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Abstract

It has been reported that actin polymerization is regulated by
protein tyrosine phosphorylation in smooth muscle on contractile
stimulation. The role of protein serine/threonine phosphorylation
in modulating actin dynamics is underinvestigated. SLK (Ste20-
like kinase) is a serine/threonine protein kinase that plays a
role in apoptosis, cell cycle, proliferation, and migration. The
function of SLK in smooth muscle is mostly unknown. Here,
SLK knockdown (KD) inhibited acetylcholine (ACh)-induced actin
polymerization and contraction without affectingmyosin light chain
phosphorylation at Ser-19 in human airway smooth muscle.
Stimulation with ACh induced paxillin phosphorylation at Ser-272,
which was reduced in SLK KD cells. However, SLK did not catalyze
paxillin Ser-272 phosphorylation in vitro. But, SLK KD attenuated
Plk1 (polo-like kinase 1) phosphorylation at Thr-210. Plk1 mediated
paxillin phosphorylation at Ser-272 in vitro. Expression of the
nonphosphorylatable paxillin mutant S272A (substitution of alanine
at Ser-272) attenuated the agonist-enhanced F-actin/G-actin
ratios without affecting myosin light chain phosphorylation.
Because N-WASP (neuronal Wiskott-Aldrich Syndrome Protein)

phosphorylation at Tyr-256 (an indication of its activation)
promotes actin polymerization, we also assessed the role of paxillin
phosphorylation inN-WASP activation. S272Apaxillin inhibited the
ACh-enhanced N-WASP phosphorylation at Tyr-256. Together,
these results suggest that SLK regulates paxillin phosphorylation at
Ser-272 via Plk1, which modulates N-WASP activation and actin
polymerization in smooth muscle. SLK-mediated actin cytoskeletal
reorganization may facilitate force transmission between the
contractile units and the extracellular matrix.

Keywords: smooth muscle; actin cytoskeleton; contraction;
phosphorylation; signal transduction

Clinical Relevance

We discovered a novel mechanism that controls actin
dynamics and contraction in smooth muscle. This finding
provides a fundamental knowledge to investigate smooth
muscle diseases such as asthma.

Smooth muscle contraction can be
viewed as “moving of a car.” Myosin
may serve as an “engine” for smooth
muscle contraction, whereas the actin
cytoskeleton may act as a “transmission
system” in smooth muscle. Both myosin
activation and actin cytoskeletal
reorganization are necessary for smooth
muscle contraction (1–7). Increased
actin filament assembly may strengthen

the connection between the actin
cytoskeleton and the integrin-associated
complex, which promotes force
transmission from the contractile units to
the extracellular matrix (1, 2, 6, 8). Actin
polymerization may also enhance the
number of contractile units and promote
smooth muscle contraction (1, 9, 10).

It has been reported that actin
polymerization is regulated by protein

tyrosine phosphorylation in various cell
types, including smooth muscle (1, 2, 6).
For instance, contractile stimulation
activates protein tyrosine kinases
(e.g., c-Abl, focal adhesion kinase),
which subsequently catalyze tyrosine
phosphorylation of actin-regulatory
proteins (e.g., cortactin, p130CAS,
Abi1, paxillin). Tyrosine-phosphorylated
proteins in turn activate N-WASP
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(neuronal Wiskott-Aldrich Syndrome
Protein; a master regulator of actin
polymerization) and actin polymerization
in smooth muscle (1, 2, 6). However,
the knowledge regarding the role of
protein serine/threonine phosphorylation
in actin dynamics is limited.

SLK (Ste20-like kinase) is a
serine/threonine protein kinase that plays
a role in apoptosis, cell cycle, proliferation,
and migration (11–14). During G2/M
transition, SLK phosphorylates and
activates Plk1 (polo-like kinase 1) (15),
which regulates centrosome formation,
spindle assembly, and cytokinesis (16).
Our previous studies have shown that
Plk1 plays a role in regulating human
airway smooth muscle contraction
(17). This raises the possibility that
SLK may be involved in smooth muscle
contraction.

