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Abstract

Pulmonary arterial hypertension (PAH) is a disease characterized by increased pulmonary vascular
resistance and remodeling. Increase in the population of vascular smooth muscle cells is among
the key events contributing to the remodeling. Endothelin-1 (ET-1), a potent vasoconstrictor, is
linked to the etiology and progression of PAH. Here we analyze changes in protein expressions in
response to ET-1 in pulmonary arterial smooth muscle cells (PASMC) from a healthy Control
(non-PAH) and a PAH subject presenting a bone morphogenetic protein type 1l receptor (BMPR2)
mutation with exon 1-8 deletion. Protein expressions were analyzed by proteomic mass
spectrometry using label-free quantitation and the correlations were subjected to Ingenuity ™
Pathway Analysis. The results point to elF2/mTOR/p70S6K, RhoA/actin cytoskeleton/integrin
and protein unbiquitination as canonical pathways whose protein expressions increase with the
development of PAH. These pathways have an intimal function in the PAH-related physiology of
smooth muscle proliferation, apoptosis, contraction and cellular stress. Exposure of the cells to
ET-1 further increases protein expression within these pathways. Thus our results show changes in
signaling pathways as a consequence of PAH and the effect of ET-1 interference on Control and
PAH-affected cells.
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1. Introduction

Pulmonary arterial hypertension (PAH) is a fatal disorder of the pulmonary vasculature.
PAH is progressive with very limited therapeutic success. Although of variable etiology
including idiopathic and heritable forms of PAH, such as that characterized by deletions in
the bone morphogenic protein type Il receptor exon, the histological appearance of the lung
tissue in all forms of PAH is generally similar, involving intimal fibrosis, increased medial
thickness, increased proliferation and constriction of smooth muscle cells (SMC).1 The
pathogenesis exhibits a combination of vasoconstriction and inward vascular wall
remodeling.

The gene for the bone morphogenetic protein type Il receptor (BMPR2) is part of a family of
genes which regulate growth and differentiation. The role of BMP in vascular diseases has
been reviewed recently.? Although this family clearly regulates the growth and
differentiation of numerous types of cells in various tissues, little is yet understood as to how
mutations within the BMPR2 gene lead to pulmonary arterial hypertension. Approximately
10% of PAH cases have a familial origin. In these families, the disease segregates in an
autosomal dominant pattern. Approximately 20-30% of individuals who carry BMPR2
mutations develop PAH. Although many patients who carry the BMPR2 deletion allele do
not manifest clinical PAH, the relative risk for PAH in individual carrying a BMPR2
mutation is, nevertheless, in the order of 10° compared with a carrier of the wild-type allele.
Clearly an additional factor is required for the disease to manifest itself in these cases. At
this time, little is understood regarding the underlying requirements for this manifestation.

Endothelin-1 receptor ETA/ETB blockers have been utilized clinically to combat PAH.3 As
is usual for receptor antagonists, they block all receptor signaling, regardless of positive or
negative physiologic contribution. Little is yet understood as to the specific signaling
cascades directly engaged in the response to treatment of PAH by the antagonists. An
additional problem is that the ET-1 antagonists contribute to congestive heart failure. Thus,
determination of factors and their pathways participating in the etiology of PAH is critical.

Herein we explore and compare protein expression in PASMCs derived from a Control (non
PAH) lung donor and a PAH-afflicted individual with a BMPR2 mutation. We investigate
the intercalation of this condition with the effects of ET-1, in terms of protein expression.
We utilize a combination of gel-free enzyme digestion and label-free quantitative mass
spectrometry analysis. Until very recently such studies employed proteomic approaches
which included a combination of 2D-gel electrophoresis, image analysis, labeling strategies
and mass spectrometry.4-2 These techniques require expensive isotope labels, specific
software, and a high level of expertise to analyze the data. In addition, the number of
samples that can be analyzed by this procedure in a single experiment is limited and labeling
strategies are difficult to apply. For the study whose results are reported in this
communication, we used a newly developed system that incorporates an unbiased screening
procedure based on label-free quantitative liquid chromatography linked with mass
spectrometry. This approach provides us with a much broader map of protein expression.
The procedure is applicable to tissues, cultured cells, and fluids.19-12 Using this technique,
we find a number of signaling changes taking place which are related to pulmonary arterial
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smooth muscle cell migration, apoptosis, proliferation and contraction (all PAH-associated
functions).

2. Materials and Methods

2.1. Isolation and culture of human pulmonary artery smooth muscle cells (PASMC)

Control and PAH PASMCs were derived at the Cleveland Clinic Foundation. The Control
PASMCs were from a 36-year-old male donor with no history of pulmonary or cardiac
disease symptoms; the PAH PASMCs were from a 41-year-old male patient with a defined
BMPR2 mutation (Exon 1-8 Deletion).13 The cells were isolated from elastic pulmonary
arteries (>500-um diameter) dissected from lungs obtained at explantation during lung
transplant. Briefly, after removal of endothelial cells, PASMCs were dissociated by
digestion with collagenase type 11/DNase | solution overnight at 37 °C.14 Cells were
cultured in 15 mM HEPES buffered DMEM/F12 (50:50) media (Mediatech, Manassas, VA)
containing 10% fetal bovine serum (FBS) (Lonza), and 2.5% Antibiotic-Antimycotic from
GIBCO (Invitrogen, Grand Island, NY, cat. no. 15240). Cells were passaged at 60-90%
confluence by dissociation from plates with 0.05% trypsin and 0.53 mM EDTA. The smooth
muscle phenotype of cultured cells was confirmed (>97% purity) by immunohistochemistry
and flow cytometric analysis with antibodies against smooth muscle a-actin and calponin.1®
Primary cultures of passages 6-10 were used in experiments. Supplementary Figure 1A
demonstrates the alpha smooth muscle actin staining in the cultured cells.

The designations Control (+/-) ET-1 and PAH (+/-) ET-1 have been used throughout the
text, as sample names for four groups of PASMCs derived from the healthy control and
BMPR2 mutation PAH patient, treated with/without ET-1 stimulation. Approval to use these
human cells was granted by the Boston University Institutional Review Board.

