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Abstract

Calpain mediates collagen synthesis and cell proliferation and plays
an important role in pulmonary vascular remodeling in pulmonary
arterial hypertension (PAH). In the present study, we investigated
whether and how calpain is activated by PAH mediators in
pulmonary artery smooth muscle cells (PASMCs). These data show
that smooth muscle–specific knockout of calpain attenuated and
knockout of calpastatin potentiated pulmonary vascular remodeling
and pulmonary hypertension. Treatment of PASMCs with the PAH
mediators platelet-derived growth factor (PDGF), serotonin, H2O2,
endothelin-1, and IL-6 caused significant increases in calpain
activity, cell proliferation, and collagen-I protein level without
changes in protein levels of calpain-1 and -2. The calcium chelator
1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid tetrakis
(acetoxymethyl ester) (BAPTA/AM)didnot affect calpain activation,
but the extracellular signal–regulated kinase (ERK) 1/2 inhibitor
PD98059 and knocking down of calpain-2 prevented calpain
activation in PAH mediator–treated PASMCs. Mass spectrometry
data showed that the phosphorylation of calpain-2 at serine (Ser) 50
was increased and the phosphorylation of calpain-2 at Ser369
was decreased in PDGF-treated PASMCs. The PDGF-induced
increase in Ser50 phosphorylation of calpain-2 was prevented by
PD98059, whereas dephosphorylation of calpain-2 at Ser369
was blocked by the protein phosphatase 2A inhibitor
fostriecin. Furthermore, smooth muscle of pulmonary arteries

in PAH animal models and patients with PAH showed
higher levels of phospho-Ser50-calpain-2 (P-Ser50) and lower
levels of phospho-Ser369-calpain-2 (P-Ser369). These data
support that calpain modulates pulmonary vascular remodeling
in PAH. PAH mediator–induced activation of calpain is caused
by ERK1/2-dependent phosphorylation of calpain-2 at Ser50
and protein phosphatase 2A–dependent dephosphorylation
of calpain-2 at Ser369 in pulmonary vascular remodeling of
PAH.

Keywords: pulmonary hypertension; platelet-derived growth
factor; serotonin; H2O2; vascular smooth muscle cells

Clinical Relevance

The mechanism of calpain activation is not known. This study
confirms the mediating role of calpain in pulmonary arterial
hypertension (PAH) and identifies two phosphorylation sites
in calpain-2 protein that are altered in cultured pulmonary
artery smooth muscle cells treated by PAH mediators and in
smooth muscle of pulmonary arteries in PAH animal models
and in patients with PAH. The data from multidisciplinary
approaches provide rationale for manipulating calpain in the
treatment of PAH.
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Pulmonary arterial hypertension (PAH) is
a severe and progressive disease, a key
feature of which is pulmonary vascular
remodeling. Pulmonary vascular
remodeling is associated with
accumulation of extracellular matrix,
including collagen, and vascular smooth
muscle cell proliferation and hypertrophy.
These processes contribute to medial
hypertrophy and muscularization, leading
to obliteration of precapillary pulmonary
arteries and sustained elevation of
pulmonary arterial pressure (1, 2). A
broad range of mediators, including
growth factors (e.g., platelet-derived
growth factor [PDGF]), inflammatory
cytokines (e.g., IL-6), reactive oxygen
species (e.g., H2O2), as well as vasoactive
compounds, such as serotonin (5-HT) and
endothelin (ET) 1, contribute to the
process of pulmonary vascular remodeling
in patients with PAH and in animal
models (3–5). PDGF as a potent mitogen
promotes the proliferation and
migration of pulmonary artery smooth
muscle cells (PASMCs) (6, 7). Moreover,
blocking the PDGF signaling by imatinib
not only prevents, but also reverses the
hypoxia- and monocrotaline (MCT)-
induced PAH in animal models (7).
Inflammation has an important role in
various types of PAH. Patients suffering
from PAH have elevated circulating
levels of proinflammatory cytokines (e.g.,
IL-6), which are correlated with the
severity of disease, as well as contribute to
the proliferation of vascular cells (8). A
growing body of evidence indicates that
overproduction of reactive oxygen
species is associated with the activation
of redox-sensitive signaling pathways,
causing vascular remodeling and
enhanced vasoconstriction in PAH (4, 9).
Vasoactive substances (i.e., 5-HT and
ET-1) have been shown to elevate
pulmonary vascular tone and stimulate
PASMC proliferation. Mitogenic effects
of 5-HT on PASMCs correlates with
increased expression of serotonin
transporter (10). Furthermore, inhibition
of serotonin transporter prevented the
MCT-induced PAH, suggesting that
5-HT has a role in pulmonary vascular
remodeling (11). ET-1 exerts its vasoactive
and proliferative effects on PASMCs
via activation of ET type A and type B
receptors (12, 13). In addition, serum-
induced PASMC proliferation was
diminished by blocking the release or

inhibition of ET-1 (12). Altogether, these
data provide convincing evidence that
PAH mediators, PDGF, 5-HT, H2O2,
ET-1, and IL-6, play important roles in
the pathogenesis of PAH.