Paxillin is an adapter protein that
has been implicated in actin dynamics,
focal adhesion assembly, adhesion,
cell migration, and smooth muscle
contraction (2, 18–20). Paxillin undergoes
phosphorylation at Ser-273 (equivalent
to human paxillin Ser-272, NCBI
Accession number, NP_002850.2)
during migration of Chinese hamster ovary
(CHO)-K1 cells (21) and canine airway
smooth muscle on contractile activation
(22). Paxillin phosphorylation at this
residue regulates cell migration and smooth
muscle contraction (21, 22).

In this study, we find that SLK
regulates paxillin phosphorylation at
Ser-272 via Plk1, which modulates actin
polymerization and the contraction in
smooth muscle. Thus, SLK is an upstream
regulator for the actin cytoskeleton in
smooth muscle.

Methods

Cell Culture
Human airway smooth muscle
(HASM) cells were prepared from
human bronchi and adjacent tracheas
obtained from the International Institute
for Advanced Medicine as previously
described (3–5, 23, 24). Human
tissues were nontransplantable and
consented by donors for research.
This study was approved by the Albany
Medical College Committee on Research
Involving Human Subjects. Smooth
muscle cells within passage 5 were

used for the studies. Primary cells
from three donors were used for most
experiments. Characteristics of donors
are summarized in Table 1. In some
cases, duplicate or triplicate experiments
from cells of one donor were used for
analysis.

Immunoblot Analysis
Western blotting of cell lysis was performed
using the experimental procedures as
previously described (17, 23, 25–27).
Anti-SLK (1:250) was purchased from
Santa Cruz Biotechnology (#sc-79068,
L/N B2410). Total Plk1 antibody (1:1,000)
was purchased from EMD Millipore
(#05-844, L/N 2477015). Anti-SLK
and anti-Plk1 were validated by using
corresponding knockdown (KD) cells.
GAPDH antibody (1:10,000) was purchased
from Ambion (AM4300, L/N 1311029)
and validated by assessing molecular
weight of detected bands. Anti–p-paxillin
(S272) (SAB4301321, L/N 461211762;
Sigma) and anti-paxillin (#610052/ L/N
7208686; BD Biosciences) were validated
by assessing molecular weight of detected
bands. Phospho-Plk1 (T210) antibody
(1:500) was purchased from Cell
Signaling (#9062S, L/N 1) and validated
by assessing molecular weight of detected
bands and higher intensity in stimulated
cells. Antibody against phospho-myosin
light chain (Ser-19, 1:250) was purchased
from Santa Cruz Biotechnology (sc-
19849-R, L/N B2411) and validated by
assessing molecular weight of detected
bands and higher intensity in stimulated
cells. Anti–myosin light chain (1:2,000)
was a gift of Dr. Gunst (28, 29) and
validated by assessing molecular weight
of detected bands. Anti–phospho-N-WASP
(Y256) (#AB1966, L/N 27954912838736;
EMD Millipore) and anti–N-WASP
(#sc-10121, L/N G2211; Santa Cruz
Biotechnology) were validated by
assessing molecular weight of
detected bands and higher intensity in
stimulated cells. Finally, vendors have

provided data sheets to show that
antibodies were validated by positive
controls.

The levels of proteins were
quantified by scanning densitometry of
immunoblots (Fuji Multigauge Software
or GE IQTL software). The luminescent
signals from all immunoblots were within
the linear range.

Virus-mediated RNA Interference
For Plk1 KD, lentiviruses encoding
Plk1 shRNA (sc-36277-V) or control
shRNA (sc-108080) were purchased
from Santa Cruz Biotechnology. Stable
HASM Plk1 KD cells were generated
using the methods as previously
described (17). Plk1 KD cells and
cells expressing control shRNA were
stable at least five passages after initial
infection.

Analysis of F-Actin/G-Actin Ratios
The ratios of F-actin and G-actin in
smooth muscle were evaluated using the
fractionation assay as previously described
(4, 5, 23, 30).

Co-IP Analysis
Co-IP analysis was performed using the
experimental procedures as previously
described (3–5, 23, 25).