2.2 Sample Preparation

PASMC:s derived from the Control and PAH subjects were treated with and without 10 nM
endothelin-1 overnight (16 h). The cells were washed twice with ice-cold PBS. Cell lysates
were prepared by addition of Urea Lysis Buffer (8 M urea, 50 mM HEPES buffer pH 7.5, 75
mM NaCl supplemented with protease and phosphatase inhibitors) and centrifuged at 25,000
rpm in a microcentrifuge at 4 oC for 20 min. The proteins were quantified with the BCA
assay from Pierce (Rockford, IL). Cell lysates were then subjected to trypsin digestion. The
lysate aliquots containing 50 ug of protein were reduced with 5 uL of 200 mM dithiothreitol
(DTT) in 50 mM ammonium bicarbonate at room temperature for 1 h with gentle vortexing.
For alkylation, 4 L of 1 M iodoacetamide in 50 mM ammonium acetate was added and the
mixture was incubated in the dark at room temperature for 1 h, and then excess
iodoacetamide was reacted with DTT for 1 h at room temperature. After the urea
concentration was reduced to 0.8 M, 1 pg of trypsin (Promega, Madison, WI) was
introduced into the PASMC solution in the presence of 1 mM CacCly, and the mixture was
incubated overnight at 37 oC, followed by addition of 0.5% trifluoro acetic acid (TFA) to
terminate the reaction. The peptide mixture was dried and then was desalted using an OMIX
C18 tip (100 pL, Varian Medical System, Palo Alto, CA) with 100 uL elution buffer of 70%
acetonitrile and 0.1 % TFA. The treated samples were dried, then stored at —20 oC for future
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analysis. All samples were simultaneously processed through all the steps including cell
lysis, protein concentration assay, protein digestion and quantitative analysis, to minimize
the variation between samples.

2.3 Mass spectrometry analysis

Lyophilized peptides from digested PASMC cell lysates were reconstituted in 40 uL of 1%
acetonitrile and 0.1% formic acid solution, and 1 uL of this solution was analyzed with an
LC-MS/MS system consisting of a nanoAcquity ultra-performance liquid chromatograph
(Waters Inc., Milford, MA), coupled to an LTQ-Orbitrap hybrid mass spectrometer
(ThermoFisher Scientific, San Jose, CA) equipped with a TriVersa NanoMate ion source
(Advion, Ithaca, NY). Sample concentration and desalting were performed online using an
in-house-packed polymicro trapping column (2 cm, packed with 5-um particle-size, 200-A
pore size, reversed phase MagicC18AT material) at a flow rate of 15 uL/min for 1 min.
Separation was carried out in an in-house-packed UPLC® capillary column (10 cm, packed
with 3-um particle size, 100-A pore size, reversed phase MagicC18AT material), equipped
with frits made with Kasil:formamide at ratio of 5:1. A linear gradient of A and B buffers
(A:99.9% acetonitrile—0.1% formic acid; B: 99.9% H,0-0.1% formic acid) from 3% to
40% buffer B over 87 min was used at a flow rate of 0.5 pl/min to elute peptides into the
mass spectrometer. The columns were washed and re-equilibrated between runs.
Electrospray ionization was carried out at 1.7 kV using the NanoMate, with the LTQ heated
capillary set to 150 °C. Mass spectra were acquired in the Orbitrap in the positive-ion mode
over the range m/z 300-2000. Mass accuracy after internal calibration was within 4 ppm.
Simultaneously, tandem MS spectra were acquired using the LTQ for the three most
abundant multiply-charged ions in each mass spectrum with signal intensity threshold >
50,000 x noise level. MS/MS collision energies were set at 35%, and helium was used as the
collision gas. The MS/MS spectra were scanned over an nvzrange dependent on the
precursor ion. Dynamic exclusion was set such that the MS/MS data for each species were
acquired a maximum of two times. Each Control (+/-) ET-1 and PAH (+/-) ET-1 sample
was run with three analytical replicates for the purpose of label-free quantitation. LC-
MS/MS spectra were recorded in the .raw profile mode for further processing and analysis.
MS/MS spectra were then searched against the SwissProt human database (version 57.15)
by Mascot 2.3.2. (Matrix Science). The search was performed using the following
parameters: (1) enzyme: trypsin; (2) maximum number of missed cleavages: 2; (3) peptide
ion mass tolerance: 5 ppm; fragment ion mass tolerance 0.5 Da. (4) variable modification:
carbamidomethylation of cysteine (C); deamidation of asparagine and glutamine (NQ);
oxidation of methionine (M). The search results for protein identification were validated
using the post-analysis software package Scaffold_3 (Proteome Software Inc. Portland, OR,
USA). Peptide identifications were accepted for ions with Mascot scores = 20. Protein
identifications were accepted when at least two unique peptides were identified and the
significance threshold was p < 0.05.

2.4 Label-free quantitation of proteins by Progenesis LC-MS

All 12 LC-MS/MS data sets from Control (+/-) ET-1 and PAH (+/-) ET-1, each with three
analytical replicates, were loaded and analyzed for label-free profiling and quantification in
Progenesis LC-MS/MS (Nonlinear, version 4.0). The MS spectra from different
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experimental conditions were aligned over time to maximize overlap of the 2D feature
maps, and then were mined for features in the data (m/z and retention time) that differed
across the experimental conditions. Peptides observed within the range nm/z 300 — 1700,
elution time between 14 — 92 min with charge states of 2+ — 7+, were selected for
quantitation and identification. The technical replicates of each sample were then grouped:
Control (=) ET-1, Control (+) ET-1, PASM (=) ET-1 and PASM (+) ET-1. The statistical
analyses were performed using normalized abundances for one-way analysis of variance
(ANOVA) calculations of all the detected features. A combined peak list of peptides was
generated containing MS/MS spectra from all 12 LC-MS/MS runs, and submitted for
peptide identification search in Mascot, when their abundances showed statistically
significant differences. Tandem mass spectra from these peptides were then searched using
Mascot as described above. Search results were then analyzed in Progenesis LC-MS.
Identified peptides (with Mascot ion score > 20, and mass error < 5 ppm) of an identified
protein were included and the total cumulative abundances were calculated by summing the
abundances of all peptides assigned to the respective protein. All features identified as part
of a given protein were used for each respective protein quantification. Calculations of the
protein p-value (one-way ANOVA) were then performed on the sum of the normalized
abundances across all runs. Fold changes were converted from protein abundances in pair-
comparison mode, and the up/down regulations of protein expression were indicated by
positive/negative values of fold changes. Proteins with ANOVA p-value < 0.05, and net
changes of > 1.33-fold across two samples were regarded as significantly changed for
further analysis.

