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Abstract

Airway smooth muscle thickening, a key characteristic of chronic
asthma, is largely attributed to increased smooth muscle cell
proliferation and reduced smooth muscle apoptosis. Polo-like
kinase 1 (Plk1) is a serine/threonine protein kinase that
participates in the pathogenesis of airway smooth muscle
remodeling. Although the role of Plk1 in cell proliferation and
migration is recognized, its function in smooth muscle apoptosis
has not been previously investigated. Caspase-9 (Casp9) is a key
enzyme that participates in the execution of apoptosis. Casp9
phosphorylation at Ser-196 and Thr-125 is implicated in
regulating its activity in cancer cells and epithelial cells. Here,
exposure of human airway smooth muscle (HASM) cells to
platelet-derived growth factorfor 24 hours enhanced the
expression of Plk1 and Casp9 phosphorylation at Ser-196, but not
Thr-125. Overexpression of Plk1 in HASM cells increased Casp9
phosphorylation at Ser-196. Moreover, the expression of Plk1
increased the levels of pro-Casp9 and pro-Casp3 and inhibited
apoptosis, demonstrating a role of Plk1 in inhibiting apoptosis.

Knockdown of Plk1 reduced Casp9 phosphorylation at Ser-196,
reduced pro-Casp9/3 expression, and increased apoptosis.
Furthermore, Casp9 phosphorylation at Ser-196 was upregulated
in asthmatic HASM cells, which was associated with increased
Plk1 expression. Knockdown of Plk1 in asthmatic HASM cells
decreased Casp9 phosphorylation at Ser-196 and enhanced
apoptosis. Together, these studies disclose a previously unknown
mechanism that the Plk1-Casp9/3 pathway participates in the
controlling of smooth muscle apoptosis.
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Tissue homeostasis is regulated by the
balance between cell proliferation and cell
death. Increased cell proliferation and/or
reduced cell death leads to enlargement of
organs or tissues, which is associated with
pathogenesis of various diseases such as

cancer and airway remodeling. Chronic
asthma is characterized by airway smooth
muscle layer thickening, which exacerbates
airway narrowing during asthma attacks
(1–3). Airway smooth muscle remodeling is
largely attributed to increased smooth

muscle cell proliferation (1, 4–6) and reduced
smooth muscle apoptosis (7). Although there
is considerable information regarding
smooth muscle cell proliferation, the
mechanisms that control smooth muscle
apoptosis remain to be elucidated.

Clinical Relevance

We discover that Plk1 regulates airway smooth muscle
apoptosis by affecting caspase-9 phosphorylation. This
finding provides necessary knowledge to investigate
pathogenesis of respiratory diseases such as asthma.
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Apoptosis is a form of programmed cell
death that is important for embryonic
development and tissue homeostasis.
Caspase-9 (Casp9) is a key enzyme that
participates in the execution of apoptosis.
Many proapoptotic signals stimulate release
of cytochrome c frommitochondria into the
cytosol, in which it binds to Apaf-1
(apoptotic protease activating factor-1),
inducing recruitment and proteolytic
processing/activation of pro-Casp9. Once
activated, Casp9 then cleaves and activates
the downstream effector pro-Casp3,
initiating a cascade of additional caspase
activation that culminates in cell death (8).

Phosphorylation of Casp9 has been
proposed to inhibit its activation in cancer
and epithelial cells. In Hela cells, treatment
with epidermal growth factor (EGF) or a
protein kinase C activator increases the
extracellular signal-regulated kinase (ERK)-
mediated phosphorylation of Casp9 at Thr-
125, which inhibits the activation of Casp9
andmay contribute to tumorigenesis (9). In
addition, Casp9 phosphorylation at Ser-196
inhibits Casp9 activation in epithelial cells
expressing a mutant Ras, which is mediated
by Akt (10). However, other studies do not
support the role of Akt at this site
phosphorylation (8).