In Vitro Kinase Assay
Purified SLK (#14-652, L/N D7HN034U-B)
and Plk1 (#14-777) were purchased
from EMD Millipore. Purified paxillin
was purchased from Raybiotech
(#P49023-2, L/N 11G1113W). Active
Plk1 or SLK (40 ng) and 1 mg paxillin
were placed in 20 ml kinase buffer
containing 20 mM HEPES (pH7.5),
60 mM NaCl, 2 mM MgCl2, 5 mM
EGTA, and 100 mM ATP. Kinase
reaction mix was incubated at 308C
for 30 minutes and stopped
by the addition of the SDS sample
buffer (30, 31). The samples were
boiled for 5 minutes and separated
by SDS-PAGE followed by membrane

Table 1. Characteristics of Lung Donors

Donor No Asthma Age (yr) Race and Ethnicity Sex Cause of Death

1 Yes 25 Hispanic M Blunt injury
2 Yes 32 White F Asphyxiation
3 Yes 56 White M Head trauma
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Figure 1. Ste20-like kinase (SLK) regulates actin polymerization and smooth muscle contraction without affecting myosin light chain phosphorylation at
Ser-19. (A) Human airway smooth muscle (HASM) cells were treated with control (Ctrl or Con) or SLK siRNA for 2 days. Protein expression in these cells
was evaluated by IB. Data are mean values of experiments using five batches of cell culture from three donors. Error bars indicate SD. (B) HASM cells
treated with Ctrl or SLK siRNA were stimulated with 1024 M acetylcholine (ACh) for 5 minutes or left unstimulated. F-actin/G-actin ratios in cells were
evaluated using the fractionation assay. Data are mean values from six batches of cell culture from three donors. Error bars indicate SD. (C and D)
Fluorescent images illustrating the effects of SLK knockdown (KD) on F/G-actin ratios in HASM cells. Phalloidin was used to detect F-actin, whereas
DNase I was used to detect G-actin. SLK KD attenuates F/G-actin ratios on stimulation with ACh (1024 M, 5 min). Data are means6SD (n=23–30
images from three independent experiments). Scale bar: 30 mm. (E) Myosin light chain (MLC) phosphorylation (p) at Ser-19 in cells treated with Ctrl or SLK
siRNA was assessed by immunoblot analysis. Basal and ACh (1024 M, 5 min) -induced myosin phosphorylation was similar in cells expressing Ctrl siRNA
or SLK siRNA. NS = not significant. Data are mean values from four batches of cell culture from three donors. Error bars indicate SD. (F) Immunoblots
showing the effects of SLK siRNA on SLK expression in human bronchial tissues. Blots are representative of three identical experiments. Contraction of
human bronchial rings to ACh was evaluated, after which siRNA was introduced into tissues by reversible permeabilization. Contractile responses (ACh,
1024 M, 5 min) were compared before and after incubation. Passive tension is normalized to the ACh-induced contractile response before incubation.
Data are mean values of six samples from three donors. Error bars indicate SD. *P, 0.05 and **P,0.01. Student’s t-test was used for statistical analysis
of A and F. Two-way ANOVA was used for statistical analysis of B, D, and E.
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transfer. The membrane was probed with
phospho-paxillin antibody, stripped, and
reprobed with paxillin antibody.

Mutagenesis, Plasmid Purification,
and Cell Transfection
S272A paxillin (alanine substitution at
Ser-272) was generated by using Quick

change II XL site-directed mutagenesis
kit (Agilent Technologies). The template
plasmid pmcherry-paxillin (Addgene
plasmid #50526) was a gift of Kenneth
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Figure 2. Differential roles of SLK and Plk1 (polo-like kinase 1) in regulating paxillin phosphorylation at Ser-272. (A) ACh stimulation enhances paxillin
Ser-272 phosphorylation. HASM cells were exposed to 1024 M ACh for different time points. Paxillin phosphorylation at Ser-272 was assessed by
immunoblot analysis. Data are mean values of experiments from five batches of cell culture from three donors. Error bars indicate SD. (B) Smooth muscle
cells transfected with Ctrl or SLK siRNA were stimulated with 1024 M ACh for 5 minutes, or unstimulated. Paxillin phosphorylation at this residue was
evaluated by IB. SLK KD inhibits the ACh-induced paxillin phosphorylation in cells. Data are mean values of experiments from five batches of cell culture
from three donors. Error bars represent SD. (C) In vitro kinase assay shows that Plk1, but not SLK, catalyzes paxillin phosphorylation at Ser-272. Data are
mean values of four independent in vitro kinase reactions. Error bars indicate SD. (D) Stable Plk1 KD in HASM cells were verified by immunoblot analysis.
(a) Blots are representative of four identical experiments. (b) Cells expressing Ctrl or Plk1 shRNA were stimulated with 1024 M ACh for 5 minutes, or
unstimulated. Paxillin phosphorylation was evaluated by immunoblot analysis. Data are mean values of experiments from five batches of cell culture from
three donors. Error bars represent SD. *P,0.05 and **P, 0.01. Student’s t-test was used for statistical analysis of A. One-way ANOVA was used for
statistical analysis of C. Two-way ANOVA was used for statistical analysis of B and D.