2.5. Western Blot Analysis

PASMCs derived from the Control and PAH subjects were treated with and without 10 nM
endothelin-1 overnight (16 h). To demonstrate the variation among biological repeats, all
samples were processed and analyzed in triplicate. After treatment, the cells were washed
twice with ice-cold PBS. Cell lysates were prepared by addition of ice-cold RIPA buffer,
150 mM NaCl, 1.0% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0 and 1x complete protease inhibitor cocktail (Roche Applied Science, Indianapolis,
IN) and centrifuged at 12,000 rpm in a microcentrifuge at 4 oC for 20 min. The proteins
were quantified with the BCA assay from Pierce (Rockford, IL). The proteins (15 ug) were
fractionated on 10% SDS-PAGE gels and Western blots were carried out using antibodies
against Ezrin (Cell Signaling Technologies, Beverly, MA), or Rho (Millipore, Billerica,
MA). Proteins were detected by chemiluminescence and the film scanned with an Epson
Perfection 3170 scanner using Epson Scan (version 1.22A) software. The image was then
analyzed using the NIH ImageJ image analysis software to determine the intensity of each
band. The blot was stained with Ponceau S (Sigma, St Louis, MO) to demonstrate even
loading (Supplementary Figure 1B).

2.6. Signaling pathway analysis

Functional and canonical Pathway Analysis was performed using Ingenuity Pathway
Analysis software (IPA) (Ingenuity® Systems, www.ingenuity.com). From label-free
quantitation LC-MS/MS analysis of Control and PAH PASMC with/without ET-1
stimulation, a fold change cut-off of +1.33 in expression level was selected to define up/
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down regulated proteins. Proteins from the dataset were filtered with this standard and were
considered for analysis. The dynamic Canonical Pathways generated by IPA have been
curated and hand-drawn from specific journal articles, review articles, text books, and
KEGG Ligand. The significance of the association between the dataset and the canonical
pathway was measured in two ways: 1) A ratio of the number of proteins from the dataset
that meet the expression value cutoff and map to the pathway, divided by the total number of
molecules that exist in the canonical pathway, is displayed. The ratio indicates the
percentage of genes in a pathway that are found in the uploaded mass spectrometry data set.
The ratio is therefore useful for determining which pathways show the greatest overlap with
the proteins in the dataset. 2) Fisher‘s exact test is used to calculate a p-value determining
the probability that the association between the proteins in the dataset and the canonical
pathway is explained by chance alone. This p-value is a measure of the likelihood that the
association between a set of Pathway Analysis proteins in the mass spectrometry experiment
and a given pathway is due to random chance. The smaller the p-value, the less likely it is
that the association is random and the more significant the association. The canonical
pathways were combined into one network diagram to simplify the representation, as
described in the results section.

This is a study of protein expression by human Control and PAH pulmonary artery smooth
muscle cells (PASMCs) under basal and endothelin-1 stimulated conditions. Under the ET-1
unstimulated conditions, this approach provided the opportunity to compare the protein
expressions in Control and patient PASM cells to detect alterations that may be attributed to
PAH. Stimulation with ET-1 then provided the further opportunity to determine the effect of
endothelin-1 on this process. ET-1 is an important component in the treatment of PAH.
Thus, comparison of the global effects of ET-1 on protein expression by Control and BMR2
PASMC provides important insights which could prove clinically useful. Label-free
differential quantitation identified 561 proteins from tryptic digest lysates of PASMC with
LC-MS/MS proteomic analysis. Differences in the relative fold change (>1.33 or <-1.33) of
these proteins were used in pair-comparisons of Control and PAH cells (+/-) ET-1. IPA
pathway analysis was chosen to facilitate interpretation of the protein expression changes
detected by the LC-MS/MS analyses.

3.1. Proteomic profiling in human pulmonary arterial smooth muscle cells

With triplicate LC-MS/MS runs for each Control (+/-) ET-1 and PAH (+/-) ET-1 sample,
an average of 7500 MS/MS spectra was acquired from each sample, and these were searched
for human proteins in Mascot. From the tryptic PASMC digests, 430-490 proteins (without
grouping) were observed with 0.1% protein false discovery rate (FDR). As shown in Figure
1, the majority of these proteins were found in Control and PAH, regardless of ET-1
treatment. Three hundred twenty-seven proteins are represented in the 4-way Venn diagram
(Figure 1), whereas 10-20% of the identified proteins were unique to each sample. Exposure
of both Control and PAH cells to ET-1 resulted in the detection of about 10% maore proteins
specific to this stimulation. Apparently, ET-1 also caused 19 more proteins to be expressed
in the cells from the PAH patient, as compared to Control cells. Each protein detected was

Int J Mass Spectrom. Author manuscript; available in PMC 2016 February 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yao etal.

Page 7

linked to a biological process, cellular location and molecular function based on information
obtained from the SwissProt, Entrez Gene, Genome Ontology (GO) databases and in-house-
built annotation software, STRAP 16,

Figures 2A to 2C show similar patterns of protein distributions in PASMC from Control (+/
-) ET-1 and PAH (+/-) ET-1. The majority of proteins are involved in cellular process
(30%) and regulation (20%). A wide range of cellular locations was assigned to those
proteins identified from the trypsin-digested PASMC lysate under study, including
cytoplasm (20%), nucleus (17%), plasma membrane (10%) and cytoskeleton (10%). It was
found that dominant proteins identified might be involved in binding and catalytic activity,
and about 15% of these proteins may play structural roles.

