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Raf-1 is a serine/threonine protein kinase that has an essential role
in cell proliferation. The mechanisms that regulate Raf-1 in airway
smoothmusclearenotwellunderstood. In this study, treatmentwith
platelet-derivedgrowth factor (PDGF) inducedspatial redistribution
of Raf-1 from the cytoplasm to the periphery of human airway
smooth muscle cells. Moreover, a pool of Raf-1 was found in F-actin
ofhumanairway smoothmuscle cells. ActivationwithPDGF led toan
increase in theassociationofRaf-1withcytoskeletal actin.Treatment
of cellswith the actin polymerization inhibitor latrunculinA (LAT-A),
but not the microtubule depolymerizer nocodazole, inhibited
the interaction of Raf-1 with actin in response to PDGF activation.
Because abelson tyrosine kinase (Abl) is known to specifically
regulate actin dynamics in smooth muscle, the role of Abl in mod-
ulating the coupling of Raf-1 with actin was also evaluated. Abl
knockdown by RNA interference attenuated the association of Raf-1
with actin, which is recovered by Abl rescue. Treatment with LAT-A,
but not nocodazole, inhibited the spatial redistribution of Raf-1
during PDGF activation. However, treatment with both LAT-A and
nocodazole attenuated smoothmuscle cell proliferation. Finally, Abl
knockdown attenuated the redistribution of Raf-1 and cell prolifer-
ation, which were restored by Abl reexpression. The results suggest
a novel mechanism that the interaction of Raf-1 with cytoskeletal
actin is critical for Raf-1 redistribution and airway smooth muscle
cell proliferation during activation with the growth factor.
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Raf-1 is a serine/threonine protein kinase that has an essential
role in cell proliferation, which is important for the development
and homeostasis of the airways, and contributes to the pathogen-
esis of asthma (1). In response to stimulation with growth fac-
tors, the adapter protein Grb2, in association with the guanine
exchange factor Sos, attaches to the tyrosine phosphorylated
receptors through its SH2 domains. This brings the Grb2/Sos
complex into the vicinity of the membrane by which it catalyzes
guanine nucleotide exchange on Ras. The activated Ras induces
the recruitment of Raf-1 from the cytoplasm to the membrane
by poorly characterized mechanisms. Ras associates with Raf-1,
which subsequently activates Raf-1. Activated Raf-1 phosphory-
lates MEK1/2 (MAP kinase kinase), which in turn phosphorylates
and activates ERK1/2 (1, 2). It has been proposed that activated
ERK1/2 translocates from the cytoplasm to the nucleus, by
which ERK1/2 phosphorylates several protein kinases, nuclear

transcription factors, and other proteins to promote cell prolifer-
ation (2, 3).

Although the role of Raf-1 in cell proliferation is well recog-
nized, the mechanisms that regulate Raf-1 spatial translocation
are not well understood. It has been assumed that the interac-
tions of Raf-1 with Ras are the primary mechanism facilitating
the recruitment of Raf-1 to the cell membrane (2, 3). In addition,
phosphatydic acid has been implicated in the translocation of
Raf-1 to the membrane. Phosphatydic acid interacts with Raf-1
in an in vitro biochemical system. Inhibition of phosphatydic
acid by a pharmacological tool attenuated the translocation of
green fluorescence protein–tagged Raf-1, which is rescued by
the addition of phosphatydic acid (4). However, other mecha-
nisms that regulate the spatial translocation of Raf-1 may exist.

The actin cytoskeleton has been implicated in mediating in-
tracellular trafficking of the glucose transporter GLUT4. In
adipocytes and striated muscle cells, GLUT4 undergoes spatial
translocation to the plasma membrane from the cytoplasm in re-
sponse to insulin activation, which may promote glucose uptake. In-
hibition of actin polymerization bymolecular approaches attenuates
the intracellular trafficking of GLUT4 during insulin activation (5).

In nonmuscle cells such as neurons, microtubules serve as
“tracks” for the movement of intracellular cargo (e.g., channels,
vesicles) powered by motor proteins such as dynein and kinesin.
Disruption of microtubules impairs the intracellular transport
and thus excitation, repair, and regeneration of nerves (6, 7). In
addition, microtubules may direct the transport of GLUT4 to
the cell cortex via a kinesin motor (5).

Recent studies have shown that actin polymerization tran-
spires in smooth muscle in response to activation with various
stimuli (8–10). Actin dynamics plays an important role in regulating
smooth muscle contraction and cell migration (11–13).