ORIGINAL RESEARCH

648 American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 5 | May 2020



Yamada of National Institute of Dental
and Craniofacial Research. Sequence of
the 59-primer was 59-GGA CGA GCT
GAT GGC TGC GCT GTC GGA TTT
CAA G-39. The 39 primer was 59-CTT
GAA ATC CGA CAG CGC AGC CAT
CAG CTC GTC C-39. The primers were
synthesized by ThermoFisher. The PCR
product was subcloned into pcDNA3
33 Flag and was transformed into
XL10-Gold Ultracompetent cells (Agilent
Technologies). Plasmids were purified
by using the Pureklink Quick Plasmid
Miniprep kit (Invitrogen). DNA sequencing
was performed by Genewiz.

For SLK KD, SLK siRNA (sc-76514)
and control siRNA (sc-37007) were
purchased from Santa Cruz Biotechnology.
Cell transfection was performed using the
siRNA transfection reagent (sc-29528; Santa
Cruz).

Measurement of Human Bronchial
Ring Contraction
The study was approved by Albany
Medical College Institutional Review
Board. Bronchial rings (diameter, 5 mm)
were prepared from human lungs
obtained from the International Institutes
for Advanced Medicine (see above).
Bronchial rings were placed in
physiological saline solution at 378C in a
25-ml organ bath and attached to a Grass
force transducer that had been connected
to a computer with A/D converter
(Grass). The thin epithelium layer of
human bronchial rings was removed
by using forceps. We used reversible
permeabilization (28–30) to introduce SLK
or control siRNA, the constructs of wild-
type (WT) or mutant paxillin, into human
bronchi as previously described (5, 17, 23).
Contraction on acetylcholine (ACh)

(100 mM, 10 min) activation was
compared before and after transduction.
For biochemical analysis, human
tissues were frozen using liquid nitrogen
and pulverized as previously described
(5, 32, 33).

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 among multiple
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.

Results

SLK Regulates Actin Polymerization
without Affecting Myosin Light Chain
Phosphorylation
To assess the role of SLK in smooth
muscle, we silenced SLK protein
expression in HASM cells by using
siRNA. Immunoblot analysis showed
that treatment with SLK siRNA
reduced SLK protein expression
by 55% (Figure 1A). Because SLK
is involved in cell proliferation
(14), complete KD of SLK impairs
cell viability. Thus, we used the
experimental condition, in which SLK
was partially downregulated, for the
following studies.

To assess the role of SLK in actin
dynamics, we evaluated F-actin/G-actin
ratios in SLK KD cells by using the actin
fractionation assay and by using labeled
phalloidin and deoxyribonuclease I.
SLK KD significantly reduced the
increase in F-actin/G-actin ratios 5 minutes
after ACh stimulation (Figures 1B–1D).
However, myosin light chain
phosphorylation at Ser-19 was not
affected by SLK KD (Figure 1E).
Furthermore, we used reversible
permeabilization to introduce SLK siRNA
into human bronchial rings. Contractile
response was reduced by SLK KD
(Figure 1F). In addition, SLK KD did not
dramatically affect passive tension
(Figure 1F).
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Figure 3. Activation with ACh enhances formation of the multiprotein complex including SLK, Plk1,
and paxillin. (A) Extracts of unstimulated and ACh (1024 M, 5 min)-stimulated HASM cells were
immunoprecipitated with Plk1 antibody. Blots of the immunoprecipitates and input were probed with
antibodies against SLK, Plk1, and paxillin. Protein ratios of SLK/Plk1 and paxillin/SLK in stimulated
cells are normalized to the ratios obtained from unstimulated cells. Data are mean values of
experiments from four batches of cell culture from three donors. Error bars represent SD. (B) Reverse
co-IP analysis also demonstrates that ACh stimulation increases the assembly of the multiprotien
complex. Protein ratios of paxillin/SLK and Plk1/SLK in ACh-treated cells are normalized to untreated
cells. Data are mean values of experiments from four batches of cell culture from three donors. Error
bars indicate SD. *P,0.05 and **P,0.01. Student’s t-test was used for statistical analysis.
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used for statistical analysis of A. Two-way ANOVA was used for statistical analysis of B, D, and E. Student’s t test was used for statistical analysis of F.
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SLK KD Diminishes Paxillin
Phosphorylation at Ser-272 in Smooth
Muscle on Contractile Stimulation
Because rodent paxillin phosphorylation
at Ser-273 (equivalent to human
paxillin Ser-272) has been implicated
in CHO-K1 cell migration, a process
associated with actin dynamics (21),
we hypothesized that SLK may
modulate actin dynamics by affecting
paxillin phosphorylation at Ser-272.
First, we determined whether paxillin
gets phosphorylated at this residue