Polo-like kinase 1 (Plk1) is a serine/
threonine protein kinase that participates in
the pathogenesis of airway smooth muscle
remodeling. Plk1 regulates the proliferation
andmigration of various cell types, including
airway smooth muscle cells (5, 11–13).
Smooth muscle conditional knockout of Plk1
attenuates allergen-induced airway smooth
muscle thickening (11). The role of Plk1 in
apoptosis has not been previously
investigated.

In this study, we find that Plk1 mediates
Casp9 phosphorylation at Ser-196, which
affects Casp9/3 expression and apoptosis in
human airway smooth muscle (HASM) cells.
The Plk1–Casp9/3 pathway is upregulated in
asthmatic HASM cells.

Results

Effects of Platelet-derived Growth
Factor, IL-13, and IL-33 on Expression
of Plk1 in Smooth Muscle Cells
Plk1 plays a role in the progression of airway
smooth muscle thickening. Because platelet-
derived growth factor (PDGF)-BB, IL-13,
and IL-33 have been implicated in asthma
pathology (12, 14, 15), we evaluated whether

they affect the expression of Plk1 in smooth
muscle cells. HASM cells were treated with
10 ng/ml PDGF-BB or IL-13 or IL-33 for 24
hours. IB analysis was used to assess the
expression of Plk1. Exposure to PDGF-BB
significantly enhanced the expression of Plk1
in HASM cells (Figures 1A and 1B).
However, treatment with IL-13 or IL-33 did
not affect Plk1 expression (Figures 1A and
1B). The results suggest that these cytokines
differentially regulate Plk1 expression in
smooth muscle cells.

PDGF Promotes Phosphorylation of
Casp9 at Ser-196, but Not at Thr-125
Phosphorylation of Casp9 at Ser-196 or Thr-
125 has been proposed to inhibit its
activation in epithelial cells or cancer cells
(9, 10). Thus, we tested the possibility that
these cytokines may affect Casp9
phosphorylation at these two residues.
Treatment with 10 ng/ml PDGF-BB for 24
hours enhanced Casp9 phosphorylation at Ser-
196, but not Thr-125 (Figures 1A, 1C, and
1D). However, IL-13 or IL-33 did not affect
Casp9 phosphorylation at these two sites
(Figures 1A, 1C, and 1D). PDGF-BB treatment
also increased the concentration of pro-Casp9
and pro-Casp3 (Figures 1A, 1E, and 1F).

PDGF-induced Plk1 Expression and
Casp9 Phosphorylation at Ser-196 Are
PDGF Receptor Dependent
We evaluated the effects of the PDGF
receptor inhibitor AG1296 on Plk1
expression and the Casp9/3 pathway.
Treatment with AG1296 significantly
reduced Plk1 expression, Casp9
phosphorylation at Ser-196, and pro-Casp9
and pro-Casp3 concentrations (Figure 2).
Treatment with AG1296 did not affect Casp9
phosphorylation at Thr-125. The results
suggest that the effects of PDGF on Plk1 and
Casp9 phosphorylation at Ser-196 are
dependent on PDGF receptor.

Growth Factor-induced Casp9
Phosphorylation at Ser-196 Is
Time Dependent
To further assess the role of growth factors in
this cellular process, we determined Casp9
phosphorylation at Ser-196 in HASM cells
treated with 10 ng/ml PDGF-BB for 5
minutes to 48 hours. Short-term treatment
with PDGF-BB (5 min to 2 h) did not
significantly increase Plk1 protein expression
and Casp9 Ser-196 phosphorylation.
However, Plk1 expression and Casp9
phosphorylation at Ser-196 began to

increase at 6 hours, peaked at 24 hours,
and reduced at 48 hours after PDGF
treatment (Figure 3A).

