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Abstract

Smooth muscle in the pulmonary artery of PAH subjects, both idiopathic and hereditary, is
characterized by hyperplasia. Smooth muscle cells (HPASMC) isolated from subjects with
or without PAH retain their in vivo phenotype as illustrated by their expression of alpha-
smooth muscle actin and expression of H-caldesmon. Both non PAH and PAH HPASMC
display a lengthy, approximately 94h, cell cycle. The HPASMC from both idiopathic and he-
reditary PAH display an abnormal proliferation characterized by continued growth under
non-proliferative, non-growth stimulated conditions. This effector independent proliferation
is JNK and p38 MAP kinase dependent. Blocking the activation of either abrogates the
HPASMC growth. HPASMC from non PAH donors under quiescent conditions display neg-
ligible proliferation but divide upon exposure to growth factors such as PDGF-BB or FGF2
but not EGF. This growth does not involve the MAP kinases. Instead it routes via the tyro-
sine kinase receptor through mTOR and then 6SK. In the PAH cells PDGF-BB and FGF2
augment the dysregulated cell proliferation, also through mTOR/6SK. Additionally, blocking
the activation of mTOR also modulates the MAP kinase promoted dysregulated growth.
These results highlight key alterations in the growth of HPASMC from subjects with PAH
which contribute to the etiology of the disease and can clearly be targeted at various regula-
tory points for future therapies.

Introduction

Pulmonary arterial hypertension (PAH) is a devastating disease of the pulmonary vasculature
which is ultimately fatal and presently with limited treatment. A principal pathogenic event of
the disease is the thickening of the smooth muscle media and invasive proliferation of smooth
muscle cells (SMC) into the intima and into multiplex regions of the blood vessel [1]. This

proliferation leads to hypertrophy of the vasculature and contributes to sustained elevation in
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pulmonary vascular resistance and increased pulmonary arterial pressure [2]. Presently this hy-
pertrophy has not been brought under control therapeutically.

To address this dilemma smooth muscle cells (SMC) from pulmonary arteries (PA) of pa-
tients with PAH in primary cultures have provided a number of insights into their proliferative
mechanisms in vivo. Studies on human pulmonary artery smooth muscle cells (HPASMC)
from PAH patients have described increased PAH HPASMC growth in response to stimuli
such as TGFpB, BMPs [3] and serotonin [4]. These stimuli were shown to enact their growth re-
sponses through MAP kinases [5-7]. Other studies have implicated physiologic factors, such as
increased intracellular Ca** [8, 9], secretion of pro-inflammatory cytokines [10], miRNA dys-
regulation [11], dysregulated serotonin transport and expression [12, 13] and altered growth
factor expression [14, 15] as promoting proliferation in PAH HPASMC. More recently, tyro-
sine kinase receptors, such as PDGFR, EGFR, and FGF2R have been proposed responsible for
the increased HPASMC growth in PAH [14-17]. In fact, clinical trials evaluating the efficacy of
PDGER signal inhibitor, imatinib, on PAH have been carried out [18, 19]. Imatinib is a mod-
ulator of phosphorylation sites of ABL and the PDGF receptor [20]. However, treatment of
PAH with imatinib has had only limited success suggesting that the growth factor has only a
limited role in the accentuated proliferation of SMC in PAH [19]. Treatment with imatinib has
been further limited by its toxicity [19]. Thus, despite numerous efforts, to date effective treat-
ment for limiting smooth muscle hyperplasia characterizing PAH needs further development.
Many of the current treatments have involved approaches such as use of calcium channel
blockers, endothelin-1 receptor antagonists, tyrosine kinase inhibitors, prostacyclin analogs
and phosphodiesterase-5 inhibitors [19, 21-24]. Clearly, to move toward more effective thera-
py> a much better understanding of the signal cascade(s) involved in the dysregulated prolifera-
tion of PAH HPASMC has to be developed such that more specific brakes on the proliferation
of these cells can be achieved.

Here we report that HPASMC derived from subjects with idiopathic (i)PAH and hereditary
(h)PAH are markedly hyperplastic in absence of any external growth stimulus such as growth
factors or serum while they retain the SMC phenotype in primary cultures. This unstimulated
proliferation occurs under non-dividing culture conditions and is promoted through MAP ki-
nases. In presence of either PDGF-BB or FGF2 normal HPASMC also proliferate under these
conditions but the proliferation is not regulated through the MAP kinase paths. This MAP ki-
nase path promoting the dysregulated PAH SMC growth melds with the receptor tyrosine ki-
nase signal path. Thus a combined synergistic proliferation of PAH HPASMC growth takes
place in the presence of growth factors such as PDGF. Clinically, a minimally toxic regulation
of the dysregulated and growth factor regulated SMC growth should result in a major advance
to bringing the progress of the disease under control.

Materials and Methods
Reagents

The MAP kinase, mTORCI, tyrosine kinase and S6 kinase (S6K) inhibitors were purchased
from Cayman Chemical (Ann Arbor, Michigan). The MTT Cell Proliferation Assay kit was
purchased from ATCC (Manassas, VA). Alexa 488-conjugated anti-rabbit secondary antibody
was purchased from Life Technologies (Carlsbad, CA) and Citifluor mounting medium was
purchased from TED PELLA (Redding, CA). PDGF-BB (PDGF) was obtained from R&D
Systems (Minneapolis, MN). The rest of the chemicals were purchased from Sigma-Aldrich
(St. Louis, MO).
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Human pulmonary artery smooth muscle cell in culture

Human pulmonary artery smooth muscle cells were a generous gift of Drs. Erzurum and Com-
hair of the Cleveland Clinic (Cleveland, OH). The cells used in this study were obtained from
non PAH (n = 3),iPAH (n = 3) and hPAH (n = 3) donor subjects [8, 25]. Subjects were identi-
fied as having PAH based on the National Institutes of Health (NIH) registry diagnostic criteria
for pulmonary hypertension. Non PAH individuals had no history of pulmonary or cardiac
disease or symptoms. Of the hereditary PAH SMC cells one contained a BMPR2 deletion at
exons 1-8 and other had BMPR2 deletions at exons 4-5. The third contained a Smad-8 R294X
mutation which is downstream of BMPR2.

Cells were isolated from elastic pulmonary arteries (>500-pm diameter) after dissection
from lungs obtained at explanation during lung transplant as described by Comhair et al., 2012
[26]. Cells were cultured in complete medium containing 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 (cat. no. 15240). Quiescence medium con-
tained the same ingredients as complete medium except the FBS was reduced to 0.2%. Primary
cultures of passages 6-10 were used in experiments. Approval to use these human cells was
granted by the Boston University Institutional Review Board.