on contractile stimulation. Immunoblot
analysis showed that ACh stimulation
induced paxillin phosphorylation at
Ser-272 in smooth muscle cells,
which significantly increased after
5 minutes (Figure 2A). We then
determined whether SLK KD affects
paxillin phosphorylation 5 minutes
after ACh stimulation. We chose the
time point because ACh stimulation
for 5 minutes significantly increases
F/G-actin ratios, myosin light chain
phosphorylation, and contractile

force in HASM cells/tissues (4, 5, 23)
besides paxillin phosphorylation
at Ser-272. SLK silencing reduced
the ACh-stimulated paxillin
phosphorylation at Ser-272 (Figure 2B).
The results suggest that SLK
regulates paxillin phosphorylation
at Ser-272 in smooth muscle during
agonist activation.

Paxillin Phosphorylation at Ser-272 Is
Not Catalyzed by SLK In Vitro
Next, we determined whether SLK
directly catalyzes paxillin phosphorylation
at this residue. Unexpectedly, the
addition of SLK in the buffer containing
purified human paxillin did not promote
paxillin phosphorylation at this residue
(Figure 2C). The results indicate that
SLK indirectly mediates paxillin
phosphorylation at Ser-272 during
contractile activation.

Plk1 Regulates Paxillin
Phosphorylation at Ser-272 in Smooth
Muscle on Contractile Stimulation
Because Plk1 is a serine/threonine
protein kinase that has a role in
smooth muscle contraction (17, 34),
we evaluated whether paxillin
phosphorylation at this position is
regulated by Plk1. Intriguingly,
the in vitro kinase assay showed that
the addition of Plk1 led to paxillin
phosphorylation at Ser-272 (Figure 2C),
suggesting a direct role of Plk1 in
paxillin phosphorylation at this
position. More importantly, Plk1
KD attenuated paxillin phosphorylation
at Ser-272 in smooth muscle
in response to ACh stimulation
(Figure 2D).

ACh Activation Enhances Formation
of a Multiprotein Complex Including
SLK, Plk1, and Paxillin in Smooth
Muscle
To further evaluate the roles of SLK
and Plk1 in paxillin, we determined
whether contractile activation increases
their interactions in smooth muscle
by using co-IP analysis. The amount
of SLK precipitated with Plk1 in
ACh-stimulated cells was higher than
unstimulated cells (Figure 3A). The
ratios of SLK over Plk1 were increased
in cells treated with ACh compared
with unstimulated cells (Figure 3A).
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Figure 5. N-WASP phosphorylation at Tyr-256 is regulated by paxillin phosphorylation at Ser-272,
SLK, and Plk1 in smooth muscle. (A) Smooth muscle cells expressing WT or S272A paxillin were
stimulated with ACh (1024 M, 5 min) or left unstimulated. N-WASP phosphorylation at Tyr-256 was
evaluated by immunoblot analysis. Data are mean values of four batches of cell culture from three
donors. Error bars indicate SD. (B) Cells treated with Ctrl or SLK siRNA were stimulated with 1024 M
ACh for 5 minutes, or unstimulated. N-WASP phosphorylation at Tyr-256 was evaluated by IB. Data
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Similarly, contractile stimulation
enhanced the interaction of paxillin
with Plk1 in smooth muscle (Figure 3A).
Moreover, reverse co-IP analysis verified
the formation of the multiprotein
complex (Figure 3B). The results
suggest that SLK complexes with Plk1
and paxillin in unstimulated cells, and
contractile stimulation enhances the
assembly of the multiprotein complex
including SLK, Plk1, and paxillin in
smooth muscle.