Abl (Abelson tyrosine kinase, C-Abl) is a nonreceptor tyrosine
kinase that is able to regulate actinpolymerization in various cell types
including smooth muscle cells (8–12, 14). Abl has been shown to
participate in the regulation of a range of cellular functions including
migration and adhesion of nonmuscle cells (10, 15) and smooth
muscle contraction (8, 9, 14, 16). Recent studies have demonstrated
that Abl kinase has a role in the activation of ERK1/2 (a known
effector of Raf-1) and smooth muscle cell proliferation (17).

The objective of this study was to evaluate whether the actin
cytoskeleton and microtubules are involved in regulating Raf-1
translocation in human airway smooth muscle cells in response to
the activationwith platelet-derived growth factor (PDGF), a growth
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CLINICAL RELEVANCE

Raf-1 is a serine/threonine protein kinase that has an es-
sential role in cell proliferation. The present study suggests
that the interaction of Raf-1 with actin is critical for Raf-1
activation in airway smooth muscle cells. This novel finding
may provide new insights into the mechanism that controls
smooth muscle cell proliferation.
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factor known to activate Raf-1. Because Abl specifically controls
actin dynamics in smooth muscle, we also evaluated the role of
Abl in this cellular process.

MATERIALS AND METHODS

Cell Culture

Human airway smooth muscle (HASM) cells were obtained from
the laboratory of Dr. Reynold A. Panettieri at the University of
Pennsylvania (18). In addition, cells were prepared (18–22) from hu-
man airway smooth muscle tissues that were obtained from the Inter-
national Institute for Advanced Medicine (details are provided in the
online supplement). Human tissues were nontransplantable and con-
sented for research. This study was approved by the Albany Medical
College Committee on Research Involving Human Subjects.

Immunoblot and Immunofluorescence Analysis

Western blotting and immunostaining were performed using the methods
previously described (19–22). Image analysis for protein localization was
performed by modification of the method previously described (14, 20,
21, 23, 24). Detailed methods were described in online supplement.

Construction of Recombinant Lentivirus

and Virus Production

To construct lentivirus encoding Abl shRNA, oligonucleotides were
synthesized by Invitrogen (Carlsbad, CA). The sense target sequence
of Abl shRNA was 59-AAGCCGCTCGTTGGAACTCCA-39 (NCBI
accession number NM_005231). Oligonucleotides encoding Abl shRNA
were subcloned into pFUGW lentiviral vector (25) followed by trans-
formation into Stbl3-competent cells (Invitrogen). We also engineered
inducible lentivirus, where expression of RNAi-resistant Abl mutant is
59-AAGTCGGTCGTTGGAGCTGCA-39 (mutated sequences are
underlined), which was controlled by Tet-Op7-CMV promoter (26).
Briefly, cDNA encoding Abl was cloned into pCR 8/GW/TPOP plas-
mids (Invitrogen) and transferred into the Gateway-compatible desti-
nation vector pSLIK using an LR-Clonase reaction kit, which resulted
in the pSLIK-Abl vector. The plasmid DNA was harvested and puri-
fied using the plasmid maxiprep kits (Invitrogen). To produce viruses,
293FT cells were transfected with pFUGW encoding Abl shRNA or
pSLIK-Abl plus packaging vector pCMV and envelop vector pVSV-G.
Viruses were collected 48 hours after transfection. For infection, smooth
muscle cells were incubated with viruses for 6 hours and cultured in the
F12 growth medium for 2 to 3 days. Infection rates were nearly 100%, as
evidenced by green fluorescence protein analysis (17).

Analysis of Raf-1 Association with F-actin

The fraction of F-actin in smoothmuscle was collected using themethod
previously described (9, 21, 23). The equal amount of cytoskeletal actin
was separated by SDS-PAGE and was transferred to nitrocellulose
membranes. The membrane was probed with the use of Raf-1 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) and a-actin antibody
(Sigma-Aldrich, St. Louis, MO). The Raf-1/actin ratio was calculated
after densitometrical analysis of immunoblots.

Far-Western Analysis

Far-Western analysis was performed by modification of the method previ-
ously described (23). Raf-1 immunoprecipitates from human lung tissues
were separated by SDS-PAGE followed by membrane transfer. The mem-
branes were incubated with 5 mg/ml purified actin (Sigma-Aldrich) at 48C
overnight and probed with use of Raf-1 antibody and actin antibody.

Assessment of Cell Proliferation

Smooth muscle cell proliferation was evaluated by counting viable cells
as previously described (17).