Calpain is a conserved family of
calcium-mediated, cytosolic, neutral
cysteine proteases, which perform
controlled proteolysis of substrate proteins
in a variety of mammalian cells, including
PASMCs (14, 15). There are at least 15
isozymes in the family (16). Calpain-1 and
calpain-2 are two major typical calpains.
Calpain-1 and calpain-2 isoforms are
composed of a distinct 80-kD large catalytic
subunit and a common 30-kD small
subunit (calpain-4) that helps maintain
calpain activity (14). Calpastatin functions
as the major specific endogenous inhibitor
for calpain-1 and calpain-2 (17). Calpain
has been shown to be implicated in
numerous pathological processes (18).
Calpain activates an intracrine
transforming growth factor-1b/Smad signal
pathway, leading to collagen synthesis,
proliferation, and migration of vascular
cells, and plays an important role in
pulmonary vascular remodeling in hypoxia-
and MCT-induced PAH and human PAH
(6, 19). Calpain activation is much higher
in the smooth muscle of pulmonary arteries
of patients with PAH (6). However, it
remains unknown how calpain is activated
in PAH.

In the present study, we provide further
evidence confirming the mediating role of
calpain in pulmonary vascular remodeling
of PAH, and explore the mechanisms of
calpain activation in PASMCs. We found
that smooth muscle–specific knockout
of calpain attenuates and knockout
of calpastatin potentiates pulmonary
hypertension. PAH mediators, PDGF,
5-HT, H2O2, ET-1, and IL-6, induce
calpain activation in PASMCs. PAH
mediator–induced activation of calpain is
caused by extracellular signal–regulated
kinases (ERKs) 1/2–dependent
phosphorylation of calpain-2 at serine
(Ser) 50 and protein phosphatase (PP)
2A–dependent dephosphorylation of
calpain-2 at Ser369 in pulmonary vascular
remodeling of PAH.

Materials and Methods

The online supplement contains a full
version of the methods.

Hypoxic Pulmonary Hypertension
Model
Smooth muscle–specific calpain-4 knockout
mice, calpastatin knockout mice, and
their littermate control mice were exposed
to room air or 10% oxygen (hypoxia).
After 4 weeks, pulmonary hypertension
and pulmonary vascular remodeling were
assessed.

Assessment of Pulmonary
Hypertension and Histological
Analysis
Mice were anesthetized and the trachea was
intubated. Right ventricle (RV) systolic
pressure (RVSP) was measured. The free
wall of the RV, left ventricle (LV), and
septum (S) were then carefully dissected
and individually weighed to calculate the
Fulton index (ratio of RV / LV1 S) as a
parameter of right ventricular
hypertrophy.

The right lungs were removed and snap
frozen in liquid nitrogen for preparing
homogenates, and the left lungs were
fixed for morphometric analysis.

Cell Culture
Human PASMCs (Lonza, Walkersville,
MD) were cultured according to the
manufacturer’s instructions. Before all
experimentation, the third- to seventh-
passage cells were equilibrated in growth
factor-free medium for 24 hours.

Calpain Activity Assay
The calpain activity was measured using
tert-butyloxycarbonyl-L-leucyl-L-
methionine amide (t-BOC-Leu-Met) and
Suc-Leu-Leu-Val-Tyr-7-amino-4-
methylcoumarin (Suc-Leu-Leu-Val-Tyr-
AMC) peptide as substrates.

Immunoprecipitation
The cell lysates were incubated with
anti–calpain-2 antibody and Dynabeads
Protein G (Life Technologies, Grand
Island, NY). Immunoprecipitates were
separated by SDS-PAGE and analyzed by
matrix-assisted laser desorption/ionization-
time-of-flight/time-of-flight (MALDI-TOF/
TOF) mass spectrometry.

MALDI-TOF-TOF Mass Spectrometry
Mass spectrometry was performed as
described previously (20).
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Determination of Changes in
Phosphorylation Status of Calpain-2
After treatments, immunoprecipitation
was performed using phospho-specific
antibodies against phosphorylated
calpain-2 at Ser50 (P-Ser50) or Ser369
(P-Ser369) of calpain-2. The precipitates

were analyzed by Western blot using
antibody directed against calpain-2.