Confirmation of SMC phenotype

a. Alpha-smooth muscle actin. Phenotype staining was performed by growing HPASMC
on collagen-coated coverslips to 40% confluence. The cells were then washed 2X with 37°C
PBS and fixed in 4% formaldehyde for 10 min. After incubation, cells were permeabilized with
0.4% Triton X-100 for 5 min. Following 3 washes with PBS, coverslips were incubated with
15 pg/ml goat serum in 1% BSA-PBS solution. Coverslips were incubated with anti-alpha-
smooth muscle actin (SMA) antibody (Sigma-Aldrich) at (1:50) in 1% BSA-PBS solution over-
night at 4°C. The next day coverslips were incubated with Alexa 488-conjugated anti-rabbit
secondary antibody for 1 h at room temperature and then washed 2X with PBS. Coverslips
were mounted on slides with Citifluor mounting medium and analyzed with Zeiss Fluores-
cence Microscope and imaging system at 400X magnification.

b. H-Caldesmon. To detect caldesmon levels, HPASMC were seeded in 6-well cell culture
plates and grown in complete medium until reaching confluence. At that point, their medium
was changed to 0.2% FBS medium overnight. The next day, medium was aspirated from each
well and cells were treated with ice cold 10% TCA for 10 min. Afterwards, cells were washed
2X with ice cold PBS, lysed using 110 pl of SDS sample buffer (62.5 mM Tris-HCI (pH 6.8 at
25°C), 2% w/v SDS, 10% glycerol) and total protein harvested by cell scraping into a 1.5 ml cen-
trifuge tube. A 10 pl aliquot of protein from each tube was quantified using a BCA assay
(Thermo Fisher Scientific, Rockford, IL). Once protein was quantified, equal amounts of pro-
tein from each sample were combined with 50 mM DTT and 0.01% w/v bromophenol blue
and incubated in boiling water for 5 min. Proteins were loaded and electrophoresed on
SDS-PAGE with a 4% stacking and 10% separating gel. Western blots were carried out with
primary rabbit polyclonal antibody for caldesmon (1:500 dilution in Blocking Buffer) and pri-
mary mouse monoclonal antibody for B-actin (Sigma-Aldrich) (1:5000 dilution in Blocking
Buffer). The membranes were washed and incubated in the corresponding IRDye 700-conju-
gated anti-rabbit and IRDye 800-conjugated anti-mouse antibodies (LI-COR Biosciences).
Membranes were visualized on an Odyssey Infrared Imaging System (LI-COR Biosciences).
The low-molecular weight (L) caldesmon and high-molecular weight (H) caldesmon isoforms
were visualized with the same polyclonal caldesmon antibody and identified based on their
molecular weight.
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Determination of SMC proliferation

a. Direct cell counting procedure. HPASMC at 80-90% confluence were trypsinized and
seeded onto 24 well culture plates at a density of 20,000 cells per well. Cells were allowed to at-
tach overnight in growth medium at 37°C. The next day cell number from triplicate wells of
each cell strain was determined using a Coulter Counter. The medium of the remaining wells
was changed to contain 0.2% FBS. Cells were maintained in the quiescent medium containing
0.2% FBS for a designated number of days. Each day cells were detached from the wells, collect-
ed and cell number was determined. Additionally, TUNEL assays were used to detect cell apo-
ptosis under quiescence culture conditions. Under these conditions in the presence or absence
of added growth factors apoptosis proved minimal in either the PAH or non PAH cell cultures
and clearly did not account for the differences in cell numbers between non PAH and PAH
HPASMC.

b. MTT procedure. For experiments using inhibitors or growth factor stimulation,
HPASMC were seeded in 96 well culture plates at a density of 3,300 cells per well. After attach-
ment the medium was changed to 0.2% FBS medium for 4 hours and then the cells were prein-
cubated with or without respective inhibitors for 1 h before addition of growth factors or
vehicle. After 5 days, cell proliferation was measured using MTT Cell Proliferation Assay by
the manufacturer’s standard procedure (ATCC, Manassas, VA). The day before MTT measure-
ments triplicate wells on the same plate were loaded with either 0.5X, 1X, 2X or 4X the original
number of cells seeded so that correlations between OD and cell number could be determined.
Simultaneous experiments using cell counts and the MTT assay confirmed uniform cell prolif-
eration results with the two assays.

Western analysis

HPASMC were incubated overnight in 0.2% serum medium. The cells were then washed twice
with ice-cold PBS. Cell lysates were prepared by addition of ice-cold RIPA buffer, 150 mM
NacCl, 1.0% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0 (Sigma,
St Louis, MO) and 1X complete protease inhibitor cocktail (Roche Applied Science, Indianapo-
lis, IN) and centrifuged at 12,000 rpm in a microcentrifuge at 4°C for 20 minutes. The proteins
were fractionated on 10% SDS-PAGE gels and western blots were carried out using antibodies
against phosphorylated ERK1/2, JNK, p38MAPK and GAPDH (Cell Signaling, Danvers, MA).
Proteins were detected by chemiluminescence and the film scanned with an Epson Perfection
3170 scanner using Epson Scan (version 1.22A) software.

Statistics

Appropriate data were presented as means with standard deviations. Evaluation for statistical
significance was performed with ANOVA and Turkey's post hoc test with p values < 0.05
considered significant.

Results
In vivo phenotype retention of HPASMC in culture

The HPASMC were stained for alpha-SMA as a measure of homogeneous smooth muscle cell
phenotype [27]. The alpha-SMA (green stain) was detected in non PAH, iPAH and hPAH cell
strains examined. An example is illustrated in (Fig 1A). Since alpha-SMA is also expressed in
myofibroblasts [28], the cells were also probed by western blot for H-caldesmon. The H iso-
form of caldesmon is only found in smooth muscle cells [29]. It is not expressed in myofibro-
blasts [30]. As illustrated in Fig 1B, H-caldesmon was expressed in the HPASMC.
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Fig 1. Phenotypic characterization of HPASMC in culture. (A) Immunofluorescence for alpha-SMA was merged with DAPI stain. (B) Western blot
showing the presence of H and L-caldesmon in HPASMC. This figure illustrates a PAH HPASMC strain, that is representative of results obtained with various
PAH and non PAH HPASMC strains.

doi:10.1371/journal.pone.0123662.g001

Cell Cycle of the HPASMC

Both the PAH and non PAH HPASMC exhibit a lengthy growth cycle of approximately 94
hours. Typical non PAH and PAH cycles are illustrated in Fig 2. When the cell cycle progres-
sion was blocked at G1/S with aphidicolin cell proliferation ceased. Following release of the
block and the addition of culture medium containing 10% fetal bovine serum the synchronized
non PAH cells remained at original number until day four after the block removal (Fig 2A). In
the PAH cells, after aphidicolin was removed the cells continued to grow in quiescent medium.
Cells doubled at approximately 94 hours (Fig 2B).