Because EGF has also been implicated
in asthma pathogenesis, we treated HASM
cells with 10 ng/ml for 5 minutes to 48 hours.
EGF treatment for 5 minutes to 24 hours did
not significantly enhance Plk1 expression
(Figure 3B). In addition, treatment with EGF
enhanced Casp9 Ser-196 phosphorylation at
5–30 minutes. Because Akt has been
implicated in Casp9 phosphorylation at Ser-
196 (10), we also determined Akt
phosphorylation in these cells. Akt
phosphorylation was increased as early as 5
minutes after EGF treatment (Figure 3B).
These results are consistent with the
observation that Akt mediates Casp9
phosphorylation at Ser-196 in epithelial cells
(10). Furthermore, EGF exposure for 48
hours increased both the expression of Plk1
and Casp9 phosphorylation at Ser-196
(Figure 3B).

Overexpression of Plk1 Induces
Phosphorylation of Casp9 at Ser-196
in Smooth Muscle Cells
As exposure to PDGF-BB coordinately
increases Plk1 expression and Casp9
phosphorylation at Ser-196, we questioned
whether Plk1 mediates Casp9
phosphorylation at this site. We transfected
cells with plasmids encoding Plk1 and
verified Plk1 overexpression by using IB
analysis (Figures 4A and 4B). The
overexpression of Plk1 enhanced the
phosphorylation degree of Casp9 at Ser-196
(Figure 4A, Lanes 1 and 2, and Figure 4C).
Furthermore, Plk1 overexpression increased
the concentrations of pro-Casp9 and pro-
Casp3 (Figure 4A, Lanes 1 and 2, and Figures
4D and 4E), suggesting a role of Plk1 in
expression of Casp9 and Casp3. In addition,
we also assessed whether PDGF-BB
treatment affects Casp9 phosphorylation in
cells overexpressing Plk1. Treatment with
PDGF-BB for 24 hours did not affect Plk1
expression, Casp9 phosphorylation at Ser-
196, or Casp9/3 expression in cells
overexpressing Plk1 (Figure 4A, Lanes 2 and
4, and Figures 4B–4E).

Plk1-mediated Casp9 Phosphorylation
at Ser-196 Is Not Dependent upon
ERK1/2
Because ERK has been shown to regulate
Casp9 phosphorylation at Thr-125 (9), we
questioned whether the Plk1-mediated
Casp9 phosphorylation at Ser-196 is
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affected by ERK. Overexpression of Plk1 or
PDGF-BB treatment enhanced the
phosphorylation of ERK1/2 (Figures 4A
and 4F), which is consistent with our
previous studies (5, 12). Moreover, we used
the MEK1/2 inhibitor U0126 to attenuate

ERK1/2 phosphorylation, which was
verified by IB analysis (Figures 4A and 4F).
However, treatment with U0126 did not
affect Casp9 phosphorylation at Ser-196
and the expression of Casp9/3 (Figure 4A,
Lanes 4 and 6, and Figures 4C–4E).

Overexpression of Plk1 Does Not
Affect Phosphorylation of Casp9 at
Thr-125 in Smooth Muscle Cells
Because Casp9 phosphorylation at
Thr-125 has been implicated in
tumorigenesis (9), we also assessed
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Figure 1. Platelet-derived growth factor (PDGF) exposure increases the expression of Polo-like kinase 1 (Plk1), Caspase-9 (Casp9)
phosphorylation at Ser-196, and pro-Casp9 and pro-Casp3 concentrations in human airway smooth muscle (HASM) cells. (A) Representative
IBs illustrating the effects of PDGF-BB, IL-13, and IL-33 on Plk1, Casp9 phosphorylation, pro-Casp9, and pro-Casp3. HASM cells were treated
with 10 ng/ml PDGF-BB, IL-13, and IL-33 for 24 hours, or they were not treated, followed by IB analysis. (B–F) Protein ratios of Plk1/GAPDH (B),
Casp9 phosphorylation at Ser-196 (C), Casp9 phosphorylation at Thr-125 (D), pro-Casp9 concentration (E), and pro-Casp3 concentration (F) are
normalized to untreated cells, respectively. PDGF-BB, but not IL-13 or IL-33, enhances Plk1 expression, Casp9 phosphorylation at Ser-196,
pro-Casp9 level, and pro-Casp3 level. However, PDGF-BB, IL-13, and IL-33 do not affect Casp9 phosphorylation at Thr-125. Data are mean
values of four nonasthmatic cell cultures from three donors. Error bars indicate SD. *P, 0.05 and **P,0.01. One-way ANOVA was used for
statistical analysis. Ctrl = control; NS=not significant.
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the effects of Plk1 expression on this
site phosphorylation. Plk1
overexpression did not increase Casp9
phosphorylation at Thr-125 in the
absence or presence ofPDGF-BB
(Figures 4A and 4G). Furthermore, the
inhibition of ERK1/2 phosphorylation
by U0126 did not significantly affect
this site phosphorylation (Figures 4A
and 4G).