RNA Interference in PASMCs
Calpain-1 small interfering RNA
(siRNA) (target sequence: 59-
AAGCTAGTGTTCGTGCACTCT-39),

calpain-2 siRNA (target sequence:
59-CTGGAACACTATAGACCCAGA-39),
and the nontargeting siRNA
(target sequence: 59-AACG
TACGCGGAATACTTCGA-39) were
used to knock down calpain-1 and
calpain-2.

Site-Directed Mutagenesis of
Calpain-2
Calpain-2 cDNA was cloned into a
pcDNA3.1/V5-His mammalian expression
vector to create the pcDNA3.1/V5-
His–human calpain-2 wild-type plasmid.
Ser50 and Ser369 were mutated into
alanine.

Verification of the Specificity of
Phospho-Specific Antibodies against
P-Ser50 and P-Ser369 of Calpain-2
In order to proof the specificity of the
P-Ser50–calpain-2 and P-Ser369–calpain-2
antibodies, wild-type and mutant human
calpain-2 were overexpressed in human
embryonic kidney (HEK) 293T stable cell
line expressing the small hairpin RNAs
(shRNAs) targeting the 39 untranslated
region of the calpain-2 mRNAs for specific
down-regulation of calpain-2 gene
expression without affecting the
overexpression of wild and mutant calpain-2
constructs. Calpain-2–silenced HEK
293T cells were transfected with pcDNA3.1/
V5-His–human calpain-2 wild-type and
mutant plasmids. The cell lysates were then
subjected to immunoprecipitation using
phospho-specific antibodies against P-Ser50
or P-Ser369 of calpain-2. The precipitates
were analyzed by Western blot using
antibody directed against calpain-2 and
V5 tag.

Determination of Phosphorylation
Status of Calpain-2 in Pulmonary
Arteries of Lungs from Mice and
Patients with PAH
To determine the extent of
phosphorylated calpain-2 in pulmonary
arterioles, double immunostaining of
P-calpain-2/a-actin was performed on
lung tissue slides from normoxic and
hypoxic mice and from normal subjects
and patients with PAH.

Study Approval
All animal experiments were approved by
the Institutional Animal Care and Use
Committee of the Georgia Regents
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Figure 1. Smooth muscle–specific knockout (KO) of calpain-4 attenuates hypoxia-induced
pulmonary hypertension and pulmonary vascular remodeling. At 5 days after a regimen of tamoxifen
administration, male control mice and male capn4flox/flox;SMMHC-Cre-ER/1;R26R/1 mice were
exposed to room air (normoxia) or 10% oxygen (hypoxia) for 4 weeks. (A) Lung slides from
capn4flox/flox;SMMHC-Cre-ER/1;R26R/1mice and control mice were stained for b-gal and were also
double stained for a-actin (red) and calpain-4 (green, arrows). Original magnification, 3400. (B) The
changes in right ventricle (RV) systolic pressure (RVSP). (C) The changes in RV / LV1 S (where LV is
left ventricle, and S is septum). (D) Representative images of lung sections of control mice and
capn4flox/flox;SMMHC-Cre-ER/1;R26R/1 mice exposed to normoxia or hypoxia. Original
magnification, 3400. (E) The changes in ratio of wall area to total vessel area in the lung sections of
control mice and capn4flox/flox;SMMHC-Cre-ER/1;R26R/1 mice exposed to normoxia or hypoxia.
Results are expressed as mean6 SE; n = 8 experiments. *P, 0.05 versus normoxia; #P, 0.05
versus hypoxia group of control mice.
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University. In the human lung studies,
patient identifiers, including name, age,
sex, and ethnic group, were concealed.
A waiver of informed consent was
approved by the Human Assurance
Committee of the Georgia Regents
University.

