-7), whereas
MRNA concentration of FBI-1/Pokemon was determined for 30 min (C), 1h (D), 6h (E), and
9h (F) of stimulation. Changes in mMRNA concentration were normalized to GAPDH

expression. Cells stimulated with the solvent were used as control.
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Identification of Ang-(1-7)-mediated effect on PIAS2 (A and B) and FBI-1/Pokemon (C and
D) in human dermal microvascular endothelial cells (HDMEC) and mouse brain endothelial
cells (bEnd.3). The endothelial cell lines were stimulated for 1h with 10~'M Ang-(1-7).
Protein quantities were measured by densitometry and were normalized to GAPDH levels.

Cells stimulated with the solvent were used as control.
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Figure 6.
Effect of Ang-(1-7) on intracellular location of PIAS2. The localization of PIAS2 (red) was

determined using immunofluorescence in untreated HUVEC (control) or cells treated with
10~"M Ang-(1-7) for 60 min (bar: 20 um). The nuclei were visualized with DAPI (blug).
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Table 1

The 25 proteins with the highest detected fold change values after 1h incubation of HUVEC with 10~'M Ang-
(1-7). The order of the numbers is oriented on the highest single value. Expression fold change lower than 1.5
is given in hyphen. Data that could not be detected is marked as n.d. Proteins marked in italic show repeatedly
identified differentially expressed proteins (RIDEPs). The mentioned dye indicates with which dye the
unstimulated sample was labeled with.

Protein Antibodyid Cy3 Cy5 Cy5
1. Zyxin 70377 7.07 582 207
2. MAP1b M4528 546 3.26 -
3. Pyk2 (pTyr®™) P7114 545 180 nd.
4. PIAS2 P9498 542 264 1.64
5. hABH3 A8353 520 2.96 -
6. Cdk3 C9987 505 247 nd.
7. TRAIL T9191 408 231 -
8. PP2A P8109 402 231 -
9.14-3-3 J/v T5942 - 394 2098
10. Mad2 M8694 3.92 - -
11. F1Aa F3428 3.72 1.86 -
12. GRP75 G4170 369 171 nd.
13.BLK B8928 - 3.66 n.d.
14. BID B3183 3.63 - 1.66
15. PPP2R2C P5359 355 nd -
16. FAK (pSer’™?) F9051 334 - n.d.
17. MDMX MO0445 333 3.06 -
18. G9a Methyltransferase G6919 3.32 - -
19. Neurabinll N5162 3.20 - -
20. OGIcNAc 06264 3.04 - -
21. Neurabin | N4412 3.00 - -
22. BelxL B9429 268 288 158
23. B-Tubulin T5201 280 2.85 -
24. RNaseL R3529 189 271 -
25. TSG101 T5826 270 1.95 -
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Table 2

The 25 proteins with the highest detected fold change values after 3h incubation of HUVEC with 10~'M Ang-
(1-7). The order of the numbers is oriented on the highest single value. Expression fold change lower than 1.5
is given in hyphen. Data that could not be detected is marked as n.d. Proteins marked in italic show repeatedly
identified differentially expressed proteins (RIDEPs). The mentioned dye indicates with which dye the
unstimulated sample was labeled with.

Protein Antibodyid Cy3 Cy5 Cy5
1. Zyxin 70377 518 582 541
2. Bmf B1684 478 238 201
3. FXR2 F1554 1.65 - 4.19
4. MTBP M3566 405 179 239
5.14-3-3 J/z T5942 nd. 394 nd
6. RAIDD R9775 3.70 - 1.52
7.BLK B8928 nd. 366 n.d.
8. PINCH-1 P9371 357 261 239
9. Zip Kinase Z0134 355 166 1.99
10. DNase 11 D1689 3.39 - 2.47
11. ADAM17 T5442 nd. nd 334
12. Rnase L R3529 333 271 3.08
13. HDAC7 H6663 247 155 3.28
14. MAP1b M4528 nd. 326 nd.
15. CtBP1 C8741 1.96 - 3.23
16. ERK2 M7431 321 169 2.09

17.C-Raf (pSerf?l) ~ R1151  3.09 236 1.6

18. MDMX M0445 262 3.06 291
19. DcR2 D3188 3.00 - 2.31
20. hABH3 A8353 nd. 29 nd.
21. BNIP3 B7931 n.d. — 2.89
22. APRIL Al1726 289 1.95 -

23. BelxL B9429 202 2.88 -

24.NBS1 N9287 - - 2.87
25. EGF E2520 2.00 - 2.86

1duosnue Joyiny

1duasnuen Joyiny

J Proteomics. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Mei

nert et al.