Overexpression of Plk1 Attenuates
Apoptosis in HASM Cells
We also evaluated the effects of Plk1
overexpression on apoptosis by using the
Annexin V apoptosis assay kit.
Compared with control cells, the expression
of Plk1 reduced the luminescence
signals of cells (Figure 4H). The results
suggest a negative role for Plk1 in
apoptosis.

Plk1 Knockdown Affects Casp9
Phosphorylation at Ser-196 and
Concentrations of Pro-Casp9/3 in
HASM Cells
To further assess the role of Plk1, we silenced
Plk1 protein expression using siRNA and
evaluated the consequences of Plk1
knockdown (KD). We noticed that Plk1
KD reduced Casp9 phosphorylation at
Ser-196 and the expression of pro-Casp9/3
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Figure 2. PDGF-induced upregulation of Plk1–Casp9/3 pathway is PDGF receptor dependent. HASM cells were treated with 10 ng/ml
PDGF for 24 hours in the presence or absence of 10 mM AG1296. Dimethyl sulfoxide (DMSO) was used as vehicle. (B–F) Protein ratios
of Plk1/GAPDH (B), Casp9 phosphorylation at Ser-196 (C), Casp9 phosphorylation at Thr-125 (D), pro-Casp9 concentration (E), and
pro-Casp3 concentration (F) are normalized to Ctrl cells not treated with AG1296, respectively. Data are mean values of five to six
nonasthmatic cell cultures from three donors. Error bars indicate SD. *P, 0.05 and **P,0.01. Two-way ANOVA was used for statistical
analysis.
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Figure 3. Time course of Plk1 expression and Casp9 phosphorylation at Ser-196 in response to stimulation with PDGF and epidermal growth
factor. (A and B) HASM cells were treated with 10 ng/ml PDGF (A) or epidermal growth factor (B) for different time points. Protein
phosphorylation and expression were evaluated by IB. Plk1 expression and Casp9 phosphorylation at Ser-196 are time dependent. Data are
mean values of four to six nonasthmatic cell cultures from three donors. Error bars indicate SD. *P,0.05 and **P=0.01. One-way ANOVA was
used for statistical analysis.
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Figure 4. Overexpression of Plk1 enhances Casp9 phosphorylation at Ser-196, but not Thr-125 in HASM cells. (A) Representative IBs showing
the effects of Plk1 overexpression on Casp9 phosphorylation at Ser-196/Thr-125, Casp9/3 expression and ERK1/2 phosphorylation. HASM cells
were transfected with Ctrl plasmids or plasmids encoding Plk1 for 24 hours and serum starved for additional 24 hours. They were then treated
with 10 ng/ml PDGF-BB for 24 hours in the presence or absence of 10 mM U0126. IB analysis was used to evaluate protein phosphorylation and
expression. (B) Protein ratios of Plk1/GAPDH are normalized to Ctrl cells not treated with PDGF-BB or U0126. Plk1 overexpression is verified in
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of five to six nonasthmatic cell cultures from three donors. Error bars indicate SD. *P,0.05 and **P, 0.01. Two-way ANOVA was used for
statistical analysis.
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(Figures 5A–5E). However, Plk1 KD did not
affect the expression of Bax (Bcl-2-associated
X protein) (Figure E1 in the data
supplement), which regulates Casp9 via
cytochrome c (9). In addition, Plk1 KD
increased apoptosis of these cells as
evidenced by the Annexin V assay (Figure
5F). Furthermore, PDGF treatment rescued
Casp9 phosphorylation at Ser-196,
concentrations of pro-Casp9/3, and
apoptosis in Plk1 KD cells (Figure 5). The
results suggest that Plk1 mediates PDGF-
induced impact on the Casp9/3 pathway and
apoptosis.