Results

Smooth Muscle–Specific Knockout of
Calpain-4 Attenuates Hypoxia-
Induced Pulmonary Hypertension and
Pulmonary Vascular Remodeling
We previously reported that calpain
activation is much higher in the smooth
muscle of pulmonary arteries of hypoxia-
and MCT-induced PAH and human PAH,
and that global knockout of calpain-4
attenuate hypoxic pulmonary
hypertension and vascular remodeling (6).
To study whether calpain-mediated
pulmonary vascular remodeling is due to
calpain activation in PASMCs, calpain
activity was inhibited in a mouse line of
smooth muscle–specific knockout of
calpain-4. As shown in Figure 1A, the
lungs from capn4flox/flox;SMMHC-Cre-
ER/1;R26R/1 mice, not control mice,
exhibit high b-gal activity and lower
calpain-4 protein in the smooth muscle
of airway and pulmonary arteries,
suggesting that calpain-4 was successfully
knocked out specifically in smooth
muscle cells. More importantly, RVSP
and Fulton index (RV / LV1 S) were
much higher in control mice exposed to
hypoxia than those exposed to normoxia.
However, RVSP and the ratio of
RV / LV1 S were comparable between
capn4flox/flox;SMMHC-Cre-ER/1;R26R/1
mice exposed to normoxia and those
exposed to hypoxia (Figures 1B and 1C).
Moreover, hypoxia for 4 weeks caused
significant increases in thickness of the
pulmonary vascular walls in control mice.
Hypoxia failed to increase medial
thickness of the pulmonary vascular walls
in the smooth muscle layer of pulmonary
arterioles in capn4flox/flox;SMMHC-Cre-
ER/1;R26R/1 mice (Figures 1D and 1E).
Taken together, these results indicate that
knockout of calpain-4 specifically in
smooth muscle attenuates hypoxia-
induced pulmonary hypertension and
pulmonary vascular remodeling.

Knockout of Calpastatin Potentiates
Hypoxia-Induced Pulmonary
Hypertension and Pulmonary
Vascular Remodeling
As shown in Figures 2A and 2B, spectrin
breakdown product protein levels were
much higher in the lungs of calpastatin
knockout mice, suggesting that calpastatin
knockout increases calpain activity in
mouse lungs. Interestingly, RVSP, Fulton
index, and medial thickness of the
pulmonary vascular walls in the smooth

muscle layer of pulmonary arterioles were
much higher in calpastatin knockout mice
exposed to hypoxia than those in the
littermate control mice (Figures 2C–2F).

PAH Mediators, PDGF-BB, 5-HT,
H2O2, ET-1, and IL-6, Increase Calpain
Activity and Collagen-I Protein Level
without Affecting the Calpain Protein
Levels in PASMCs
PASMCs were incubated with PDGF-BB
(10 ng/ml), 5-HT (5 mM), H2O2 (10 mM),
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Figure 2. KO of calpastatin potentiates hypoxia-induced pulmonary hypertension and pulmonary
vascular remodeling. Male homozygous mice and their littermates were exposed to normoxia or
hypoxia for 4 weeks. (A) Representative immunoblots of calpastatin and spectrin breakdown
product (SBDP) in lung homogenates from 8 experiments. (B) Bar graph depicting the changes
in SBDP protein level quantified by scanning densitometry. (C) The changes in RVSP. (D) The
changes in RV / LV1 S. (E) Representative images of lung sections of control mice and calpastatin
KO mice exposed to normoxia or hypoxia. Original magnification, 3400. (F) The changes in ratio of
wall area to total vessel area in the lung sections of control mice and calpastatin KO mice exposed
to normoxia or hypoxia. Results are expressed as mean6 SE; n = 8. *P, 0.05 versus normoxia
group of control mice; **P, 0.05 versus normoxia group of KO mice; #P, 0.05 versus hypoxia
group of control mice. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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ET-1 (10 nM), and IL-6 (10 ng/ml) for
10 minutes, after which calpain activity was
measured. As shown in Figure 3A,
treatment of PASMCs with PAH
mediators for 10 minutes significantly
increased the calpain activities. PASMCs
were also treated with these stimulators for
24 hours and then protein levels of
calpain-1, calpain-2, calpastatin, and
collagen-I were measured. Incubation of
cells with these mediators caused
significant increases in collagen-I protein
level (Figures 3B and 3C), but the protein
levels of calpain-1, calpain-2, and
calpastatin were not changed in cells

incubated with these PAH mediators
(Figures 3B and 3C).

The ERK1/2 Inhibitor, PD98059,
Prevents Increases in Calpain
Activities and Cell Proliferation
Induced by PDGF-BB, 5-HT, H2O2,
ET-1, and IL-6 in PASMCs
PASMCs were incubated with or without
the calpain inhibitor, MDL28170 (20 mM),
or the ERK1/2 inhibitor, PD98059 (10
mM), for 30 minutes before the addition of
t-BOC substrate (10 mM). The cells were
further incubated for 20 minutes and then
treated with PAH mediators for

10 minutes after which calpain activities
were measured. The calpain activation was
abolished in the presence of calpain
inhibitor or ERK1/2 inhibitor compared
with the untreated control (see Figures
E1A and E1B in the online supplement),
suggesting that activation of calpain
induced by PDGF-BB, 5-HT, H2O2, ET-1,
and IL-6 requires ERK1/2-mediated
phosphorylation. In addition, incubation
of PASMCs with calpain inhibitor,
MDL28170 (20 mM), or ERK1/2 inhibitor,
PD98059 (10 mM), reduced increases in
cell proliferation induced by PDGF-BB,
5-HT, H2O2, ET-1, and IL-6 (Figure E2),
indicating that calpain and ERK1/2 are
involved in the cell proliferation induced
by PAH mediators.