Statistical Analysis

All statistical analysis was performed using Prism software (GraphPad Soft-
ware, San Diego, CA). Comparison among multiple groups was performed

by one-way ANOVA followed by Tukey’s multiple comparison test.
Differences between pairs of groups were analyzed by Student-
Newman-Keuls test or Dunn’s method. Values of n refer to the number
of experiments used to obtain each value. P , 0.05 was considered to
be significant.

RESULTS

Treatment with PDGF Induces the Spatial Redistribution

of Raf-1 in HASM Cells

We evaluated the spatial distribution of Raf-1 in smooth muscle
cells in response to activation with PDGF. HASM cells were
stimulated with PDGF (10 ng/ml) for 10 minutes or left unstimu-
lated. The spatial localization of Raf-1 in cells was evaluated by
immunofluorescent microscopy.

In unstimulated cells, Raf-1 was primarily distributed in the
cytoplasm (Figure 1A). Stimulation with PDGF induced a Raf-1
translocation to the cell periphery. The fluorescent intensity of
Raf-1 was elevated in the cell edge after PDGF stimulation. Quan-
titative analysis showed that the periphery/interior Raf-1 fluores-
cent ratios were higher in stimulated cells than in unstimulated
cells (Figure 1B).

PDGF Stimulation Leads to Increases in the Association

of Raf-1 with F-actin

Because the actin cytoskeleton has been implicated in GLUT4
trafficking (5), we questioned whether PDGF activation may
promote the interaction of Raf-1 with F-actin, which may facil-
itate the translocation of Raf-1 to the membrane. To test this,
fractions of cytosol and F-actin were extracted using the bio-
chemical assay described in MATERIALS ANDMETHODS. The distribu-
tion of Raf-1 in the cytosol and cytoskeletal actin was determined
by immunoblot analysis.

Figure 1. Treatment with platelet-derived growth factor (PDGF) in-

duces the spatial translocation of Raf-1 in human airway smooth muscle

(HASM) cells. HASM cells were stimulated with PDGF (10 ng/ml) for
10 minutes or left unstimulated. The cellular localization of Raf-1 was

evaluated by immunofluorescent microscopy. (A) Representative

images illustrating the spatial redistribution of Raf-1 in response to

activation with PDGF. The inserts are the 1.53 magnification of the
selected area. Dashed arrows indicate a single line scan to quantify the

fluorescent signal for each cell. C ¼ control. (B) Protein distribution in

cells is expressed as ratio of pixel intensity at the cell periphery/pixel

intensity at cell interior. Data are means 6 SE. *Significantly different
between unstimulated cells and stimulated cells (P , 0.05; n ¼ 15).
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Raf-1 was found in the cytosol and cytoskeletal actin of HASM
cells. Quantitative analysis showed that approximately 45% of the
total Raf-1 was in the cytosol, whereas 55% of the Raf-1 was in
cytoskeletal actin in unstimulated smooth muscle cells (Figure
2A). The results suggest that a pool of Raf-1 binds to cytoskeletal
actin in airway smooth muscle cells.

We also discovered thatRaf-1 directly binds to actin in vitro. Raf-1
immunoprecipitates were immobilized onto nitrocellulose mem-
branes. Immobilized Raf-1 was reacted with purified actin and
detected using actin antibody. Actin was found in the membrane
with immobilized Raf-1 but not in control membrane (Figure 2B).

To assess whether activation with PDGF affects the interac-
tion of Raf-1 with F-actin, HASM cells were stimulated with the
growth factor or left unstimulated. The equal amount of F-actin
fraction of these cells was separated by SDS-PAGE. The associ-
ation of Raf-1 with F-actin was determined by immunoblot anal-
ysis. The amount of Raf-1 in the F-actin fraction was lower in
unstimulated cells. In contrast, the level of Raf-1 in cytoskeletal
actin was higher in PDGF-stimulated cells. The Raf-1/actin ratios
were higher in stimulated cells than in control cells (Figure 3).

Blockade of Actin Dynamics by Latrunculin A Inhibits

the Interaction of Raf-1 with F-actin Induced by PDGF

We evaluated the effects of the actin polymerization inhibitor
latrunculin A (LAT-A) on the association of Raf-1 with F-actin.
Cells were pretreated with or without 1 mMLAT-A for 30 minutes.
They were then stimulated with PDGF or left unstimulated. The
association of Raf-1 with F-actin was evaluated by the method
described above.