Page 24

Table 3

The 25 proteins with the highest detected fold change values after 6h incubation of HUVEC with 10~'M Ang-
(1-7). The order of the numbers is oriented on the highest single value. Expression fold change lower than 1.5
is given in hyphen. Data that could not be detected is marked as n.d. Proteins marked in italic show repeatedly
identified differentially expressed proteins (RIDEPs). The mentioned dye indicates with which dye the

unstimulated sample was labeled with.

Protein Antibodyid Cy3 Cy5 Cy5
1. Bmf B1559 4.33 - -
2.14-3-3 J/t T5942 nd. 337 227
3. FAK (pTyr®7) F8926 3.36 - n.d.
4. Heat Shock Factor 1 H4163 - 3.20 -
5. MTBP M3566 290 1.60 -
6. TRAIL T9191 2.86 n.d. -
7. Protein Kinase CB; P6959 215 2.82 -
8. Protein Kinase CB, P3203 2.58 - -
9. DcR1 D3566 251 nd.  nd
10. Tau (pSerl99/202) T6819 243 nd. -
11. Caspase 13 C8854 - 2.38 -
12. Sir2 S5313 2.32 - -
13. FBI-1/Pokemon F9429 231 nd. -
14, c-Raf (pSer®?) R1151 184 228 nd.
15. FAK (pTyr3?7) F7926 221 - 165
16. Zyxin Z0377 - - 2.18
17. BelxL B9429 - . 2.14
18. Pinin P0084 - 2.07 -
19. Vinculin V4505 2.03 - -
20. Cathepsin D C0715 - 2.03 -
21. Rad17 R8029 202 nd. -
22. Cytokeratin CK5 C7785 - 1.95 -
23. PUMA/bbc3 P4743 1.91 - -
24, p19!NKad P4354 - 191 -
25. MAP1 (Light Chain) M6783 189 nd. -
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Table 4

The 25 proteins with the highest detected fold change values after 9h incubation of HUVEC with 10~'M Ang-
(1-7). The order of the numbers is oriented on the highest single value. Expression fold change lower than 1.5
is given in hyphen. Data that could not be detected is marked as n.d. Proteins marked in italic show repeatedly
identified differentially expressed proteins (RIDEPs). The mentioned dye indicates with which dye the
unstimulated sample was labeled with.

Protein Antibodyid Cy3 Cy5 Cy5
1. TRAIL T9191 9.45 . -
2. PUMA/bbc3 P4743 6.77 - -
3. FBI-1/Pokemon F9429 6.54 n.d. -
4. Caspase 13 C8854 6.45 n.d. -
5. Bmf B1559 545 1.99 -
6. BelxL B9429 272 219 534
7.14-3-3 Jt T5942 nd. nd 501
8. GRP75 G4170 4.82 - -
9. H3 (Ac-Lys®) H0913 452 - -
10. MyD88 M9934 438 nd  3.09
11. p53DINP1/SIP P4868 4.28 - 1.61
12. ILP-2 14782 411 1.66 -
13. Zyxin 20377 406 191 340
14. TRF1 T1948 391 - -
15. MBNL1 M3320 3.74 - -
16. MADD M5683 3.61 - -
17. HDAC7 H2537 354 157 nd.
18. Protein Kinase C P5704 331 - -
19. HSP 90 H1775 nd. 3.16 -
20. y Parvin P5746 2.99 - n.d.
21. MSK1 M5437 2.90 - -
22. hnRNP-A1 R4528 2.84 - -
23. Protein Kinase Ba P1601 275 177 -
24. hBRM/hSNF2a (KR-17) H9787 nd. 273 -
25. Grb-2 G2791 271 - -
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Table 5

The 10 metabolic pathways with the highest p-values associated by the IPA software to each of the different
antibody microarray sets. The 10 highest p-values of each dataset are given in bold, whereas other p-values
and ratios are marked in Italic. The ratio states the number of proteins detected in the microarray versus the
total number of proteins being part of the pathway. Data that did not reach significance is marked as n.s.