Increases in Calpain Activity Induced
by PDGF-BB, 5-HT, H2O2, ET-1 and
IL-6 Are Not due to Increases in
Intracellular Calcium in PASMCs
We evaluated the effect of the 1,2-bis(2-
aminophenoxy)ethane-N,N,N9,N9-
tetraacetic acid tetrakis(acetoxymethyl ester)
(BAPTA/AM), an intracellular calcium
chelator, on the PDGF-BB–, 5-HT–, H2O2-,
ET-1–, and IL-6–induced increases in
calpain activities. PASMCs were incubated
with or without BAPTA/AM (50 mM) for
30 minutes before the addition of t-BOC
substrate (10 mM). The cells were further
incubated for 20 minutes and then treated
with PAH mediators for 10 minutes.
Pretreatment of PASMCs with the calcium
chelator, BAPTA/AM, did not alter the
mediator-induced increases in calpain
activity (Figure E1C).

Down-Regulation of Calpain-2
Diminishes PDGF-BB–, 5-HT–, H2O2-,
ET-1–, and IL-6–Mediated Increases
in Calpain Activities
As shown in Figure E3, transfection of
PASMCs with siRNA against the
mRNAs of calpain-1 and calpain-2
markedly reduced the protein levels of
calpain-1 and calpain-2, respectively.
Moreover, silencing of calpain-2
expression, but not calpain-1, prevented
the enhanced calpain activity induced
by the mediators. These data indicate
that calpain-2 rather than calpain-1 is
responsible for increases in calpain
activities induced by PDGF-BB, 5-HT,
H2O2, ET-1, and IL-6.
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Figure 3. Effect of platelet-derived growth factor (PDGF)-BB, serotonin (5-HT), H2O2, endothelin (ET) 1,
and IL-6 on the calpain activities and collagen I protein level in pulmonary artery smooth muscle
cells (PASMCs). PASMCs were incubated with PDGF-BB (10 ng/ml), 5-HT (5 mM), H2O2 (10 mM),
ET-1 (10 nM), and IL-6 (10 ng/ml) for 10 minutes to 24 hours, then calpain activity was determined
by fluorescence microscopy and protein levels of collagen-I, calpain-1, calpain-2, and calpastatin
were measured. (A) Bar graph depicting the changes in calpain activity. (B) Representative immunoblots
of collagen-I, calpain-1, calpain-2, and calpastatin from three experiments. (C) Bar graph showing
the changes in protein levels of collagen-I, calpain-1, calpain-2, and calpastatin quantified by scanning
densitometry. Results are expressed as mean6 SE; n = 4. **P, 0.01 versus control.

ORIGINAL RESEARCH

388 American Journal of Respiratory Cell and Molecular Biology Volume 54 Number 3 | March 2016



Mass Spectrometry of Calpain-2
Phosphorylation in PASMCs Treated
with and without PDGF
Recent studies revealed that the mutation
of residue Ser50 to alanine in calpain-2
prevents calpain activation and
phosphorylation induced by epidermal
growth factor (EGF), and mutation of
Ser369 causes an increase in calpain activity
independently of calcium (21, 22). To
examine whether PDGF-BB induces
changes in the phosphorylation status
of these sites in calpain-2, the lysates
obtained from PDGF-BB–treated
and untreated PASMCs were
immunoprecipitated using calpain-2
antibody, then analyzed by SDS-PAGE
and mass spectrometry. The results
showed that both Ser50 and Ser369
residues are phosphorylated in calpain-2
for the mass spectra of the
phosphopeptides at m/z 1,655 and m/z
944, respectively. Phosphorylation at Ser50
was clearly identified from the fragment
observed at m/z 1,655 in the mass
spectrum corresponding to 47QDPS(p)
FPAIPSALGFK61 (parent peptide with
1,574.82 m/z 180 Da of phosphate
group). The Ser369 phosphorylation was

revealed from the mass spectrometry of
the fragment at m/z 944 representing
367RGS(p)TAGGCR375 (parent peptide
with 864.41 m/z 180 Da of phosphate
group). More importantly, our data
demonstrate that Ser50 phosphorylation
of calpain-2 is increased and Ser369
phosphorylation of calpain-2 is decreased
in PDGF-BB–treated cells (Figure E4),
suggesting that calpain phosphorylation
at these residues plays a crucial role in
the regulation of calpain activity in
PASMCs.