Phosphorylation of Casp9 at Ser-196
Is Higher in Asthmatic HASM Cells
Because apoptosis has been implicated in
airway smooth muscle remodeling and
Casp9 is a key enzyme to initiate apoptosis,
we questioned whether the phosphorylation
level of Casp9 is altered in asthmatic HASM
cells using IB analysis. We noticed that Plk1
expression and the phosphorylation degree
of Casp9 at Ser-196 were higher in asthmatic
HASM cells as compared with nonasthmatic
HASM cells (Figures 6A–6C). Moreover, the
concentrations of pro-Casp9 and pro-Casp3
were greater in asthmatic HASM cells
(Figures 6A, 6D, and 6E). However, the
phosphorylation degree of Casp9 at Thr-125
was not significantly different between
asthmatic and nonasthmatic HASM cells
(Figures 6A and 6F). Furthermore, we found
that Plk1 protein levels were higher in
asthmatic human bronchial tissues as
compared with nonasthmatic human
bronchial tissues (Figure E2).

Plk1 Regulates Phosphorylation of
Casp9 at Ser-196 and Concentrations
of pro-Casp9/3 in Asthmatic
HASM Cells
Next, we determined whether Plk1 has a role
in mediating Casp9 in asthmatic HASM
cells. Treatment with Plk1 siRNA reduced
the expression of Plk1 in asthmatic HASM
cells (Figures 7A and 7B). Moreover, Plk1
KD reduced Casp9 phosphorylation at Ser-
196 and pro-Casp9 and pro-Casp3
concentrations (Figures 7A and 7C–7E).
However, Plk1 KD did not affect the
expression of Bax in asthmatic HASM cells
(Figures 7A and 7F). Furthermore, apoptosis
was increased in asthmatic Plk1 KDHASM
cells (Figure 7G). The results suggest that
Plk1 regulates Casp9 phosphorylation at Ser-
196, the expression of pro-Casp9/3, and
apoptosis in asthmatic HASM cells.

Discussion

Airway smooth muscle thickening in severe
asthma is attributed in part to reduced
smooth muscle apoptosis (7). The
mechanisms that control smooth muscle
apoptosis are largely unknown. Here, we
present evidence to suggest that Plk1 plays an
important role in regulating Casp9
phosphorylation at Ser-196 and apoptosis in
nonasthmatic and asthmatic HASM cells.

PDGF-BB, IL-13, and IL-33 have been
implicated in asthma pathology (12, 14, 15).
In this study, treatment with PDGF-BB, but
not IL-13 or IL-33, increased the expression
of Plk1 in HASM cells (Figure 1). Moreover,
exposure to PDGF-BB, but not IL-13 or
IL-33, increased Casp9 phosphorylation at
Ser-196 and pro-Casp9 and pro-Casp3
concentrations. The results suggest that these
cytokines differentially affect the expression
of Plk1 and Casp9 phosphorylation at Ser-
196 in smooth muscle cells. In addition, we
found that exposure to EGF also upregulated
Plk1 expression and Casp9 phosphorylation
at Ser-196. Thus, growth factors may
participate in modulating the Plk1-Casp9/3
pathway in HASM cells.