Dysregulated effector-independent proliferation of PAH HPASMC

The proliferative potentials of PAH and non PAH HPASMC were examined under quiescent,
standard non growth conditions. Growth was determined at 96 h after cell plating. While the
non PAH cells exhibited minimal proliferation under these conditions both hPAH and iPAH
HPASMC continued to divide. This dysregulated proliferation was observed in all the PAH
HPASMC samples examined. A typical experiment is illustrated in Fig 3. As illustrated, over
the duration of the experiment the non PAH cells showed an insignificant increase in number.
The PAH cells obtained from both iPAH and hPAH lungs more than doubled in number. Con-
ditioned medium from either non PAH or PAH cell cultures equally caused a moderate in-
crease in non PAH cell numbers over 96 h, but well below the level of the PAH cell growth
(data not shown).

MAP kinase involvement in the dysregulated HPASMC proliferation

Previous studies have shown that MAP kinases play a pivotal role in excessive lung cell prolifer-
ation in certain cancers [31]. To address the possible involvement of MAP kinases in the ob-
served dysregulated HPASMC proliferation, we initially compared basal activated expression
under quiescent growth conditions in non PAH, hPAH and iPAH cells for activated ERK, p38
MAPK and JNK. The results indicated that the levels of activated ERK, JNK and p38 MAPK
were markedly higher in both iPAH and hPAH cells compared to non PAHs (Fig 4A). Next,
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Fig 2. Length of HPASMC cell cycle. (A) Non PAH HPASMC were treated with the G1 arresting agent
aphidicolin (10uM). After release from the block, growth was stimulated with culture medium containing 10%
FBS. (B) PAH HPASMC were treated with the G1 arresting agent aphidicolin (10 uM). After release from the
block, the cells were maintained in medium containing 0.2% FBS. Cell numbers were determined in triplicate
each day after cell cycle blocker release. Bar graphs show the average of triplicate counts and error bars
represent standard deviation.

doi:10.1371/journal.pone.0123662.9002

participation of MAP kinases in the dysregulated proliferation was examined. Phosphorylation
of MEK/ERK, p38 MAPK and JNK was blocked. A typical result is illustrated in (Fig 4B). The
dysregulated growth approximately doubled compared to the original cell number shown as
1X and the original plated doubled number (2X). Inhibiting either the formation of phosphory-
lated p38 MAPK or JNK prevented the increase in the dysregulated growth with the cells re-
maining at the 1X level. On the other hand, the influence of ERK on the proliferation appears
only marginal.

Signal cascade driving growth factor promoted proliferation

PDGF, FGF2, and EGF are known promoters of cell proliferation of SMC. Their signaling cas-
cades were examined in non PAH HPASMC. Results are illustrated in Fig 5. PDGF and FGF2
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Fig 3. Proliferation of PAH and non PAH HPASMC in quiescence medium. Cells were cultured in
quiescence medium containing 0.2% FBS. Cell number of each strain was determined in triplicate after 5
days in quiescence medium. Bar graphs represent the average cell number and the error bars are the
standard deviation. *p < 0.005 vs non PAH. Results are representative of a number of experiments with
various strains of non PAH, hPAH and iPAH cells.

doi:10.1371/journal.pone.0123662.g003

o

promoted the largest increase of SMC growth in culture, while EGF promoted a more modest
increase in proliferation across cell strains tested (Fig 5A). Since PDGF promoted a more con-
sistent growth increase, we continued our experiments looking at common signaling cascades
between PDGF and the dysregulated growth. In Fig 5B, none of the MAP kinase (MEK/ERK,
JNK or p38 MAPK) inhibitors were able to abrogate PDGF stimulated proliferation in the non
PAH HPASMC. Instead, inhibition of mTOR or S6K activation significantly reduced PDGF
promoted cell proliferation (Fig 5C).

Non Involvement of growth factor receptors in the dysregulated
HPASMC

The PAH HPASMC do not require mitogenic stimulation to proliferate. However, when
PDGF was added, it did augment their dysregulated growth by approximately 1.5 fold. Results
are shown in Fig 6. To illustrate whether this augmentation takes place through the PDGF re-
ceptor an inhibitor of the activated PDGF receptor phosphorylation, imatinib, was also used in
the presence and absence of PDGF. Imatinib had no effect on the dysregulated growth, but ba-
sically abrogated the PDGF augmented growth. The example shown in Fig 6A was from an
iPAH HPASMC culture. When investigating the effects of FGF2 and EGF on dysregulated
growth, FGF2 did augment growth while EGF did not. Moreover, neither inhibitors against
FGF2 (PD 173074) or EGF (AG-1478) receptors had any effect on the dysregulated growth,
but FGF receptor inhibition did block FGF2 stimulated growth (Fig 6B).

Involvement of mMTOR/S6K as downstream target of the MAP kinases

Since mTOR and S6K inhibitors were effective at abolishing PDGF stimulated proliferation in
non PAH HPASMC, we tested their effects on the dysregulated growth of PAH HPASMC. We
used inhibitors against mTOR (rapamycin) and S6K (PF4708671) at three different concentra-
tions to determine their involvement in HPASMC dysregulated proliferation. Both inhibitors
greatly restricted the dysregulated proliferation of PAH HPASMC. A representative example
from an hPAH sample is shown in Fig 7. Since mTOR inhibition blocked PDGF promoted
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Fig 4. PAH HPASMC proliferation via MAP kinases. (A) Western blot showing levels of phospho-JNK, phospho-p38MAPK, phospho-ERK and GAPDH
after overnight incubation of the cells in medium containing 0.2% FBS. (B) Twenty four hours after seeding, the growth medium was replaced with
quiescence medium and inhibitors (MEKin = U0126; p38in = SB203580; JNKin = SP600125) at respective concentrations were added to the culture. Cell
proliferation was determined 5 days later using the MTT assay. Bar graphs represent the average OD values from triplicate wells. The error bars represent
standard deviation. This figure shows results from an hPAH cell strain and is representative of results obtained from other PAH cell strains. tp < 0.001 vs 1X
cell number.

doi:10.1371/journal.pone.0123662.9004

proliferation in non PAH HPASMC and dysregulated proliferation in PAH HPASMC, we also
wanted to see its effect on growth factor stimulated HPASMC. Fig 8 shows that mTOR inhibi-
tion reduces both PDGF and FGF2 stimulated proliferation in PAH HPASMC.