PDGF-BB, 5-HT, H2O2, ET-1, and
IL-6 Alter the Phosphorylation
Level of Calpain-2 at the Main
Phosphorylation Sites
To further investigate the phosphorylation of
Ser50 and Ser369 in calpain-2, we made
antibodies against P-Ser50 and P-Ser369. The
lysates of PASMCs treated with and without
PAH mediators were immunoprecipitated
using these antibodies. The immunoprecipitated
proteins were analyzed by Western blot
using calpain-2 antibody. As shown in
Figure 4, PAH mediators enhanced the
phosphorylation level of calpain-2 at Ser50
and reduced the phosphorylation level of

calpain-2 at Ser369. These data are
consistent with the findings in the mass
spectrometry and provide additional
evidence that PDGF, 5-HT, H2O2, ET-1,
and IL-6 modify the phosphorylation
status of calpain-2.

In addition, PASMCs were stained
using antibodies against P-Ser50–calpain-2
and P-Ser369–calpain-2. We found that
PDGF, 5-HT, H2O2, ET-1, and IL-6
induced significant increases in
P-Ser50–calpain-2 and remarkable
decreases in P-Ser369–calpain-2 (Figure E5).

The Specificity of Phospho-Specific
Antibodies against P-Ser50 and
P-Ser369 of Calpain-2
Similar to the native calpain-2 in PASMCs,
the overexpressed calpain-2 in HEK cells can
also be phosphorylated at Ser50 and
dephosphorylated at Ser369 that was detected
in the immunoprecipitates by Western blot
using antibodies against calpain-2 and V5
tag. Replacing Ser50 and Ser369 for alanine
prevented PDGF-induced alterations of
P-Ser50–calpain-2 and P-Ser369–calpain-2
(Figure E6). These results indicate that the
antibodies against P-Ser50 and P-Ser369 of
calpain-2 are specific for respective
phosphorylated residues.

The Specific ERK1/2 Inhibitor,
PD98059, Prevents the PDGF-
BB–Induced Increase in Calpain
Activity and Phosphorylation of
Calpain-2 at Ser50
Incubation of PASMCs with PDGF-BB
(10 ng/ml) for 10 minutes significantly
increased phosphorylation of ERK1/2
(Figures 5A and 5B) and calpain activity
(Figure 5C). Pretreatment of the cells
with PD98059 (10 mM) for 30 minutes
prevented the PDGF-BB–induced
increases in ERK1/2 phosphorylation
(Figures 5A and 5B) and calpain activity
(Figure 5C). More importantly, PD98059
(10 mM) abolished the PDGF-BB–induced
increase in Ser50 phosphorylation of
calpain-2, whereas it did not affect the
decrease in phosphorylation of Ser369
induced by PDGF-BB (Figures 5D and
5E). Taken together, these data indicate
that PDGF-BB activates calpain through
phosphorylation of calpain-2 at Ser50,
which is mediated by ERK1/2. PDGF-
BB–induced dephosphorylation of
calpain-2 at Ser369 is independent of
ERK1/2 in PASMCs.
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Inhibition of PP2A Using Fostriecin
Diminishes Calpain Activation
Induced by PDGF
To identify the mechanism responsible for
the PDGF-induced dephosphorylation of
calpain-2 at Ser369, we examined the effects
of the inhibitors of PP1 (tautomycin), PP2A
(fostriecin), or PP2B (cyclosporin A) on the
PDGF-BB–induced increase in calpain
activity in PASMCs. As shown in Figures
6A and 6B, incubation of the cells with
tautomycin (10 nM) or cyclosporin A
(10 mM) for 30 minutes did not affect the
PDGF-BB–induced increase in calpain
activity, suggesting that PP1 and PP2B are not
involved in the PDGF-induced calpain
activation and phosphorylation. However,
pretreatment of the cells with fostriecin (200
nM) for 30 minutes prevented the increase in
calpain activity induced by PDGF (Figure 6C),
suggesting that PP2A is associated with
calpain activation and phosphorylation.

Next, we investigated the effect of
fostriecin on the PDGF-BB–induced ERK1/2
activation and the phosphorylation of
calpain-2. As shown in Figures 6D and 6E,
preincubation of the PASMCs with
fostriecin did not affect the PDGF-
BB–induced phosphorylation and activation
of ERK1/2 and the increase in the
phosphorylation of calpain-2 at Ser50.
However, fostriecin prevented the reduction
of calpain-2 phosphorylation at Ser369
induced by PDGF-BB (Figures 6F and 6G).
Collectively, these results indicate that PP2A
is responsible to the PDGF-BB–induced
dephosphorylation of calpain-2 at Ser369 in
PASMCs.