3.2. Label-free differential quantitation

The digested PASMC proteins, from Control and PAH with (+/-) ET-1, were analyzed by
LC-MS/MS in the top-3 ion mode MS/MS profile to get sufficient data points to evaluate
ion abundances in the MS1 scan. The peptide ion intensity measurements integrate the peak
area, which is proportional to the relative peptide concentration in the sample. The signal
intensities of ions assigned to the defined peptides have been shown to correlate with the
abundance of a given protein in that sample. Determining the area for each mass-extracted
peptide ion chromatogram/ retention time pair and comparing the areas between multiple
LC-MS runs of different samples provides comprehensive differential quantification of
thousands of peptides within a sample. Label-free quantitation by the Progenesis LC-MS
program provided analysis and identification of differential protein changes correlated to
ET-1 stimulation. Fold changes were calculated in four pair comparisons, to evaluate: 1)
ET-1 stimulation in Control PASMC (Control (+) ET-1 vs. Control (=) ET-1): this
comparison profiles the effect of ET-1 in the Control PASMC; 2) ET-1 effect on PAH
PASMC (PAH (+) ET-1 vs. PAH (=) ET-1): this measures the effect of ET-1 in the BMPR2
mutated PAH cells; 3) protein expression difference in PAH and Control (PAH (=) ET-1 vs.
Control (=) ET-1): this measures the differences of protein expression in PAH and Control
PASMC under basal conditions; and 4) difference in ET-1 effect in PAH against Control
(PAH (+) ET-1 vs. Control (+) ET-1): this comparison illustrates the combining effects of
different cell types and ET-1 stimulation.

After alignment and normalization in Progenesis LC-MS, 38,113 features with fold change
> 2 and ANOVA p-value < 0.05, were selected for LC-MS quantitation. The relevant data
(51,232 MS/MS spectra) were exported for searching by Mascot, and 4,778 peptide
sequences were identified as good matches according to the search criteria (mass errors:
MS1 <5 ppm, MS2 < 0.5 Da, ion score > 20). After peptide conflicts in protein origins were
resolved by manual inspection, 580 out of 1,137 proteins were identified on the basis of
detection of at least 2 unique peptides. The assigned proteins were further analyzed for their
interactions and correlation with ET-1 using Ingenuity pathway analysis (IPA). Protein
expression differences were calculated as fold changes in pairwise comparisons, based on
the sum of their assigned peptide ion abundances. In IPA analyses, 561 out of the 580
differentially expressed proteins were determined to show a minimum fold change of + 1.33
or greater. As shown in Table 1, ET-1 stimulation in the Control cells resulted in the up-
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regulation of 472 proteins. Sixty of these were up-regulated by more than 2-fold. The most
significantly changed protein in the Control cells was chromosome 14 open reading frame
166 (C140rf166), with the fold change of 4.52 following ET-1 stimulation. In comparison,
ET-1 treatment induced up-regulation of 552 proteins in the PAH cells. Three hundred
ninety of these showed a fold change > 2. The WD repeat domain 33 protein (WDR33)
showed the greatest change at 7.18-fold. In the pairwise comparison between PAH (=) ET-1
vs. Control (=) ET-1, about half of the identified proteins showed no change, while 210 were
up-regulated and 61 were down-regulated in the PAH cells.

Supplementary Table 1 shows fold differential expression of proteins calculated as pairwise
comparisons. Clearly ET-1 treatment stimulates the expression of a wide range of proteins in
PASMC. Additionally, their responses in the BMPR2 mutated PAH cells are quite different
from those in the Control cells. For example, alkaline phosphatase (ALPL) in PAH was up-
regulated 6.33 fold compared to that in the Control. ET-1 stimulation resulted in the up-
regulation of this protein to a fold change of 9.75. In contrast, ET-1 had nearly no influence
in the Control cells. The responses of glutaminase (GLS) to ET-1 stimulation were in the
same level in either Control or PAH subject. The collagen type 1 protein (COL1A1) was
down-regulated in PAH compared to Control alone, but ET-1 increased its expression to
about 2-fold in the PAH cells, but only 1.24-fold in the Control. Most of the significantly
changed proteins listed in Supplementary Table 1 are located in the cytoplasm.

3.3. Western blot to validate proteomics findings

To confirm protein changes found by Mass Spectrometry, Western blots were performed.
We chose two important proteins, ezrin and RhoA, which are significant to the biology of
this system (as discussed in the Discussion section). The Western blot results are shown in
Figure 3. To illustrate reproducibility, each sample was run in triplicate as a separate cell
incubation. We used ImageJ to quantify the band density. To ensure even loading on the gel,
the BCA method was used to measure protein concentration, and 15 pg protein was loaded
into each well. In addition, Ponceau S staining was used to normalize the protein level.
Table 2 shows the amount of each protein determined by both Western blot and Mass
Spectrometry. The amount of protein in Control cells under basal condition (no ET-1
stimulation) was set as 1. Figure 3 illustrates good reproducibility among the three
biological repeats. Table 2 confirms that the same trend is detected by Western blot and
Mass Spectrometry analyses.

3.4. Biological pathways

To gain insight into the complex pathophysiology of the BMPR2-related PAH, we analyzed
the proteomic data using the Ingenuity Pathway Analysis software. Reciprocal fold changes
of protein expression were computed for the entire expression data set and uploaded for IPA
core analysis. Four comparisons with assessed biological importance were conducted for the
canonical pathway analysis, as described in the previous section.

As illustrated in Figure 4, the most statistically significant canonical signaling pathways
perturbed in PAH or responding to ET-1 stimulation, are EIF2, RhoA and actin cytoskeleton
associated signaling. Other PAH-participating pathways are regulation of elF4 and p70S6K
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signaling, 14-3-3-mediated signaling, integrin signaling, regulation of actin-based motility
by Rho, protein ubiquitination, glycolysis/gluconeogenesis, ILK signaling, protein kinase A
signaling, mTOR signaling, clathrin-mediated endocytosis signaling, caveolar-mediated
endocytosis signaling, calcium signaling, pentose phosphate pathway, cdc42 signaling,
ephrin receptor signaling, Rac signaling, cellular effects of sildenafil, FAK (focal adhesion
kinase-1) signaling and VEGF (vascular endothelial growth factor) signaling. The number of
proteins involved in each of these signaling pathways is summarized in Table 3. The total
numbers of proteins participating in these signaling pathways based on the Ingenuity
knowledge base are also listed in the table. Detailed expression changes of the proteins
involved in these pathways are illustrated in Supplementary Table 2. The primary PAH and
ET-1 related pathways are described in the discussion section. Based on this comparison
analysis of the canonical pathways (Figure 3) when PAH vs. Control are compared in the
absence of ET-1, their difference is not as pronounced as when ET-1 stimulation is
compared (comparison 3 vs. comparison 1 or comparison 2). When the cells are stimulated
with ET-1, the phenotype of PAH becomes marked, in comparison to Control (comparison 4
vs. comparison 3). This outcome indicates a compounding effect of ET-1 stimulation on
PAH development.