1h 3h 6h 9h

Pathway p-value ratio p-value ratio p-value ratio p-value ratio

1. Molecular Mechanism of Cancer 3.67 17/379 1.20 32/379 1.33 9/379 1.14 19/379

E-11  (45%) E-22  (84%) E-09 (24%) E-15  (5.0%)

6.57 9/96 3.00 19/96 2.99 5/96 1.73 15/96
2. p53 signaling E-09  (94%) E-20 (19.7%) E-07 (52%) E-19  (15.6%)
3. Glucocorticoid Receptor signaling 9.70 13/295 5.01 15/295 n.s. n.s. 1.26 12/295
E-09  (44%) E-08  (5.1%) 6.31 3173 E-08 (4.1%)
4. Chemokine signaling 2.44 7173 5.74 8/73 E-04 (4.1%) ns. n.s.
5. Cyclins and Cell Cycle regulation E-07 (9.6%) E-08 (11.0%) 1.31 5/89 2.51 10/89
6.24 7/89 2.70 14/89 E-07 (56%) E-12  (11.2%)
6. PI3K/AKT signaling E-07 (7.9%) E-14 (15.7%) 331 4/140 1.58 9/140
7. ATM signaling 7.24 8/140 1.58 13/140 E-05 (2.9%) E-08 (6.4%)
8. VEGF signaling E-07 (5.7%) E-10 (9.3%) ns. ns. 3.94 10/54
9. Apoptosis signaling 7.59 6/54 5.01 9/54 2.14 5/99 E-14 (18.5%)
10. Death Receptor signaling E-07 (11.1%) E-09 (16.7%) E-07 (5.1%) 3.47 7/99
8.91 7/99 5.01 12/99 6.66 3/96 E-07 (7.1%)
11. Chronic Myeloid Leukemia signaling E-07 (7.1%) E-11 (12.1%) E-04 (3.1%) 4.07 7/96
1.26 7196 2.51 11/96 n.s. n.s. E-07 (7.3%)
12. Pancreatic Adenocarcinoma signaling E-06 (7.3%) E-09 (11.5%) 3.16 5/105 ns. ns.

1.58 6/95 351 12/65 E-07 (48%) 171  12/105
E-06  (9.9%) E-13  (185%) 229  4/119  E-14  (11.4%)

13. PTEN signaling 2.00 7/105 1.59 15/105 E-05 (3.4%) 7.94 10/119
14. Huntington's Disease signaling E-06 (6.7%) E-14 (14.3%) 2.69 4/124 E-11 (8.4%)
5.01 7/119 2.00 11/119 E-05 (3.2%) n.s. n.s.
15. Small Cell Lung Cancer signaling E-06 (5.9%) E-08 (9.2%) 2.19 5/238 1.48 14/238
6.31 71124 3.16 13/124 E-05 (2.1%) E-12 (5.9%)
16. Cell Cycle: G1/S Checkpoint regulation E-06 (5.6%) E-11 (10.5%) 7.65 5/89 ns. n.s.
1.26 8/238 7.94 16/238 E-08 (5.6%) 1.91 7/61
E-04 (3.4%) E-10 (6.7%) 8.91 3/61 E-08 (11.5%)
17. Glioma signaling 1.58 5/89 3.80 18/89 E-05 (4.9%) 3.16 10/112
18. GM-CSF signaling E-04  (5.6%) E-09  (11.2%)  3.98 51112 E-11  (8.9%)
19. IL-8 signaling ns. ns. 3.98 11/61 E-07 (4.5%) ns. ns.
20. HGF signaling ns. ns. E-12 (18.0%) 3.16 4/67 ns. ns.
21. Role of NFAT in Cardiac Hypertrophy ns. ns. 6.31 11/112 E-06 (6.0%) 2.75 8/105
ns. n.s. E-09  (9.8%) 6.31 5/193  E-08 (7.6%)
22. Hereditary Breast Cancer signaling n.s. ns. n.s. ns. E-06 (2.6%) 6.31 12/208
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1h 3h 6h 9h
Pathway p-value ratio p-value ratio p-value ratio  p-value ratio

n.s. ns. 3.98 14/193 2.00 4/105 E-11 (5.8%)

ns. n.s. E-09  (7.3%) E-05 (3.8%) 2.0 10/129
n.s. ns. ns. ns. E-10 (7.8%)
7.59 10/208 1.02 3/129
E-06  (48%) E-03  (2.3%)
5.25 10/129
E-08  (7.8%)
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