The mechanism by which growth
factors (PDGF and EGF) upregulate Plk1 is
currently unknown. Because miR-509
regulates Plk1 expression in proliferating
smooth muscle cells (12), it is possible that
the growth factor upregulates Plk1
abundance by inhibiting miR-509. In
addition, it is known that Akt and ERK1/2
can activate mTORC1, which promotes
protein translation (16). Stimulation with
PDGF/EGF activates Akt and ERK1/2 in
smooth muscle (5, 12, 17, 18). Thus, it is
likely that stimulation with growth factors
may activate mTORC1 via Akt/ERK1/2,
which enhances Plk1 translation. Future
studies are required to test the possibilities.

Casp9 phosphorylation at Ser-196 is
catalyzed by Akt in epithelial cells (10),
which is supported by our current study
(Figure 3B). More importantly, the
overexpression of Plk1 in smooth muscle
cells enhanced the phosphorylation degree of
Casp9 at Ser-196 (Figure 4). Our results are
consistent with analysis of substrate
consensus sequence for Plk1. In general, the
consensus phosphorylation motif for Plk1 is
(E/D)-X-[pS/pT]- (I/L/V/M)-X-(E) (19). The
amino acid sequence near Ser-196 on Casp9
is EKLRRRFSpSLHFMVE (NCBI reference
sequence: NP_001220.2), which possesses the

consensus phosphorylation motif for Plk1.
However, the amino acid sequence near Thr-
125 (EVLRPEpTPRPVDIG) lacks an L and
an E in the C-terminal flanking region. Thus,
it is not surprising that Plk1 did not mediate
Casp9 phosphorylation at Thr-125 (Figure 4).
In addition, Plk1 overexpression enhanced
the expression of pro-Casp9/3 and inhibited
apoptosis in smooth muscle cells (Figure 4).
Plk1 KD reduced Casp9 phosphorylation at
Ser-196 and the amount of pro-Casp9/3
and enhanced apoptosis in smooth muscle
cells (Figure 5). Therefore, Plk1 mediates
Casp9 phosphorylation at Ser-196,
which may attenuate apoptosis in smooth
muscle cells.

Plk1 consists of PBD (polo-box
domain) and a kinase domain. In some cases,
PBD of Plk1 binds to pS/pTmotif of a
substrate, which facilitates phosphorylation
of additional pS/pT sites on a substrate (20).
Because ERK is another kinase that has a role
in mediating Casp9 phosphorylation at Thr-
125 in Hela cells (9), this raises the possibility
that ERKmay prime Casp9 for Plk1-
mediated Casp9 phosphorylation at Ser-196.
However, the inhibition of ERK1/2 by U0126
did not affect Plk1-mediated Casp9
phosphorylation at Ser-196 (Figure 4). The
results suggest that Plk1-mediated Ser-196
phosphorylation is not dependent on
ERK1/2. Plk1 has been shown to catalyze
substrate phosphorylation that is not
dependent on activity of other kinases (21).

Although Plk1 affects Casp9
phosphorylation at Ser-196, it does not affect
the expression of Bax in cells. It is not
surprising because various proapoptotic
signals promote the expression and/or
interaction of Bax with mitochondria, which
induces cytochrome c release and activates
the Apaf-1/Casp9 pathway (8, 22).

Here, we found that the expression of
Plk1 was upregulated in asthmatic HASM
cells/tissues, which is consistent with our
previous studies (12). Moreover, Casp9
phosphorylation at Ser-196 and the levels of
pro-Casp9/3 were higher in asthmatic
HASM cells (Figure 6). Furthermore, Plk1
KD reduced Casp9 phosphorylation at Ser-
196 and enhanced apoptosis in asthmatic
HASM cells (Figure 7). Thus, upregulation of
Plk1 in asthmatic HASM cells leads to Casp9
phosphorylation at Ser-196, which
subsequently inhibits apoptosis.