The IPA analysis of biological function also clearly shows that the protein expressions
which change in the PAH cells affect cellular protein synthesis, death, proliferation,
movement, and the production of free radicals and their scavengers (Figure 5). These events
are all critical in the etiology of PAH and are related to respiratory disease and
cardiovascular disease.

4. Discussion

We have examined protein expression differences and their relevant signaling pathways in
PASMCs derived from a healthy control (Control) and a BMPR2 mutation PAH-afflicted
patient (PAH), using label-free quantitative proteomic mass spectrometry and IPA analysis.

4.1. Detection of PASMC proteins

With our gel-free approach, we could assign 430-490 proteins in the trypsin-digested human
PASMC lysate from Control and PAH human cells to evaluate the effect of ET-1
stimulation. For their ET-1 relevant study that used 2D-gels, in-gel digestion of spots that
showed = 5-fold intensity changes, and MALDI-TOF MS for peptide mapping, Yang et al.
had reported that 27 proteins were up- or down-regulated by ET-1 and then differentially
affected by the selective Katp channel opener iptakalim in normal human pulmonary
arterial smooth muscle cells, but these authors did not provide a list of the proteins that
differed between untreated and ET-1 stimulated cells.® As shown in Figure 2, Dupont et al.
characterized 50 proteins as intracellular proteins expressed in human arterial smooth
muscle cells through gel-based protein analysis.® Ten percent of the proteins identified in the
latter study fall into the cytoskeletal class. For example, gelsolin (GSN) controls the
polymerization/depolymerization of architectural filaments, and is an effector of apoptosis in
smooth muscle cells.1” Caldesmon (CALD1) is an actin- and myosin-binding protein which
regulates vascular smooth muscle tone.® Calponin H2 (CNN2) is a thin filament-associated
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protein identified in the regulation and modulation of smooth muscle contraction. Heat
shock protein p-1 (HSPBL1) is expressed in human PASMCs and is involved in stress
resistance and actin organization.1?,20 Additionally, the cytoskeletal structure proteins
moesin (MSN), a marker of SMC migration,?! and the contractile and adhesion protein
transgelin (TAGLN) were detected in human PASMCs. These proteins are potential markers
for the characterization of PASMC during PAH development.

In their study, Godovac-Aimmermann et al. used pulsed [3°S] methionine labeling and 2D
electrophoresis proteomic analysis to look at the response of newly synthesized proteins in
human lung fibroblasts upon stimulation by endothelin-1.” They found about 70 proteins
responsive to ET-1 stimulation. Among the 35 proteins they reported to exhibit the most
pronounced change in expression, we found that 21 proteins were upregulated in the Control
PASMC responding to ET-1, such as tubulin (tubulin $-1 chain), intermediate filaments
(vimentin), and microfilaments (vinculin, filamin, a-actin), all proteins involved in
cytoskeletal actions. It is known that cytoskeletal actions are important in a wide variety of
cellular process including signaling systems, cell-cell interactions, and mitosis. The
structural protein, vinculin, has been used as a standard in proteomic analysis of entire lung
tissue from various patients with PAH.22 Our data, reported in this communication,
indicated that the abundance of vinculin was similar in Control and PAH PASMC cells (fold
change: 1.17). ET-1 stimulation overnight caused vinculin upregulation at 1.67-fold in
Control and 2.05-fold in PAH cells. Two proteins, PDZ and LIM domain 1 (PDLIM1, fold
change: —17.37) and alcohol dehydrogenase 1B (ADH1B, fold change: —41.79) showed
extremely low abundances in PAH as compared to Control cells. These proteins also showed
little response to ET-1 stimulation in both cell populations. Detailed data can be seen in
Supplementary Table 1.

A number of the identified proteins are chaperones known to mediate folding of other
proteins. For example, disulfide-isomerase A6 (PDIAB) inhibits aggregation of misfolded
proteins in the platelet activation pathway.23 The 60-kDa heat shock protein, HSPD1, has
been identified in vascular diseases. Puccetti and coworkers24 reported that inflammatory
immunological reactions against HSPD1 activate human arterial smooth muscle cell
functions relevant to the development of atherosclerosis. Human PASMCs also express
serpin H1 (SERPINH1) which functions as a chaperone in the intracellular processing and
secretion of procollagens. Human PASMCs express enzymes involved in metabolic
processes, such as glycolytic enzymes including phosphoglycerate mutase 1 (PGAM1) and
UDP-glucose-6-dehydrogenase (UGDH); and 26S protease regulatory subunits which are
involved in the ATP-dependent degradation of ubiquitinated proteins. Oxidative stress is an
important factor in the pathogenesis of vascular diseases.?® Proteins involved in cellular
antioxidant activity were detected in the human PASMCs, including enzymes which
regulate cellular redox state, such as peroxiredoxin 1 (PRDX1), thioredoxin reductase 1
(TXNRD) and glutathione-Stransferase omega-1 (GSTOL1).

4.2. Signaling pathways and individual proteins likely involved in the etiology of PAH

The results from Ingenuity analysis of the two most prominent signaling pathways involved
in PAH, the elF2, p70S6K/elF4, mTOR cascades and RhoA signaling, Cytoskeleton
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organization and muscle contraction were selected for in-depth presentation here. Several
other PAH-altered pathways, Protein Ubigitination, Glycolysis/Gluconeogenesis and the
Pentose Phosphate Pathway were included in the analysis. We also examined expression of
certain individual proteins such as the HSPs (heat shock proteins) and Heme oxygenase 1
(HMOX1).