Discussion

PAH is associated with an activated proliferation of cells within the pulmonary artery [1]. The
smooth muscle cell proliferation and accompanied migration thickens the vascular media, in-

vades the intima and participates in the formation of plexiforms [32]. These events contribute
to an elevated pulmonary vascular pressure. Smooth muscle cells from human pulmonary ar-

teries in primary cultures are now being utilized as a model for the smooth muscle behavior in
PAH. In culture these cells retain much of their in vivo characteristics such as expression of
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Fig 5. Growth factor proliferative signaling in non PAH HPASMC. (A) Non PAH HPASMC were cultured in medium containing 0.2% FBS in the presence
of 10 ng/ml PDGF, FGF2, or EGF over 5 days. Cell number was determined with a Coulter Counter. Bar graphs represent the mean from triplicate wells and
the error bars are standard deviation. (B) After attachment over 24 hours the growth medium was replaced with quiescence medium and the cells
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significant; p < 0.001 vs PDGF. Shown is a representative result from a non PAH strain.

doi:10.1371/journal.pone.0123662.9005

alpha-SMA and H-caldesmon. They also retain their contractile characteristics as shown by
constriction in response to ET-1 [8, 33]. As illustrated here the PAH SMC undergo a sizable au-
tologous growth from both hPAH and iPAH. This growth takes place under conditions where
non PAH cells do not divide reflecting the in vivo loss of homeostasis and resulting hyperplasia
in PAH. Moreover, in culture the dysregulated growth is not due to the production of cellular
secretions into the culture medium. Conditioned medium from PAH HPASMC did not stimu-
late growth of non PAH HPASMC more than conditioned medium from non PAH HPASMC.
This suggests that endogenous events are taking place within the SMC of PAH patients.

Recent efforts to better understand the regulation of this segment of remodeling have fo-
cused on tyrosine kinase receptors [14-17]. One such effort is exemplified by clinical trials of

PLOS ONE | DOI:10.1371/journal.pone.0123662 April 23,2015
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doi:10.1371/journal.pone.0123662.9g006

imatinib, a modulator of the catalytic sites of the PDGF receptor, as a modulator of PAH

[18, 19]. Our results here show that imatinib indeed abrogates the PDGF accentuated prolifera-
tion, but has no effect on the dysregulated growth. This may offer a clue as to the limitations
that imatinib has shown in clinical trials [19]. However, given that PDGF levels are upregulated
in pulmonary arteries of patients with iPAH [34], it may still be important to mute the PDGF
growth effect in combination with other drug targets for PAH. However, caution must be
taken not to entirely block the actions of PDGF on other critical physiologic functions. There-
fore, muting of specific PDGFR signal cascades regulating SMC growth in PAH would be ad-
vantageous. This may be possible through approaches such as cell penetrating peptides (CPP).
Initial efforts to selectively modulate PDGF receptor signaling have proved successful [35].
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While the PDGF path to HPASMC growth has been shown to be taking place via PI3K/
mTOR [36-38], we are finding that the dysregulated cell growth is promoted principally
through p38 MAPK and JNK. Furthermore, we are finding that the PAH cells continue to
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Fig 8. PAH HPASMC dysregulated and growth factor stimulated proliferation. Twenty four hours after
seeding, medium was replaced with quiescence medium. Cells were preincubated for 30 min with 10 ng/ml
rapamycin (mTORIin) and then treated with or without 10 ng/ml PDGF or FGF2. Cell proliferation was
determined 5 days later using the MTT assay. Bar graphs represent the average OD values from triplicate
wells. The error bars are the standard deviation. This figure is from an hPAH cell strain and is representative
of results obtained from other PAH cell strains.

doi:10.1371/journal.pone.0123662.g008
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respond to PDGF with additional synergistic proliferation adding to the dysregulated growth.
However, the growth response to PDGF in the PAH cells is no greater than taking place in the
normal cells. Our results further indicate that FGF2 but not EGF can also participate in this
synergistic overgrowth of the HPASMC via the mTOR route.

Here we show for the first time that the observed PAH dysregulated SMC growth in
HPASMC is cascading via the MAP kinase paths. At this time it is not clear what is activating
the p38 MAPK and JNK to promote the dysregulated growth. MAP kinases have been shown
to be involved in the growth response to a number of PASMC growth effectors [5-7]. Constitu-
tively active forms of p38 MAPK and JNK have been reported to promote uncontrolled prolif-
eration in other cells types [39, 40]. Increased MAP kinase activation has been associated with
remodeling of pulmonary arteries in both hypoxia and monocrotaline rat models of pulmonary
hypertension [41-43]. Another possibility is that overexpression or constitutive activity of a ki-
nase upstream of and simultaneously activating JNK and p38 MAPK is taking place in the
PAH cells. For example, simultaneous activation of JNK and p38 MAPK by the MLK family of
kinases has been reported [44, 45]. A recent study by Brown and colleagues demonstrated that
transgenic mice with global knockout of MAP kinase kinase kinase-2 (MEKK2) had reduced
right ventricle hypertrophy compared to wild-type controls under chronic hypoxia [46]. There-
fore, MEKK2 or a similar kinase upstream of MAP kinases could be activing JNK and p38
MAPK in HPASMC in PAH. Alternatively, PAH SMC possess an increased intracellular Ca**
uptake [5,6]. This increased Ca** translocation may be activating the JNK/p38 MAPK paths.
Another possible activator is the glycolytic path which was shown to be utilized in the PAH
cells as an energy source [36].

Our results suggest that the MAP kinase paths join the PDGF stimulated growth path at
mTOR/S6K. Participation of mTOR in the dysregulated growth has been reported very recent-
ly by Goncharov and co-workers (2014) [36]. In fact, a very recent report suggests that the
mTOR activation represses the expression of FoxO3a, a transcription factor known to activate
genes for growth arrest [47]. Another recent study implicates downregulation of FoxO1 expres-
sion in pulmonary vessels and PASMC from human and experimental models of PAH as being
at least partly responsible for the increased proliferation and decreased apoptosis of PAH
PASMC [48]. The downregulation of FoxO1 has been shown to be induced by PDGF cascading
through PI3K/Akt [48]. It remains to be seen whether JNK and/or p38 MAPK are also directly
involved in the regulation of any of the activities of these transcription factors in PAH. Interest-
ingly, using DNA microarray we found sizable increases in mRNA expression of factors associ-
ated with the promotion of SMC growth and cell cycle progression in PAH cells from both h
and iPAH subjects [49]. These differences in gene expression patterns between PAH and non
PAH HPASMC indicated upregulation of another Forkhead transcription factor, FOXM1.
FOXML1 has been shown to be upregulated in multiple cancer types causing increased prolifera-
tion, survival and migration [50]. FoxM1 is also negatively regulated by FoxO transcription fac-
tors [51, 52]. These factors may prove to be viable candidates for modulation of their action in
PAH.

A projected scheme involving the dysregulated MAP kinase cascade is sketched in Fig 9. In
PAH HPASMC JNK and p38 MAPK may be phosphorylated by MEKK2 or MLK (or other
MAPK superfamily members) further channeling into transcription factors in the nucleus such
as, FOXM1. Alternatively, JNK and p38 MAPK may cascade directly into mTOR/S6K which
then inhibits FOXO activity so FOXO cannot negatively regulate FOXM1. This mTOR/S6K
path is also involved in growth factor promoted proliferation.