Paxillin Phosphorylation at Ser-272
Modulates Actin Polymerization
Next, we assessed whether paxillin
phosphorylation at this residue affects
actin dynamics in smooth muscle by
introducing WT or S272A paxillin
mutant into smooth muscle cells.
Immunoblot analysis showed the
expression of WT and S272A paxillin
in smooth muscle cells (Figure 4A).
Compared with cells expressing WT
paxillin, S272A paxillin reduced
the ACh-induced enhancement of
F-actin/G-actin ratios as evidenced
by the fractionation assay (Figure 4B)
and fluorescent microscopy (Figures
4C and 4D). However, the expression
of S272A paxillin did not affect

myosin light chain phosphorylation
at Ser-19 (Figure 4E). Moreover,
we used reversible permeabilization
to introduce WT or S272A paxillin
into human bronchial rings. Introduction
of S272A paxillin reduced contractile
response as compared with the rings
treated with WT paxillin (Figure 4F).

N-WASP Phosphorylation at Tyr-256
Is Regulated by Paxillin
Phosphorylation, Plk1, and SLK
Previous studies have shown that N-WASP
is a key actin polymerization activator
in smooth muscle and other cell types
(1, 2, 35). To determine whether paxillin
serine/threonine phosphorylation affects
N-WASP, we evaluated the effects of S272A
paxillin on N-WASP phosphorylation
at Tyr-256 (an indication of N-WASP
activation) (35). Compared with cells
expressing WT paxillin, ACh-induced
N-WASP phosphorylation was diminished
in cells treated with S272A paxillin
(Figure 5A).

Because SLK and Plk1 mediate
paxillin phosphorylation at Ser-272,
we also evaluated whether they affect
N-WASP phosphorylation. KD of SLK
or Plk1 attenuated the ACh-induced

phosphorylation of N-WASP at Tyr-256
(Figures 5B and 5C).

SLK Regulates Phosphorylation of
Plk1 in Smooth Muscle in Response
to Agonist Activation
Contractile activation increases Plk1
phosphorylation at Thr-210 in smooth
muscle (17). We evaluated whether SLK
regulates Plk1 activation in smooth muscle
by determining the effects of SLK KD on
Plk1 phosphorylation at Thr-210. SLK
silencing reduced the ACh-induced
Plk1 phosphorylation at this position
(Figure 6A).

Effects of Double KD of SLK and Plk1
on Paxillin Phosphorylation at Ser-272
To further assess the role of SLK
and Plk1 in paxillin phosphorylation,
we performed the double KD
experiments by using SLK siRNA
and Plk1 shRNA. The ACh-induced
paxillin phosphorylation at this residue
in double KD cells was similar to the
phosphorylation levels in either SLK KD
cells or Plk1 KD cells (Figure 6B). These
results suggest that the effects of SLK and
Plk1 on paxillin phosphorylation are not
additive.
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Figure 6. SLK mediates Plk1 phosphorylation at Thr-210 in smooth muscle. (A) Extracts of unstimulated or stimulated HASM cells treated with Ctrl or SLK
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SLK Regulates the Plk1-Paxillin
Pathway in Airway Smooth Muscle
in Response to Stimulation with
Histamine and 5-Hydroxtryptamine
Thus far, we predominantly used
ACh as a contractile agonist in our

protocol. To evaluate the role of SLK
in smooth muscle on other contractile
stimuli, we evaluated the effects of
SLK KD on the Plk1-paxillin cascade
and myosin activation on stimulation
with histamine or 5-hydroxtryptamine

(5-HT). SLK KD attenuated Plk1
phosphorylation at Thr-210, paxillin
phosphorylation at Ser-272, and F/G-actin
ratios on stimulation with histamine and
5-HT without affecting myosin light chain
phosphorylation in these cells (Figure 7).