HASM cells derived from asthmatics
proliferate faster than do cultured HASM
cells derived from nonasthmatic subjects (12,
23). This intrinsic property is retained with
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extensive culture passage. In this study,
asthmatic HASMwas obtained from severe
asthma patients who received treatment with
bronchodilators and steroids. Plk1
upregulation in HASMmay be affected by

asthma severity andmedication. Future
studies are required to further investigate the
possibilities.

In summary, we unveil a novel
mechanism by which Plk1 inhibits apoptosis

in smooth muscle cells. Plk1 mediates
Casp9 phosphorylation at Ser-196, which
attenuates apoptosis in HASM cells. In
asthmatic HASM cells, the Plk1-Casp9/3
pathway is upregulated, which may
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Figure 5. Knockdown (KD) of Plk1 affects Casp9 phosphorylation at Ser-196 and concentrations of Casp9/3 in HASM cells. (A) Representative
IBs illustrating the effects of Plk1 KD on the levels of Casp9 phosphorylation at Ser-196, pro-Casp9, and pro-Casp3. Ctrl and Plk1 KD cells were
treated with or without 10 ng/ml PDGF for 24 hours, followed by IB analysis. (B) Protein ratios of Plk1/GAPDH are normalized to cells treated
with Ctrl siRNA. Plk1 KD is verified in these cells. (C–E) Plk1 KD reduces Casp9 phosphorylation at Ser-196 (C) and the concentrations of pro-
Casp9 (D) and pro-Casp3 (E). (F) Apoptosis of HASM cells was evaluated using the Annexin V apoptosis assay kit. Data are mean values of
four to six nonasthmatic cell cultures from three donors. Error bars indicate SD. *P, 0.05 and **P, 0.01. Two-way ANOVA was used for
statistical analysis.
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contribute to the progression of airway
smooth muscle thickening in severe
asthma.

Methods

Cell Culture
HASM cells were prepared from human
bronchi and adjacent tracheas obtained from
the International Institute for Advanced
Medicine as previously described (1, 24–28).
This study was approved by the Albany

Medical College Committee on Research
Involving Human Subjects. The donor
human lungs used to procure cells were not
suitable for transplant, and not identifiable,
thus studies were determined to be not
human subjects research. Smooth muscle
cells within passage 10 were used for the
studies. Primary cells from three donors
without asthma and three donors with
asthma were used for the experiments.
Clinical information of donors was included
in Table 1. In addition, U0126 was dissolved
in dimethyl sulfoxide.

IB Analysis
Western blotting of cell lysis was performed
using the experimental procedures as
previously described (12, 24, 29–33). Anti-
Plk1 (1:1000) was purchased from EMD
Millipore (#05–844, L/N 2477015). Anti-Plk1
was validated by using corresponding KD
cells. GAPDH antibody (1:1000) was
purchased from Santa Cruz Biotechnology
(Sc-32233, L/N K0315) and validated by
assessing molecular weight of detected bands.
Anti-p-Casp9 (Ser-196) (Thermo Fisher
Scientific PA5–40222, L/N UD2758132) and
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Figure 6. The Plk1-Casp9/3 pathway is upregulated in asthmatic HASM cells. (A) Representative IBs illustrating Plk1 expression, Casp9
phosphorylation, and pro-Casp9/3 concentrations in nonasthmatic and asthmatic HASM cells. (B–F) Protein expression and phosphorylation in
asthmatic (AS) cells are compared with nonasthmatic (N) cells. Casp9 phosphorylation is determined using pSer-196 or pThr-125/total pro-
Casp9 ratios. Data are mean values of four asthmatic cell cultures from three donors. Error bars indicate SD. **P, 0.01. Student’s t-test was
used for statistical analysis.
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Figure 7. Role of Plk1 in Casp9 phosphorylation at Ser-196 and apoptosis in asthmatic HASM cells. (A) Representative IBs illustrating the
effects of Plk1 KD on the degree of Casp9 phosphorylation at Ser-196 and concentrations of pro-Casp9, pro-Casp3, and Bax in asthmatic
HASM cells. Asthmatic HASM cells were treated with Ctrl siRNA or Plk1 siRNA for 48 hours, followed by IB analysis. (B) Protein ratios of Plk1/
GAPDH are compared with asthmatic cells treated with Ctrl siRNA. Treatment with Plk1 siRNA reduces Plk1 expression in asthmatic HASM
cells. (C–E) Casp9 phosphorylation at Ser-196 and ratios of pro-Casp9/GAPDH or pro-Casp3/GAPDH are compared with Ctrl asthmatic cells.
(F) Ratios of Bax/GAPDH are compared with Ctrl asthmatic cells. Bax levels are not affected by Plk1 KD. (G) Apoptosis of asthmatic HASM cells
treated with Ctrl siRNA or Plk1 siRNA was evaluated using the Annexin V apoptosis assay kit. Data are mean values of four to six cell cultures
from three donors. Error bars indicate SD. *P, 0.05 and **P,0.01. Student’s t test was used for statistical analysis.