4.2.1 elF2, p70S6K/elF4 and mTOR cascades—This group includes elF2 signaling,
p70S6K/elF4 signaling and mTOR signaling. The three canonical pathways are closely
related and share many common proteins. The initiation of protein synthesis requires elFs
(eukaryotic translation initiation factors). elF2 is a GTP-binding protein that escorts the
initiation-specific form of met-tRNA onto the ribosome and identifies the translational start
site. The serine/threonine kinase, p70S6K, participates in the control of protein synthesis. It
phosphorylates the 40S ribosomal protein S6 which is involved in the translation of certain
MRNAs, the so-called 5'-TOP mRNASs encoding ribosomal proteins and elongation factors.
A principal pathway that signals through mTOR is the PI3K/Akt signalling pathway which
is involved in cell survival and proliferation. The activation of mTOR results in
phosphorylation of several downstream targets. For example, activated mTOR mediates the
phosphorylation of elF4EBP1 and the ribosomal protein p70S6K or S6K1. These pathways
are involved in the regulation of protein synthesis. They are also closely related to the
proliferation and hypertrophy of pulmonary arterial smooth muscle cells which play
important roles in the pathophysiology of PAH. Two decades ago, endothelin-1 was shown
to stimulate protein synthesis in smooth muscle cells?® and promote the proliferation of the
pulmonary arterial smooth muscle cells.2” It has recently been shown that p70S6K and
mTOR are involved in the hypertrophy of pulmonary artery smooth muscle cells.28

As shown in Figure 6, a cascade of molecules involving elF2, p70S6K and mTOR illustrates
a general increase in cellular protein content following exposure of Control cells to ET-1.
We observed a very similar pattern of increase in ET-1 treated PAH cells (Supplementary
Figure 2A). When examining basal changes in PAH in comparison to Control
(Supplementary Figure 2B), we found a general decline in expression of proteins which
support protein synthesis. However, this is not the case when ET-1 stimulated Control and
PAH cells are compared (Supplementary Figure 2C). In this case, ET-1 becomes
considerably more active in increasing the general concentrations of proteins that lead to
protein synthesis.

4.2.2 Cytoskeleton organization and muscle contraction—The second group of
pathways is the combination of RhoA signaling, actin cytoskeleton signaling, integrin
signaling and the regulation of actin-based motility by RhoA. These pathways share many
common components that are involved in actin cytoskeleton organization, cell cycling,
cellular movement, cellular cytoskeleton assembly and organization, and muscle
contraction. One annotated protein network which demonstrates the involvement of proteins
in those pathways in PAH cells (compared with Control cells) under basal conditions is
shown in Figure 7 and the diagrams for the other three comparisons are shown in
Supplementary Figure 3A, B and C. The metadata are shown in Supplementary Table 4. The
patterns among the four comparisons are consistent with the changes in the protein synthesis
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pathway described above. ET-1 strongly promotes RhoA signaling-related pathways in both
Control and PAH cells, whereas the basal level expressions of proteins in this pathway do
not change dramatically in PAH compared to Control PASMC. In the presence of ET-1, the
difference becomes much more obvious, confirming that ET-1 is an important constituent in
PAH pathogenesis. ET-1 signaling seems to exaggerate the RhoA pathway and cytoskeleton
organization in the defective PASMC with BMPR2 mutation. In fact, it was shown recently
that the cytoskeleton is defective in BMPR2-associated pulmonary arterial hypertension.2°
RhoA and Rho kinase have long been associated with the development of PAH and this
pathway has been proposed as a potential target for PAH therapy.3°

Different expression patterns for these proteins were observed in Control and PAH
PASMCs, with or without ET-1. For example, the ERM protein family in the RhoA pathway
exhibited marked changes. The ERM family consists of three closely related proteins, ezrin
(EZR), radixin (RDX) and moesin (MSN). The levels of all three proteins showed increase
upon ET-1 stimulation. ERM proteins crosslink actin filaments with plasma membranes.
They are a substrate for Rho-kinase. This protein family is involved in smooth muscle cell
movement and differentiation.3! These proteins also act as inflammatory stimuli which are
upregulated by Rho-kinase in human coronary vascular smooth muscle cells.32 ET-1 induces
expression of the proteins ezrin and moesin which contribute to a contractile phenotype in
lung fibroblasts.33 For Wb data on ezrin, see Figure 3 and Supplementary Table 5.

Also of interest is calpain (CAPN2). CAPN2 belongs to the family of calcium-dependent,
non-lysosomal cysteine proteases. It is apparently involved in vascular smooth muscle cell
proliferation34 and has been shown to counteract apoptosis of vascular smooth muscle cells
invitro and in vivo.3® Inhibition of calpain was shown to attenuate the pathological effect of
PAH in rat models.3® As illustrated in Supplementary Table 4, ET-1 increased the
expression of calpain in PAH cells but not in the Control cells.

Myosin heavy chain, myosin light chain and vinculin were all increased in the PAH PASMC
compared to the Control cells. ET-1 stimulates the expression of those proteins in both cell
types (Supplementary Table 5). Myosin heavy chain (MYH) and light chain (MYL) are
known for their role in smooth muscle contraction, and the phosphorylation of myosin light
chain is the fulcrum for the regulation of this process. Vinculin (VCL) is a cytoskeletal
protein associated with cell-cell and cell-matrix junctions, where it is thought to function as
one of several interacting proteins involved in anchoring F-actin to the membrane.

ET-1 increased RhoA expression in both Control (1.38-fold) and PAH (2.10-fold) cells
(Figure 3 and Supplementary Table 5). There was no significant difference in RhoA
expression between Control and PAH cells under basal conditions; however, in the presence
of ET-1, RhoA expression increased to 1.73-fold in PAH cells compared to Control cells.
This suggests that regulation RhoA expression by ET-1 plays an important role in the PAH
pathology. Consideration of interference with RhoA expression and signaling is clearly
warranted as a strategy toward the treatment of PAH.

4.2.3 Protein ubiquitination—The protein ubiquitination pathway plays a major role in
the degradation of short-lived or regulatory proteins involved in a variety of cellular
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processes, including cell cycle, cell proliferation, apoptosis, and cell surface receptors and
regulation of ion channels. Degradation of proteins via the protein ubiquitination pathway
involves two successive steps: (1). Conjugation of multiple ubiquitin moieties (Ub) to the
target protein. (2). Degradation of the polyubiquitinated protein by the 26S proteasome
complex. Biologically, this process is related to the apoptosis of the SMCs. The proteins and
the expression changes of those proteins observed in our dataset are presented in Table 3A.
Our data confirmed the results reported for a DNA microarray study.3” Indeed, recent
experimental evidence supports a potential involvement of the ubiquitin—proteasome system
in the initiation, progression, and complication stage of atherogenesis.51 Again, as with
RhoA signaling, protein changes in PAH cells relative to Control were evident under basal
conditions. Upon exposure to ET-1, the levels of the Ubiquitin cascade proteins increased
markedly in the PAH cells, as compared to the Control cells.