66 KDa

66 KDa

Plk1

p-Plk1

UT Histamin

Con siRNA SLK siRNA

5-HT UT Histamin 5-HT

0.0
Ctrl siRNA

**
** **

**

P
lk

1 
ph

os
ho

ry
la

tio
n

(T
hr

-2
10

, n
or

m
al

iz
ed

)

SLK siRNA

0.5

1.0

1.5

2.0

2.5

A

68 KDa

68 KDa

Paxillin

p-Paxillin

Con siRNA SLK siRNA

UT Histamin 5-HT UT Histamin 5-HT

0.0
Ctrl siRNA

**
** **

**

P
ax

ill
in

 p
ho

sh
or

yl
at

io
n

(S
er

-2
72

, n
or

m
al

iz
ed

)

SLK siRNA

0.5

1.0

1.5

2.0

2.5

B

Actin43 KDa

UT

G F

Histamin 5-HT UT Histamin 5-HT

Con siRNA SLK siRNA

G F G F G F G F G F

0
Con shRNA

*
** *

*

F
/G

-a
ct

in
 R

at
io

s

SLK shRNA

2

4

6

8

10

C

p-MLC

MLC

20 KDa

20 KDa

UT Histamin 5-HT UT Histamin 5-HT

Con siRNA SLK siRNA

0.0
Ctrl siRNA

NS

NS

M
LC

 P
ho

sh
or

yl
at

io
n

(S
er

-1
9,

 n
or

m
al

iz
ed

)

SLK siRNA

0.5

1.0

1.5

2.0

2.5

D

UT

Histamin

5-HT

UT

Histamin

5-HT

UT

Histamin

5-HT

UT

Histamin

5-HT

Figure 7. Role of SLK in the Plk1-paxillin pathway on stimulation with histamine and 5-HT. (A) Extracts of unstimulated or stimulated HASM cells treated
with Ctrl or SLK siRNA were immunoblotted with antibodies against phospho-Plk1 (Thr-210) and total Plk1. Data are mean values of experiments from four
batches of cell culture from three donors. Error bars indicate SD. (B and C) Paxillin phosphorylation at Ser-272 and F/G-actin ratios on stimulation with
histamine or 5-HT are reduced by SLK KD. Data are mean values of experiments from four batches of cell culture from three donors. Error bars indicate
SD. (D) Histamine- or 5-HT–stimulated myosin light chain phosphorylation at Ser-19 is not affected by SLK KD. Data are mean values of experiments from
four batches of cell culture from three donors. Error bars indicate SD. *P,0.05 and **P,0.01. Two-way ANOVA was used for statistical analysis.

ORIGINAL RESEARCH

Wang, Wang, and Tang: Regulation of Actin Dynamics by SLK 653



Discussion

Actin filament polymerization plays
an important role in regulating
smooth muscle contraction by promoting
force transmission between the
contractile units and the extracellular
matrix and increasing the contractile
units (1, 6, 10). There is a wealth
of evidence to suggest that actin
dynamics are regulated by protein
tyrosine phosphorylation in cells,
particularly in smooth muscle (1, 2, 6).
Our current results show that the
serine/threonine protein kinase SLK
regulates actin dynamics and smooth
muscle contraction without affecting
myosin activation. To the best of our
knowledge, this is the first evidence to
suggest that SLK participates in the
modulation of actin dynamics in
smooth muscle on contractile
stimulation.

Interestingly, activation of angiotensin
II type 2 receptor induced SLK-mediated
RhoA Ser188 phosphorylation, which
inactivated RhoA and induced vasodilation
(36). However, another study suggests that
Plk1 activates RhoA (an activator of actin
polymerization) (37), which promotes
vascular smooth muscle contraction (34).
Furthermore, our current results
demonstrate that SLK can activate Plk1
(Figure 6A), which is supported by previous
studies by others (14, 15). Thus, it is not
surprising that SLK KD inhibits actin
polymerization and smooth muscle
contraction in this study. The discrepancy
between our results and the previous study
(36) may stem from the difference between
airway smooth muscle versus vascular
smooth muscle. It has been shown that the
cellular process in airway smooth muscle
may not be the exact same as in vascular
smooth muscle. For instance, RhoA
activation promotes vascular smooth
muscle contraction by inhibiting
myosin phosphatase and increasing
myosin light chain phosphorylation (38).
In contrast, RhoA activation stimulates
airway smooth muscle contraction
by enhancing assembly of the
adhesome at the membrane, and not
by affecting myosin light chain
phosphorylation (37).