Higher Levels of P-Ser50–Calpain-2
and Lower Levels of P-Ser369–
Calpain-2 in Smooth Muscle Cells of
Pulmonary Arteries of Mice with
Hypoxic Pulmonary Hypertension
and Patients with PAH
We have previously reported that calpain
activity is higher in smooth muscle cells of
pulmonary arterioles from PAH animal
models and from patients with PAH (6).
To investigate whether increased calpain
activation in smooth muscle cells of
pulmonary arteries in PAH is associated
with alterations in the phosphorylation
status of Ser50– and Ser369–calpain-2, we
determined the levels of P-Ser50–calpain-2
and P-Ser369–calpain-2 in smooth muscle
of pulmonary arteries of mice with hypoxic
pulmonary hypertension and patients with
PAH. As shown in Figure 7, the smooth
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Figure 5. Effect of the extracellular signal–regulated kinase (ERK) 1/2 inhibitor PD98059 on
PDGF-BB–induced increase in calpain activity and changes in the phosphorylation status of
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PDGF-BB (10 ng/ml) for 10 minutes, after which calpain activity was determined by spectrofluorometry
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of p-ERK1/2, total ERK1/2, and calpain-2 from three experiments. (B) Bar graph showing the
changes in ERK1/2 phosphorylation quantified by scanning densitometry. (C) Bar graph depicting
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muscle of pulmonary arteries of mice with
hypoxic pulmonary hypertension and
patients with PAH contained higher levels
of P-Ser50–calpain-2 and lower levels of
P-Ser369–calpain-2. These results indicate
that higher levels of P-Ser50–calpain-2 and
lower levels of P-Ser369–calpain-2 may
contribute to higher calpain activity in smooth
muscle cells of pulmonary arteries in PAH
animal models and in patients with PAH.

Discussion

We previously reported that global
inhibition of calpain prevents pulmonary
vascular remodeling in hypoxia-induced
PAH and the progression of established
PAH induced by MCT (6). Lung tissues
from patients with PAH and from
hypoxia- and MCT-induced PAH animal
models demonstrated higher levels of

calpain activation in smooth muscle of
pulmonary arterioles (6). To further study
whether calpain-mediated pulmonary
vascular remodeling is due to calpain
activation in PASMCs, calpain activity is
inhibited in a mouse line of smooth
muscle–specific knockout of calpain-4.
We found that smooth muscle–specific
knockout of calpain attenuated pulmonary
vascular remodeling and pulmonary
hypertension induced by chronic hypoxia.
Moreover, increase in calpain activity by
knockout of calpastatin potentiated
pulmonary vascular remodeling and
pulmonary hypertension. These data
establish that calpain is activated in
smooth muscle cells of pulmonary
arterioles and modulates pulmonary
remodeling associated with PAH. In the
present study, knockouts of calpain-4 and
calpastatin do not affect RVSP and
pulmonary vascular thickness at basal
condition, suggesting that calpain is not of
primary importance in maintaining the
low vascular resistance of the pulmonary
circulation. Nevertheless, our data show
that the calpain activation may be an
important pathway common to various
extracellular mitogenic factors involved in
PAH pathogenesis. The mechanism of
calpain activation in PAH is not clear yet.
Here, we show that PAH mediators,
PDGF-BB, 5-HT, H2O2, ET-1, and IL-6,
markedly increased the calpain activities
and collagen-I protein levels in PASMCs.
The protein levels of calpain-1 and
calpain-2 were not altered in PASMCs
treated with these PAH mediators.
Furthermore, knocking down of calpain-2,
not calpain-1, abolished increases in calpain
activities induced by PAH mediators.
Together, PAH mediator-induced calpain
activation in PASMCs is caused by a
posttranslational modification of calpain-2.

The posttranslational modification of
calpain-2 induced by PAH mediators in
PASMCs is not due to the increase in
intracellular calcium. We found that the
presence of the calcium chelator, BAPTA/
AM, did not affect the calpain activation
evoked by PDGF-BB, 5-HT, H2O2, ET-1, and
IL-6. Interestingly, incubation of PASMCs
with the ERK1/2 inhibitor, PD98059,
prevents the PAH mediator–induced
increases in calpain activity, suggesting that
ERK1/2 is involved in calpain activation
induced by PAH mediators.