Results in sum illustrate that control of proliferation in PAH HPASMC encompasses both
receptor tyrosine kinase stimulated and dysregulated facets. Initiation of the dysregulated
growth utilizes both JNK and p38 cascades. Since inhibiting either of these MAP kinases or
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Fig 9. HPASMC signaling cascades for PAH dysregulated cell proliferation.

doi:10.1371/journal.pone.0123662.9g009

mTOR activation abolishes the dysregulated growth and inhibiting the mTOR activation also
abolishes the tyrosine receptor kinase stimulated growth, at this time it appears that the activat-
ed MAP kinases cascade through mTOR and then S6K. However, it is possible that parallel
pathways utilizing both mTOR and MAP kinases are required to obtain the dysregulated
growth. These points need further clarification. Also, clearly, the sample number in this com-
munication is small. Therefore at this time any suggestion that our findings will lead to a thera-
peutic approach is premature and awaits much more in depth investigation.

Acknowledgments

We thank Dr. Suzy Combhair and Dr. Serpil Erzurum from the Cleveland Clinic Pathobiology
Tissue Sample and Cell Culture Core and Dr. Marlene Rabinovitch from Stanford University
for pulmonary smooth muscle cell samples. We thank Dr. Chih-Lueh Albert Wang from Bos-
ton University School of Medicine for graciously allowing the use of his caldesmon antibody

for this study. We would also like to thank Dr. Tiegang Liu from Tufts Medical Center for his

PLOS ONE | DOI:10.1371/journal.pone.0123662 April 23,2015 13/16



@’PLOS | ONE

Hyperplastic Growth of PAH SMC

expert technical assistance. Lastly, we thank Dr. Matthew Nugent from the University of Mas-
sachusetts Lowell for generously donating his EGF and FGF?2 ligands for our study.

Author Contributions

Conceived and designed the experiments: JLW PP. Performed the experiments: JLW JY LT.
Analyzed the data: JLW PP. Contributed reagents/materials/analysis tools: PP. Wrote the
paper: JLWJY LT PP.

References

1.

10.

11.

12.

13.

14.

15.

Morrell NW, Adnot S, Archer SL, Dupuis J, Jones PL, MacLean MR, et al. Cellular and molecular basis
of pulmonary arterial hypertension. J Am Coll Cardiol. 2009; 54(1 Suppl):S20-31. doi: 10.1016/j.jacc.
2009.04.018 PMID: 19555855; PMCID: PMC2790324.

Frazier AA, Burke AP. The imaging of pulmonary hypertension. Semin Ultrasound CT MR. 2012; 33
(6):535-51. doi: 10.1053/j.sult.2012.06.002 PMID: 23168063.

Zhang S, Fantozzi |, Tigno DD, Yi ES, Platoshyn O, Thistlethwaite PA, et al. Bone morphogenetic pro-
teins induce apoptosis in human pulmonary vascular smooth muscle cells. Am J Physiol Lung Cell Mol
Physiol. 2003; 285(3):L740-54. doi: 10.1152/ajplung.00284.2002 PMID: 12740218.

Marcos E, Fadel E, Sanchez O, Humbert M, Dartevelle P, Simonneau G, et al. Serotonin transporter
and receptors in various forms of human pulmonary hypertension. Chest. 2005; 128(6 Suppl):552S—
38S. doi: 10.1378/chest.128.6_suppl.552S PMID: 16373820.

WeiL, Liu Y, Kaneto H, Fanburg BL. JNK regulates serotonin-mediated proliferation and migration of
pulmonary artery smooth muscle cells. Am J Physiol Lung Cell Mol Physiol. 2010; 298(6):L863-9. doi:
10.1152/ajplung.00281.2009 PMID: 20228179; PMCID: PMC2886609.

Yang X, Long L, Southwood M, Rudarakanchana N, Upton PD, Jeffery TK, et al. Dysfunctional Smad
signaling contributes to abnormal smooth muscle cell proliferation in familial pulmonary arterial hyper-
tension. Circ Res. 2005; 96(10):1053-63. doi: 10.1161/01.RES.0000166926.54293.68 PMID:
15845886.

Zhang Y, WangY, Yang K, Tian L, Fu X, Wang Y, et al. BMP4 increases the expression of TRPC and
basal [Ca2+]i via the p38MAPK and ERK1/2 pathways independent of BMPRII in PASMCs. PLoS One.
2014;9(12):e112695. doi: 10.1371/journal.pone.0112695 PMID: 25461595; PMCID: PMC4251900.

Yu J, Taylor L, Wilson J, Comhair S, Erzurum S, Polgar P. Altered expression and signal transduction
of endothelin-1 receptors in heritable and idiopathic pulmonary arterial hypertension. J Cell Physiol.
2013; 228(2):322-9. doi: 10.1002/jcp.24132 PMID: 22688668; PMCID: PMC3496420.

Yuan JX, Aldinger AM, Juhaszova M, Wang J, Conte JV Jr., Gaine SP, et al. Dysfunctional voltage-
gated K+ channels in pulmonary artery smooth muscle cells of patients with primary pulmonary hyper-
tension. Circulation. 1998; 98(14):1400-6. PMID: 9760294.

Davies RJ, Holmes AM, Deighton J, Long L, Yang X, Barker L, et al. BMP type Il receptor deficiency
confers resistance to growth inhibition by TGF-beta in pulmonary artery smooth muscle cells: role of
proinflammatory cytokines. Am J Physiol Lung Cell Mol Physiol. 2012; 302(6):L604—15. doi: 10.1152/
ajplung.00309.2011 PMID: 22227206; PMCID: PMC3311534.

Bertero T, Lu Y, Annis S, Hale A, Bhat B, Saggar R, et al. Systems-level regulation of microRNA net-
works by miR-130/301 promotes pulmonary hypertension. J Clin Invest. 2014; 124(8):3514—28. doi: 10.
1172/JCI74773 PMID: 24960162; PMCID: PMC4109523.

Eddahibi S, Guignabert C, Barlier-Mur AM, Dewachter L, Fadel E, Dartevelle P, et al. Cross talk be-
tween endothelial and smooth muscle cells in pulmonary hypertension: critical role for serotonin-in-
duced smooth muscle hyperplasia. Circulation. 2006; 113(15):1857—64. doi: 10.1161/
CIRCULATIONAHA.105.591321 PMID: 16606791.

Marcos E, Fadel E, Sanchez O, Humbert M, Dartevelle P, Simonneau G, et al. Serotonin-induced
smooth muscle hyperplasia in various forms of human pulmonary hypertension. Circ Res. 2004; 94
(9):1263-70. doi: 10.1161/01.RES.0000126847.27660.69 PMID: 15059929.