Table 1. Characteristics of Lung Donors

Donor Asthmatic? Age, yr
Race and
Ethnicity Sex Cause of Death

Bronchodilator (B)
Steroid (S)

1 No 18 African American Male Head trauma No
2 No 28 White Female Cardiac arrest No
3 No 58 White Male Head trauma No
4 Yes 24 White Female Anoxia B and S
5 Yes 46 White Male Anoxia B and S
6 Yes 57 African American Male Anoxia B and S

ORIGINAL RESEARCH

232 American Journal of Respiratory Cell and Molecular Biology Volume 66 Number 2 | February 2022



anti-p-Casp9 (Thr-125) (Thermo Fisher
Scientific PA5–37505, L/N UE2768101) were
validated by assessing molecular weight of
detected bands. Total anti-Casp9 (1:1000)
was purchased from Cell Signaling (#9502S,
L/N 8) and validated by assessing molecular
weight of detected bands. Anti-Casp3
(1:1000) was purchased from Cell
Signaling (#9662S, L/N 17) and validated by
assessing molecular weight of detected bands.
Anti-Bax was purchased from EMD
Millipore (#ABC11, L/N 2435198) and
validated by assessing molecular weight of
detected bands. Finally, vendors have
provided data sheets to show that
antibodies were validated by positive
controls.

The concentrations of proteins were
quantified by scanning densitometry of IBs
(Fuji Multigauge Software or GE IQTL

software). The luminescent signals from all
IBs were within the linear range.

Plasmids, siRNA, and Cell
Transfection
Plk1 cDNAwas cut off from pcDNA3
33 Flag-Plk1 (5) and subcloned to pLenti-
puro (Addgene #39481) at XhoI and ApaI
sites. The construct has a CMV promoter,
39UTR and poly A of BGH. Cells were
transfected with pLenti-puro-Plk1 using
FuGENEHD transfection reagent (Promega)
according to the manual of the manufacture.
They were then cultured in the growth
medium followed by biochemical analysis.
For Plk1 KD, HASM cells were transfected
with control siRNA (Santa Cruz, #sc-37007,
L/N K2320) or Plk1 siRNA (Santa Cruz,
#sc-36277, L/N G0910) using the
transfection protocol of the manufacture.

Assessment of Apoptosis by Annexin
V Assay
Apoptosis was evaluated by using the
Annexin V apoptosis assay kit (Promoga)
according to the manual of manufacture.

Statistical Analysis
All statistical analysis was performed using
Prism software (GraphPad Software).
Differences between pairs of groups were
analyzed by Student’s t test. Comparison
amongmultiple groups was performed by
one-way or two-way ANOVA followed by a
post hoc test (Tukey’s multiple comparisons).
Values of n refer to the number of
experiments used to obtain each value.
P, 0.05 was considered to be significant.�

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