4.2.4. Glycolysis/Gluconeogenesis and the Pentose Phosphate Pathway—PAH
is associated with a glycolytic shift in metabolism.38 The PASMCs in PAH are resistant to
apoptosis due to the increase in their rate of glycolysis and the impairment of glucose
oxidation in those cells.3? Also, pentose phosphate pathway-derived NADPH may play
important role in hypoxic pulmonary vasoconstriction.*® Our proteomic data indicated ET-1
promotes the gylcolysis/gluconeogenesis pathways in both Control and BMPR2 mutant PAH
PASMC. The key proteins are listed in Tables 4B and 4C.

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme in the pentose
phosphate pathway and represents a major source of reduced nicotinamide adenine
dinucleotide phosphate (NADPH), which regulates numerous enzymes, including
glutathione reductase and NADPH oxidase. G6PD has been shown to regulate the
contraction of SMCs and the inhibition of G6PD ameliorates hypoxia-induced pulmonary
hypertension.#! ET-1 increased the expression of this enzyme 1.6- and 2.6-fold in the
Control and PAH PASMC, respectively. There was no significant change in the expression
of this enzyme when Control and PAH cells were compared under basal conditions.
However, upon treatment with ET-1, G6PD levels increased 1.6-fold in the PAH cells
compared to Control cells.

4.2.5. Additional PAH-related Proteins

HSPs (heat shock proteins): We observed a substantial heat shock protein response with
ET-1 stimulation. The detailed assignments for the HSPs and their fold changes under
different conditions are shown in Table 4D. Heat shock proteins are clearly involved in
PAH.

Heat shock protein 90 (HSP90) functions as a molecular chaperone to ensure the correct
conformation, activity, intracellular localization and proteolytic turnover of a range of
proteins related to cell growth, differentiation, activity and survival.#2 Hsp90 influences both
prostanoid and eNOS signaling in the pulmonary circulation of newborn piglets and the
impact of pharmacological inhibition of Hsp90 on these signaling pathways is altered during
chronic hypoxia.*3 Hsp90 has also been found to protect pulmonary artery smooth muscle
cells from undergoing apoptosis.#4 Our data show that some heat shock proteins are very
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responsive to ET-1 stimulation. After 16-h incubation with ET-1, Hsp90 was up-regulated
by 2-fold in Control cells, and markedly more in PAH cells. Hsp60 and Hsp10 also
increased in both Control and PAH cells in response to ET-1 treatment. Hsp60 forms
complexes with Bax, Bak, and Bcl-X_; when Hsp-60 decreases, both Bax and Bak increase,
while Bcl-2 decreases. Whereas overexpression of Hsp60 leads to the increase of Bcl-X|_
and Bcl-2 and decreased expression of Bax, the down-regulation of Hsp60 or interference
with the binding of Hsp60 to Bax, Bak, or Bcl-X,_induces apoptosis.*>48 CRYAB
(crystallin, alpha B) also belongs to the heat shock protein family and is involved in the
protein ubiquination pathway. CRYAB binds to BMPR2.4° Our data show that the CRYAB
level increased more than 3-fold in the PAH PASMC compared to Control. Overall, ET-1
increases the HSPs to higher levels in PAH than in Control cells. The data suggest that
increasing ET-1 elevates the expression of HSPs in PAH PASMC.

Heme oxygenase 1 (HMOX1) is a stress-responsive protein. HMOX1 expression was
increased by almost 5-fold in PAH cells compared to Control under basal conditions. In the
presence of ET-1, its expression increased 7.2-fold in PAH cells compared to Control. Thus
HMOX1 may be a key molecule in the development of PAH in the BMPR2 mutation. The
IPA knowledgebase points out that HMOX1 is associated with mTOR, phospholipase C and
endothelin-1 signaling and phospholipid degradation. The lungs of MCT-treated
experimental animals that develop PAH have shown increases in their HMOX1 levels.>0

NAD (PH) dehydrogenase 1 (NQOL1) level was elevated 2.24-fold in PAH cells compared
to Control cells and ET-1 increased its expression in PAH cells another 2.35-fold. NQOL1 is
involved in hypoxia signaling in the cardiovascular system and is related to the NRF2-
mediated oxidative stress response.>1: 52

ITGB1(integrin B1): ET-1 increased the expression of ITGB1 2.41-fold in the PAH cells.
This suggests that part of the effect of ET-1 occurs through the regulation of integrin.
Integrin 1 is involved in the attachment and spreading of smooth muscle cells. Antibodies
against 1 integrin receptors prevent attachment and migration of SMCs by bovine collagen
Type VIII complexes.®3 In cell culture, interference by human ITGB1 protein by activating
antibody increases spreading of primary smooth muscle cells from the human coronary
artery. Integrin p1 is also involved in protein kinase cascades®* and pulmonary fibroblast
proliferation.®® Therefore, ET-1 may promote SMC spreading in PAH partly through
increased expression of integrin B1.

Alp (alkaline phenyl phosphatase) expression was increased markedly in the PAH cells.
Interestingly, alkaline phenyl phosphatase has been shown to be involved in BMPR2
signaling. For example, BMP-2-induced recruitment of BMPR2s results in the induction of
alkaline phosphatase activity via p38 MAPK.%6 In PASMC, BMPR2 knockout decreases the
expression of mouse Alp mRNA(s) that is increased by BMP4 protein.>’

14-3-3 family: Expression of the proteins in the 14-3-3 family (14-3-3 a, f, v, 6 and €) was
increased by ET-1 in both Control and PAH PASMCs (Table 3E). This protein family
mediates signal transduction by binding to phosphoserine-containing proteins. 14-3-3 5 has
been shown to bind to myosin phosphatase target subunit 1 (MYPT1). This interaction
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diminishes the direct binding of MYPT1 to myosin I, and 14-3-3 3 overexpression
abolishes MYPT1 localization within the stress fiber. This indicates that 14-3-3 3 is involved
in the regulation of the RhoA/Rho-kinase-dependent regulatory mechanism of myosin |1
phosphorylation by dissociating MLCP from myosin Il and attenuates MLCP activity.>8
Adtieri et al. have shown that 14-3-3 y expression is induced in arterial trauma by cytokines
and suggests that this protein may play an important role in progression of vascular
proliferative diseases.>9,80 Our data show that ET-1 increased 14-3-3 y expression in both
Control and PAH cells, although its expression in PAH cells was similar to Control cells.