Phosphorylation as a post-
translational modification is one of the
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mechanisms that may modulate calpain
activity (23–25). Phosphorylation of
calpain-2 by ERK may activate calpain
directly or reduce calcium requirement for
calpain activation (22, 25). Our data show
that ERK1/2 inhibition reduces increases
in cell proliferation induced by PAH
mediators, indicating that ERK1/2-
induced calpain-2 activation leads to
functional consequence of cell proliferation.
It has been shown that mutation of residue
Ser50 in calpain-2 prevents calpain
activation and phosphorylation induced by
ERK (22). Mutation of Ser369 blocks
phosphorylation of calpain-2 induced by
protein kinase A and causes an increase in
calpain activity (21). However, there is
no direct evidence showing that Ser50 and
Ser369 in calpain-2 are phosphorylated.
Using mass spectrometry, we found that
Ser50 and Ser369 in calpain-2 are
phosphorylated. More importantly, Ser50
phosphorylation of calpain-2 is increased

and Ser369 phosphorylation of calpain-2
is decreased in PDGF-treated PASMCs.
To further examine the calpain-2
phosphorylation induced by PAH
mediators, we then made antibodies against
P-Ser50- and P-Ser369-calpain-2. The site-
directed mutagenesis study confirms the
specificity of these antibodies for P-Ser50-
and P-Ser369-calpain-2. Consistent with the
mass spectrometry results, the Western blot
analysis and fluorescence staining using these
antibodies showed that the Ser50
phosphorylation of calpain-2 was increased
and the Ser369 phosphorylation of calpain-2
was decreased in PASMCs treated with
PDGF-BB, 5-HT, H2O2, ET-1, and IL-6.
More importantly, we found that the ERK1/2
inhibitor, PD98059, prevented the increase
in the calpain-2 phosphorylation at
Ser50, but did not influence the reduction
of phosphorylation at Ser369 induced by
PDGF-BB, suggesting that ERK1/2 causes
the calpain-2 phosphorylation at Ser50 and

that ERK1/2 is not involved in the
dephosphorylation of calpain-2 at Ser369.

To identify which PP is responsible
for the dephosphorylation of calpain-2 at
Ser369, the effects of the PP1 inhibitor,
tautomycin, the PP2A inhibitor, fostriecin,
and the PP2B inhibitor, cyclosporin A, on the
PDGF-induced increase in calpain activity
were assessed.We found that tautomycin and
cyclosporin A did not affect the PDGF-
induced increase in calpain activity.
Importantly, our data indicate that the PP2A
inhibitor, fostriecin, prevents the PDGF-
induced increase in calpain activity,
suggesting that PP2Amight be involved in the
dephosphorylation of calpain-2 at Ser369.
Furthermore, the PP2A inhibitor, fostriecin,
prevents the decrease in the Ser369
phosphorylation, but does not affect ERK1/2
activation and the Ser50 phosphorylation
of calpain-2 in PDGF-treated PASMCs.
Taken together, our data support that PDGF-
induced dephosphorylation of calpain-2 at
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Ser369 is caused by PP2A. Phosphorylation
of the Ser369 may limit the domain
movements, freeze the enzyme in an inactive
conformation, and subsequently block calpain
activation (21). We postulate that removal of
the phosphate group from the Ser369 residue
is required for the activation of calpain-2
induced by PAH mediators. Interestingly, we
observed that P-Ser50 and P-Ser369 in
calpain-2 protein respond differently to
PP2A. This might be caused by a difference
in the recognition motif for phosphatase in
these phosphorylation sites. Further studies
are needed to test these speculations.

We also determined the levels of
P-Ser50– and P-Ser369–calpain-2 in
smooth muscle of pulmonary arterioles of

mice with hypoxic pulmonary hypertension
and patients with PAH. We observed higher
levels of P-Ser50–calpain-2 and lower levels
of P-Ser369–calpain-2 in smooth muscle of
pulmonary arteries in PAH animal models
and in patients with PAH. Therefore,
increased phosphorylation of calpain-2 at
Ser50 and decreased phosphorylation of
calpain-2 at Ser369 contribute to higher
calpain activation in smooth muscle cells of
pulmonary arterioles of PAH.

The vascular remodeling is a complex
process involving extracellular matrix
synthesis and turnover in the inflammatory
environment. Notably, calpain-1 regulates
matrix metalloproteinase-2 activity,
facilitating age-associated aortic wall

calcification and fibrosis (26, 27). Thus,
other calpain isoforms such as calpain-1,
cannot be excluded in the mechanisms of
pulmonary vascular remodeling of PAH.

In summary, we have demonstrated that
calpain is activated in smooth muscle of
pulmonary arterioles andmodulates pulmonary
vascular remodeling associated with PAH,
and that PAH mediators, PDGF, 5-HT, H2O2,
ET-1, and IL-6, activate calpain via ERK1/2-
dependent phosphorylation of calpain-2 at
Ser50 and PP2A-dependent dephosphorylation
of calpain-2 at Ser369 in PASMCs in
pulmonary vascular remodeling of PAH. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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