Izikki M, Guignabert C, Fadel E, Humbert M, Tu L, Zadigue P, et al. Endothelial-derived FGF2 contrib-
utes to the progression of pulmonary hypertension in humans and rodents. J Clin Invest. 2009; 119
(3):512-23. doi: 10.1172/JCI35070 PMID: 19197140; PMCID: PMC2648677.

Perros F, Montani D, Dorfmuller P, Durand-Gasselin |, Tcherakian C, Le Pavec J, et al. Platelet-derived
growth factor expression and function in idiopathic pulmonary arterial hypertension. Am J Respir Crit
Care Med. 2008; 178(1):81-8. doi: 10.1164/rccm.200707-10370C PMID: 18420966.

PLOS ONE | DOI:10.1371/journal.pone.0123662 April 23,2015 14/16


http://dx.doi.org/10.1016/j.jacc.2009.04.018
http://dx.doi.org/10.1016/j.jacc.2009.04.018
http://www.ncbi.nlm.nih.gov/pubmed/19555855
http://dx.doi.org/10.1053/j.sult.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23168063
http://dx.doi.org/10.1152/ajplung.00284.2002
http://www.ncbi.nlm.nih.gov/pubmed/12740218
http://dx.doi.org/10.1378/chest.128.6_suppl.552S
http://www.ncbi.nlm.nih.gov/pubmed/16373820
http://dx.doi.org/10.1152/ajplung.00281.2009
http://www.ncbi.nlm.nih.gov/pubmed/20228179
http://dx.doi.org/10.1161/01.RES.0000166926.54293.68
http://www.ncbi.nlm.nih.gov/pubmed/15845886
http://dx.doi.org/10.1371/journal.pone.0112695
http://www.ncbi.nlm.nih.gov/pubmed/25461595
http://dx.doi.org/10.1002/jcp.24132
http://www.ncbi.nlm.nih.gov/pubmed/22688668
http://www.ncbi.nlm.nih.gov/pubmed/9760294
http://dx.doi.org/10.1152/ajplung.00309.2011
http://dx.doi.org/10.1152/ajplung.00309.2011
http://www.ncbi.nlm.nih.gov/pubmed/22227206
http://dx.doi.org/10.1172/JCI74773
http://dx.doi.org/10.1172/JCI74773
http://www.ncbi.nlm.nih.gov/pubmed/24960162
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.591321
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.591321
http://www.ncbi.nlm.nih.gov/pubmed/16606791
http://dx.doi.org/10.1161/01.RES.0000126847.27660.69
http://www.ncbi.nlm.nih.gov/pubmed/15059929
http://dx.doi.org/10.1172/JCI35070
http://www.ncbi.nlm.nih.gov/pubmed/19197140
http://dx.doi.org/10.1164/rccm.200707-1037OC
http://www.ncbi.nlm.nih.gov/pubmed/18420966

@’PLOS | ONE

Hyperplastic Growth of PAH SMC

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Abe K, Toba M, Alzoubi A, Koubsky K, Ito M, Ota H, et al. Tyrosine kinase inhibitors are potent acute
pulmonary vasodilators in rats. Am J Respir Cell Mol Biol. 2011; 45(4):804—8. doi: 10.1165/rcmb.2010-
03710C PMID: 21378262.

Dahal BK, Cornitescu T, Tretyn A, Pullamsetti SS, Kosanovic D, Dumitrascu R, et al. Role of epidermal
growth factor inhibition in experimental pulmonary hypertension. Am J Respir Crit Care Med. 2010; 181
(2):158-67. doi: 10.1164/rccm.200811-16820C PMID: 19850946.

Ghofrani HA, Morrell NW, Hoeper MM, Olschewski H, Peacock AJ, Barst RJ, et al. Imatinib in pulmo-
nary arterial hypertension patients with inadequate response to established therapy. Am J Respir Crit
Care Med. 2010; 182(9):1171-7. doi: 10.1164/rccm.201001-01230C PMID: 20581169; PMCID:
PMC3001259.

Hoeper MM, Barst RJ, Bourge RC, Feldman J, Frost AE, Galie N, et al. Imatinib mesylate as add-on
therapy for pulmonary arterial hypertension: results of the randomized IMPRES study. Circulation.
2013; 127(10):1128-38. doi: 10.1161/CIRCULATIONAHA.112.000765 PMID: 23403476.

Capdeville R, Buchdunger E, Zimmermann J, Matter A. Glivec (STI571, imatinib), a rationally devel-
oped, targeted anticancer drug. Nat Rev Drug Discov. 2002; 1(7):493-502. doi: 10.1038/nrd839 PMID:
12120256.

Galie N, Ghofrani HA, Torbicki A, Barst RJ, Rubin LJ, Badesch D, et al. Sildenafil citrate therapy for pul-
monary arterial hypertension. N Engl J Med. 2005; 353(20):2148-57. doi: 10.1056/NEJM0a050010
PMID: 16291984.

Ruan CH, Dixon RA, Willerson JT, Ruan KH. Prostacyclin therapy for pulmonary arterial hypertension.
Tex Heart Inst J. 2010; 37(4):391-9. PMID: 20844610; PMCID: PMC2929860.

Sitbon O, Humbert M, Jais X, loos V, Hamid AM, Provencher S, et al. Long-term response to calcium
channel blockers in idiopathic pulmonary arterial hypertension. Circulation. 2005; 111(23):3105-11.
doi: 10.1161/CIRCULATIONAHA.104.488486 PMID: 15939821.

Wilkins MR, Wharton J, Grimminger F, Ghofrani HA. Phosphodiesterase inhibitors for the treatment of
pulmonary hypertension. Eur Respir J. 2008; 32(1):198—209. doi: 10.1183/09031936.00124007 PMID:
18591337.

Aldred MA, Combhair SA, Varella-Garcia M, Asosingh K, Xu W, Noon GP, et al. Somatic chromosome
abnormalities in the lungs of patients with pulmonary arterial hypertension. Am J Respir Crit Care Med.
2010; 182(9):1153-60. doi: 10.1164/rccm.201003-04910C PMID: 20581168; PMCID: PMC3001257.

Comhair SA, Xu W, Mavrakis L, Aldred MA, Asosingh K, Erzurum SC. Human primary lung endothelial
cells in culture. Am J Respir Cell Mol Biol. 2012; 46(6):723-30. doi: 10.1165/rcmb.2011-0416TE PMID:
22427538; PMCID: PMC3380284.

Gabbiani G, Schmid E, Winter S, Chaponnier C, de Ckhastonay C, Vandekerckhove J, et al. Vascular
smooth muscle cells differ from other smooth muscle cells: predominance of vimentin filaments and a
specific alpha-type actin. Proc Natl Acad Sci U S A. 1981; 78(1):298-302. PMID: 7017714; PMCID:
PMC319040.