5. Conclusions

Through label free quantitative proteomic mass spectrometry and IPA pathway analysis,
methods chosen for this study had sufficient sensitivity and specificity to provide a detailed
analysis of the global protein expression in PASMCs from Control and PAH (with BMPR2
mutation) lung explants, at basal and ET-1 stimulated levels. The proteins we found to be
differentially expressed in PAH cells are participants in biological pathways such as the
regulation of protein synthesis, RhoA signaling, cytoskeleton organization and protein
degradation. Changes in the regulation of pathways bear witness to alterations taking place
in the physiology of PAH and are likely involved in the etiology and progress of the disease.
Furthermore, our data suggest that endothelin-1 exacerbates these physiologic malfunctions.
Thus, even these preliminary results can help to illuminate routes for delineation of the
biology of PAH and the role of ET-1. Further studies with samples from additional PAH
patients, with and without BMPR2R mutations, having various manifestations of PAH, will
enrich the dataset and provide deeper insight into PAH pathogenesis. The properties related
specifically to PAH or the gene mutation should be able to be decoupled and the
significance of their interplay determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Alp alkaline phenyl phosphatase
ALPL alkaline phosphatase

BMPR2 Bone morphogenic type 11 receptor
CALD1 caldesmon

CAPN2 calpain

Int J Mass Spectrom. Author manuscript; available in PMC 2016 February 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yao etal.

CNN2
COL1A1
CRYAB
elFs
DTT
ET-1
EZR
FAK
G6PD
GLS
GSN
GSTO1
HMOX1
HSP90
HSPB1
HSPD1
IPA
ITGB1
MSN
MYPT1
NADPH
NQO1
PAH
PASMC
PDIAG6
PDLIM1
PGAML1
PRDX1
RDX
SERPINH1
SMC
TAGLN

calponin H2

Collagen protein 1

crystallin, alpha B

eukaryotic translation initiation factors
dithiothreitol

endothelin-1

ezrin

focal adhesion kinase-1
glucose-6-phosphate dehydrogenase
glutaminase

Gelsolin

S-transferase omega-1

Heme oxygenase 1

Heat shock protein 90

heart shock protein -1

60-kDa heat shock protein
Ingenuity Pathway Analysis
integrin p1

moesin

myosin phosphatase target subunit 1
of reduced nicotinamide adenine dinucleotide phosphate
NAD (PH) dehydrogenase 1
pulmonary arterial hypertension
pulmonary arterial smooth muscle cells
disulfide-isomerase A6

PDA and LIM domain 1
phosphoglycerate mutase 1
peroxiredoxin 1

radixin

serpin H1

smooth muscle cell

tansgelin
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TXNRD1 thioredoxin reductase 1
UGDH UDP-glucose-6-dehydrogenase
VCL vinculin
VEGF vascular endothelial growth factor
WDR33 WD repeat domain 33 protein
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Comparison of MS-identified proteins in Control/PAH PASMCs with the effect of ET-1

stimulation.
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Figure 2.
Distribution of the proteins identified in PASMCs according to (A) their biological

processes, (B) their cellular components, and (C) their molecular
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Figure 3.
Erzin and RhoA protein expression in PASMC from normal Controls and PAH-BRMP2

subjects (HPAH) treated with or without 10 nM ET-1. Ponceau S staining was used to
normalize the protein level (Supplementary Figure 1B).
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Figure 4.

Summary of the canonical pathways predicted by Ingenuity pathway analysis in the four-
way comparisons. 1: ET-1 treated vs. basal in Control PASMC; 2. ET-1 treated vs. basal in
PAH PASMC; 3. PAH cells vs. Control cell under basal conditions; 4. PAH vs. Control cells
both with ET-1 stimulation. Canonical pathways analysis identified the pathways, from the
Ingenuity Pathways Analysis™ library of canonical pathways, that were most significant to
the dataset. Proteins from the dataset that met the fold change cutoff of 1.33 and were
associated with a canonical pathway in the Ingenuity knowledge base were considered for
analysis. The significance of the association between the dataset and the canonical pathway
was determined as a p-value calculated by Fisher's exact test, a measure of the probability
that the association between the proteins in the dataset and the canonical pathway is taking
place by chance alone.
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Figure 5.

Summary of the biological functions generated by Ingenuity Pathway Analysis in the 4-way
comparisons. The Biological Functional Analysis™ identified the biological functions
and/or diseases that are most significant to the data set. Fischer's exact test was used to
calculate a p-value determining the probability that each biological function and/or disease
assigned to that data set is
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Figure 6.
Diagram of the differentially expressed proteins related to protein synthesis in ET-1 treated

vs. basal in Control PASMC. The nodes represent different proteins. Green indicates down-
regulation, red indicates up-regulation, and color intensity is proportional to fold change.
The full name and fold changes of these proteins can be found in Supplementary Table 3.
The annotations are supported by at least one reference from the literature, a textbook, or
canonical information stored in the Ingenuity knowledge base.
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Figure 7.
Diagram of the differentially expressed proteins related with RhoA signaling, cytoskeleton

organization and muscle contraction in PAH cells compared with Control cells under basal
condition. The full name and fold changes of these proteins can be found in Supplementary
Table
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Summary of expression changes of 561 proteins identified in Control and PAH-BRMP2 PASMCs, in response
to elevation in ET-1, as detected by label-free LC/MS quantitation.

Protein Numbers

Fold change Control(+) ET-1 | PAH(#)ET-1 | PAH()ET-1 | PAH+) ET-1

Vs, Vs Vs, Vs
Control(-) ET-1 | PAH () ET-1 | Control(-) ET-1 | Control(+) ET-1

Up-regulated(>2) 60 390 30 137

Up-regulated (2 t01.33) 412 162 180 312

Down-regulated (-2 to —1.33) 0 0 45 10

Down-regulated (<-2) 0 0 16 10

No change (within £1.33) 89 9 290 92
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