SLK regulates actin dynamics
probably by controlling paxillin Ser-272
phosphorylation in human smooth

muscle cells (Figures 2A and 2B).
Interestingly, SLK did not catalyze
paxillin phosphorylation at this
residue in vitro (Figure 2C). In
contrast, Plk1 mediated paxillin Ser-272
phosphorylation in vitro (Figure 2C) and
in smooth muscle on contractile
activation (Figure 2D). Plk1 has been
shown to be involved in the regulation of
smooth muscle contraction (17, 34).
Contractile activation promoted the
formation of the multiprotein complex
including SLK, Plk1, and paxillin in
smooth muscle (Figure 3). Moreover, SLK
regulated Plk1 activation in smooth
muscle (Figure 6A). Furthermore, the
effects of SLK and Plk1 on paxillin
phosphorylation were not additive
(Figure 6B). These results suggest that
contractile activation facilitates the
formation of the multiprotein complex
containing SLK, Plk1, and paxillin by
which SLK activates Plk1 and promotes
paxillin Ser-272 phosphorylation. In
canine airway smooth muscle, paxillin
phosphorylation at an analogous position
is regulated by p21-activated kinase
(PAK) (22). Therefore, paxillin Ser-272
phosphorylation can be regulated by
both the SLK-Plk1 pathway and PAK in
smooth muscle during contractile
stimulation.

We found that contractile activation
enhanced paxillin phosphorylation at
Ser-272 in smooth muscle. Paxillin
phosphorylation at this position may
regulate actin polymerization via
N-WASP activation (Figures 4B and 5A).
In motile CHO-K1 cells, paxillin serine
phosphorylation at an analogous
position recruits a multiprotein
complex including PAK, which
promotes adhesion turnover (21).
Studies from our laboratory and
others have shown that PAK can
activate p130 Crk-associated substrate
(p130CAS), which subsequently stimulates
c-Abl tyrosine kinase, N-WASP, the
Arp2/3 complex, and actin dynamics
in smooth muscle cells (1, 5, 19, 30, 32, 39).
In canine airway smooth muscle,
paxillin serine phosphorylation at this
position recruited a protein complex
containing GIT1 (G-protein–coupled
receptor kinase-interacting protein)
and the Cdc42 guanine exchange
factor bPIX (Pak interactive exchange
factor). Assembly of the PAK-GIT1-
bPIX-paxillin complex was necessary

for Cdc42 and N-WASP activation, actin
polymerization, and contraction
(22). Thus, it is possible that paxillin
phosphorylation at Ser-272 may regulate
actin polymerization through the two
pathways.

In this study, we used ACh,
histamine, and 5-HT as contractile
agonists, because these agonists play a
role in the pathogenesis of airway
hyperresponsiveness (1, 40). In
addition, M3 receptor couples with
Gq and G12/13 in smooth muscle (41). H1

receptor couples with Gq and G11,
whereas 5-HT2A receptor couples with Gq
and G12/13 (42–44). Future studies are
needed to assess which G protein
subunit predominantly mediates the
agonist-induced response.

Our current study unveils a novel
cellular process that regulates actin
dynamics in smooth muscle. In addition
to myosin light chain phosphorylation

Agonist

T210Plk1

Pax

c-Abl SLK

CAS, Cort, Abi1

Pfn-1 N-WASP

S272

Actin Polymerization Myosin Activation

Smooth Muscle Contraction

Figure 8. Mechanism of human airway
smooth muscle contraction. Contractile
activation induces c-Abl–mediated actin
polymerization and myosin light chain
phosphorylation in human airway smooth
muscle (1, 2, 4, 5). In this study, we
discovered that agonist stimulation promotes
the assembly of the multiprotein complex
including SLK, Plk1, and paxillin, which
phosphorylates Plk1 at Thr-201 and activates
Plk1. Activated Plk1 mediates paxillin
phosphorylation at Ser-272, promoting
N-WASP activation and actin polymerization.
Abi1 = Abl interactor 1; CAS = p130Crk-
associated substrate; Cort = cortactin;
Pax = paxillin.
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at Ser-19, contractile agonists
(e.g., ACh) promote the formation of
the multiprotein complex including
SLK, Plk1, and paxillin, which activates
Plk1 by catalyzing phosphorylation at
Thr-210. Activated Plk1 mediates

paxillin phosphorylation at Ser-272
and promotes N-WASP activation and
actin polymerization. Both actin
polymerization and myosin activation are
necessary for smooth muscle contraction
(Figure 8). n
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