Skalli O, Ropraz P, Trzeciak A, Benzonana G, Gillessen D, Gabbiani G. A monoclonal antibody against
alpha-smooth muscle actin: a new probe for smooth muscle differentiation. J Cell Biol. 1986; 103(6 Pt
2):2787-96. PMID: 3539945; PMCID: PMC2114627.

Glukhova MA, Kabakov AE, Frid MG, Ornatsky Ol, Belkin AM, Mukhin DN, et al. Modulation of human
aorta smooth muscle cell phenotype: a study of muscle-specific variants of vinculin, caldesmon, and
actin expression. Proc Natl Acad Sci U S A. 1988; 85(24):9542—6. PMID: 3143999; PMCID:
PMC282790.

Watanabe K, Tajino T, Sekiguchi M, Suzuki T. h-Caldesmon as a specific marker for smooth muscle tu-
mors. Comparison with other smooth muscle markers in bone tumors. Am J Clin Pathol. 2000; 113
(5):663-8. PMID: 10800398.

Taylor CA, Zheng Q, Liu Z, Thompson JE. Role of p38 and JNK MAPK signaling pathways and tumor
suppressor p53 on induction of apoptosis in response to Ad-elF5A1 in A549 lung cancer cells. Mol Can-
cer. 2013; 12:35. doi: 10.1186/1476-4598-12-35 PMID: 23638878; PMCID: PMC3660295.

Jonigk D, Golpon H, Bockmeyer CL, Maegel L, Hoeper MM, Gottlieb J, et al. Plexiform lesions in pulmo-
nary arterial hypertension composition, architecture, and microenvironment. Am J Pathol. 2011; 179
(1):167-79. doi: 10.1016/j.ajpath.2011.03.040 PMID: 21703400; PMCID: PMC3123793.

Wilson JL, Taylor L, Polgar P. Endothelin-1 activation of ETB receptors leads to a reduced cellular pro-
liferative rate and an increased cellular footprint. Exp Cell Res. 2012; 318(10):1125-33. doi: 10.1016/].
yexcr.2012.03.029 PMID: 22504006; PMCID: PMC3496421.

Schermuly RT, Dony E, Ghofrani HA, Pullamsetti S, Savai R, Roth M, et al. Reversal of experimental
pulmonary hypertension by PDGF inhibition. J Clin Invest. 2005; 115(10):2811-21. doi: 10.1172/
JCI24838 PMID: 16200212; PMCID: PMC1236676.

PLOS ONE | DOI:10.1371/journal.pone.0123662 April 23,2015 15/16


http://dx.doi.org/10.1165/rcmb.2010-0371OC
http://dx.doi.org/10.1165/rcmb.2010-0371OC
http://www.ncbi.nlm.nih.gov/pubmed/21378262
http://dx.doi.org/10.1164/rccm.200811-1682OC
http://www.ncbi.nlm.nih.gov/pubmed/19850946
http://dx.doi.org/10.1164/rccm.201001-0123OC
http://www.ncbi.nlm.nih.gov/pubmed/20581169
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000765
http://www.ncbi.nlm.nih.gov/pubmed/23403476
http://dx.doi.org/10.1038/nrd839
http://www.ncbi.nlm.nih.gov/pubmed/12120256
http://dx.doi.org/10.1056/NEJMoa050010
http://www.ncbi.nlm.nih.gov/pubmed/16291984
http://www.ncbi.nlm.nih.gov/pubmed/20844610
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.488486
http://www.ncbi.nlm.nih.gov/pubmed/15939821
http://dx.doi.org/10.1183/09031936.00124007
http://www.ncbi.nlm.nih.gov/pubmed/18591337
http://dx.doi.org/10.1164/rccm.201003-0491OC
http://www.ncbi.nlm.nih.gov/pubmed/20581168
http://dx.doi.org/10.1165/rcmb.2011-0416TE
http://www.ncbi.nlm.nih.gov/pubmed/22427538
http://www.ncbi.nlm.nih.gov/pubmed/7017714
http://www.ncbi.nlm.nih.gov/pubmed/3539945
http://www.ncbi.nlm.nih.gov/pubmed/3143999
http://www.ncbi.nlm.nih.gov/pubmed/10800398
http://dx.doi.org/10.1186/1476-4598-12-35
http://www.ncbi.nlm.nih.gov/pubmed/23638878
http://dx.doi.org/10.1016/j.ajpath.2011.03.040
http://www.ncbi.nlm.nih.gov/pubmed/21703400
http://dx.doi.org/10.1016/j.yexcr.2012.03.029
http://dx.doi.org/10.1016/j.yexcr.2012.03.029
http://www.ncbi.nlm.nih.gov/pubmed/22504006
http://dx.doi.org/10.1172/JCI24838
http://dx.doi.org/10.1172/JCI24838
http://www.ncbi.nlm.nih.gov/pubmed/16200212

@’PLOS | ONE

Hyperplastic Growth of PAH SMC

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Yu J, Rupasinghe C, Wilson JL, Taylor L, Rahimi N, Mierke D, et al. Targeting Receptor Tyrosine Ki-
nases and Their Downstream Signaling with Cell-Penetrating Peptides in Human Pulmonary Artery
Smooth Muscle and Endothelial Cells. Chem Biol Drug Des. 2014. doi: 10.1111/cbdd.12446 PMID:

25298192.

Goncharov DA, Kudryashova TV, Ziai H, lhida-Stansbury K, DeLisser H, Krymskaya VP, et al. Mamma-
lian target of rapamycin complex 2 (mMTORC2) coordinates pulmonary artery smooth muscle cell metab-
olism, proliferation, and survival in pulmonary arterial hypertension. Circulation. 2014; 129(8):864-74.
doi: 10.1161/CIRCULATIONAHA.113.004581 PMID: 24270265; PMCID: PMC3968690.

Goncharova EA, Ammit AJ, Irani C, Carroll RG, Eszterhas AJ, Panettieri RA, et al. PI3K is required for
proliferation and migration of human pulmonary vascular smooth muscle cells. Am J Physiol Lung Cell
Mol Physiol. 2002; 283(2):L354—-63. doi: 10.1152/ajplung.00010.2002 PMID: 12114197.

Krymskaya VP, Snow J, Cesarone G, Khavin |, Goncharov DA, Lim PN, et al. mTOR is required for pul-
monary arterial vascular smooth muscle cell proliferation under chronic hypoxia. FASEB J. 2011; 25
(6):1922-33. doi: 10.1096/fj.10-175018 PMID: 21368105; PMCID: PMC3101038.

Coffey ET, Smiciene G, Hongisto V, Cao J, Brecht S, Herdegen T, et al. c-Jun N-terminal protein kinase
(JNK) 2/3 is specifically activated by stress, mediating c-Jun activation, in the presence of constitutive
JNK1 activity in cerebellar neurons. J Neurosci. 2002; 22(11):4335-45. doi: 20026401. PMID:
12040039.

Ogasawara T, Yasuyama M, Kawauchi K. Constitutive activation of extracellular signal-regulated ki-
nase and p38 mitogen-activated protein kinase in B-cell lymphoproliferative disorders. Int J Hematol.
2003; 77(4):364—-70. PMID: 12774925.

Jin N, Hatton N, Swartz DR, Xia X, Harrington MA, Larsen SH, et al. Hypoxia activates jun-N-terminal
kinase, extracellular signal-regulated protein kinase, and p38 kinase in pulmonary arteries. Am J Respir
Cell Mol Biol. 2000; 23(5):593-601. doi: 10.1165/ajrcmb.23.5.3921 PMID: 11062137.

Lu J, Shimpo H, Shimamoto A, Chong AJ, Hampton CR, Spring DJ, et al. Specific inhibition of p38 mito-
gen-activated protein kinase with FR167653 attenuates vascular proliferation in monocrotaline-induced
pulmonary hypertension in rats. J Thorac Cardiovasc Surg. 2004; 128(6):850-9. doi: 10.1016/j.jtcvs.
2004.03.003 PMID: 15573069.

Zeng Z, LiY, Jiang Z, Wang C, Li B, Jiang W. The extracellular signal-regulated kinase is involved in
the effects of sildenafil on pulmonary vascular remodeling. Cardiovasc Ther. 2010; 28(1):23-9. doi: 10.
1111/1.1755-5922.2009.00115.x PMID: 20074256.

Cronan MR, Nakamura K, Johnson NL, Granger DA, Cuevas BD, Wang JG, et al. Defining MAP3 ki-
nases required for MDA-MB-231 cell tumor growth and metastasis. Oncogene. 2012; 31(34):3889—
900. doi: 10.1038/onc.2011.544 PMID: 22139075; PMCID: PMC3297722.

Gallo KA, Johnson GL. Mixed-lineage kinase control of JNK and p38 MAPK pathways. Nat Rev Mol
Cell Biol. 2002; 3(9):663—72. doi: 10.1038/nrm906 PMID: 12209126.

Brown RD, Ambler SK, Li M, Sullivan TM, Henry LN, Crossno JT Jr., et al. MAP kinase kinase kinase-2
(MEKK2) regulates hypertrophic remodeling of the right ventricle in hypoxia-induced pulmonary hyper-
tension. Am J Physiol Heart Circ Physiol. 2013; 304(2):H269-81. doi: 10.1152/ajpheart.00158.2012
PMID: 23125215; PMCID: PMC3543664.

Mori S, Nada S, Kimura H, Tajima S, Takahashi Y, Kitamura A, et al. The mTOR pathway controls cell
proliferation by regulating the FoxO3a transcription factor via SGK1 kinase. PLoS One. 2014; 9(2):
€88891. doi: 10.1371/journal.pone.0088891 PMID: 24558442; PMCID: PMC3928304.

Savai R, Al-Tamari HM, Sedding D, Kojonazarov B, Muecke C, Teske R, et al. Pro-proliferative and in-
flammatory signaling converge on FoxO1 transcription factor in pulmonary hypertension. Nat Med.
2014; 20(11):1289-300. doi: 10.1038/nm.3695 PMID: 25344740.

Yu J, Wilson J, Taylor L, Polgar P. DNA microarray and signal transduction analysis in pulmonary artery
smooth muscle cells from heritable and idiopathic pulmonary arterial hypertension subjects. J Cell Bio-
chem. 2015; 116(3):386-97. doi: 10.1002/jcb.24987 PMID: 25290246.

Koo CY, Muir KW, Lam EW. FOXM1: From cancer initiation to progression and treatment. Biochim Bio-
phys Acta. 2012; 1819(1):28-37. doi: 10.1016/j.bbagrm.2011.09.004 PMID: 21978825.

Francis RE, Myatt SS, Krol J, Hartman J, Peck B, McGovern UB, et al. FoxM1 is a downstream target
and marker of HER2 overexpression in breast cancer. Int J Oncol. 2009; 35(1):57-68. PMID:
19513552; PMCID: PMC3065068.

Sengupta A, Kalinichenko VV, Yutzey KE. FoxO1 and FoxM1 transcription factors have antagonistic
functions in neonatal cardiomyocyte cell-cycle withdrawal and IGF1 gene regulation. Circ Res. 2013;
112(2):267-77. doi: 10.1161/CIRCRESAHA.112.277442 PMID: 23152492; PMCID: PMC3548965.

PLOS ONE | DOI:10.1371/journal.pone.0123662 April 23,2015 16/16


http://dx.doi.org/10.1111/cbdd.12446
http://www.ncbi.nlm.nih.gov/pubmed/25298192
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004581
http://www.ncbi.nlm.nih.gov/pubmed/24270265
http://dx.doi.org/10.1152/ajplung.00010.2002
http://www.ncbi.nlm.nih.gov/pubmed/12114197
http://dx.doi.org/10.1096/fj.10-175018
http://www.ncbi.nlm.nih.gov/pubmed/21368105
http://www.ncbi.nlm.nih.gov/pubmed/12040039
http://www.ncbi.nlm.nih.gov/pubmed/12774925
http://dx.doi.org/10.1165/ajrcmb.23.5.3921
http://www.ncbi.nlm.nih.gov/pubmed/11062137
http://dx.doi.org/10.1016/j.jtcvs.2004.03.003
http://dx.doi.org/10.1016/j.jtcvs.2004.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15573069
http://dx.doi.org/10.1111/j.1755-5922.2009.00115.x
http://dx.doi.org/10.1111/j.1755-5922.2009.00115.x
http://www.ncbi.nlm.nih.gov/pubmed/20074256
http://dx.doi.org/10.1038/onc.2011.544
http://www.ncbi.nlm.nih.gov/pubmed/22139075
http://dx.doi.org/10.1038/nrm906
http://www.ncbi.nlm.nih.gov/pubmed/12209126
http://dx.doi.org/10.1152/ajpheart.00158.2012
http://www.ncbi.nlm.nih.gov/pubmed/23125215
http://dx.doi.org/10.1371/journal.pone.0088891
http://www.ncbi.nlm.nih.gov/pubmed/24558442
http://dx.doi.org/10.1038/nm.3695
http://www.ncbi.nlm.nih.gov/pubmed/25344740
http://dx.doi.org/10.1002/jcb.24987
http://www.ncbi.nlm.nih.gov/pubmed/25290246
http://dx.doi.org/10.1016/j.bbagrm.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/21978825
http://www.ncbi.nlm.nih.gov/pubmed/19513552
http://dx.doi.org/10.1161/CIRCRESAHA.112.277442
http://www.ncbi.nlm.nih.gov/pubmed/23152492


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