Treatment with LAT-A induces the dissociation of Raf-1 from
cytoskeletal actin. The amount of Raf-1 in cytoskeletal actin in
LAT-A–treated cells during PDGF activation was lower as com-
pared with control cells (Figure 4A). The Raf-1/actin ratios during
PDGF activation were significantly lower in LAT-A–treated cells
than in control cells. In addition, the ratios of Raf-1/actin in
LAT-A–treated cells without PDGF stimulation were similar to
those in cells not treated with LAT-A and PDGF (Figure 4B).

Disruption of Microtubules by Nocodazole Does Not Affect

the Interaction of Raf-1 with F-actin

We determined the effects of nocodazole, a microtubule depo-
lymerizer, on the association of Raf-1 with actin in cells. Cells

pretreated with 1 mM nocodazole for 30 minutes were stimu-
lated with PDGF or left unstimulated. The interaction of Raf-1
with actin was then evaluated. The amount of Raf-1 in cytoskel-
etal actin in nocodazole-treated cells during PDGF activation
was similar to cells not treated with nocodazole. The Raf-1/actin
ratios during PDGF stimulation were comparable between cells
treated with nocodazole and control cells (Figures 4A and 4B).
In addition, the ratios of Raf-1/actin in nocodazole-treated cells
without PDGF stimulation were not significantly different from

Figure 2. Interaction of Raf-1 with actin in HASM
and in vitro. (A) Representative immunoblots illus-

trating the presence of Raf-1 in cytoskeletal actin

(F-actin). Blots of supernatant (S) and pellet (P)

fractions from HASM cells were probed with use
of Raf-1 antibody and actin antibody. The amount

of Raf-1 on the immunoblots from each fraction is

quantified after scanning densitometry analysis.
The relative amount of Raf-1 in the cytosolic frac-

tion is expressed as follows: cytosolic Raf-1 O total

Raf-1 (soluble Raf-1 1 cytoskeletal Raf-1) 3 100.

The amount of cytoskeletal Raf-1 is expressed as
follows: insoluble Raf-1 O total Raf-1 3 100. All

values are means 6 SE (n ¼ 4). (B) Far-Western

analysis of Raf-1 interaction with actin in vitro.

Raf-1 immunoprecipitates were separated by SDS-
PAGE and transferred to membranes. Lane 1: im-

mobilization of Raf-1 on the membrane probed

using Raf-1 antibody. Lane 2: no detection of actin
in the control membrane. Lane 3: detection of ac-

tin on immobilized Raf-1 suggests the association

of Raf-1 with actin in vitro. Immunoblots (IB) are

representative of four identical experiments.

Figure 3. Stimulation with PDGF results in an increase in the associa-

tion of Raf-1 with F-actin. HASM cells were stimulated with different
concentration of PDGF for 10 minutes. Equal amounts of F-actin from

the cells were separated by SDS-PAGE and transferred to nitrocellulose

membranes. The membranes were probed with Raf-1 antibody and

actin antibody. (A) Representative immunoblots illustrating the effects
of PDGF on the amount of Raf-1 in cytoskeletal actin. (B) The Raf-1/

actin ratio in PDGF-stimulated cells is normalized to that in unstimu-

lated cells. Asterisks indicate significantly higher ratios of Raf-1/actin in

treated cells as compared with control cells (*P , 0.05; **P , 0.01).
Values are means 6 SE (n ¼ 4–5).
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those in control cells. The results suggest that microtubules do
not regulate the coupling of Raf-1 with cytoskeletal actin in
HASM cells.

Blockage of Actin Dynamics by LAT-A Inhibits Raf-1

Translocation in HASM Cells

We hypothesized that actin dynamics are important for Raf-1
translocation in smooth muscle cells. To test this, we evaluated
the effects of LAT-A on Raf-1 redistribution during PDGF stimu-
lation. Untreated cells and LAT-A–pretreated cells were stimulated
with PDGF. Raf-1 redistribution was evaluated by immunofluores-
cence microscopy.

Actin polymerization regulates the spatial translocation of
Raf-1 during PDGF activation. The fluorescent intensity of
Raf-1 at the membrane was greater in untreated cells in response
to PDGF activation. On the contrary, the fluorescent intensity of
Raf-1 at the cell periphery was lower in cells pretreated with
LAT-A (Figure 4C). The peripheral/internal Raf-1 fluorescent ratios
were lower in LAT-A–treated cells as compared with control cells
(Figure 4D).

To determine the role of actin polymerization in regulating
the downstream effectors of Ras/Raf in airway smooth muscle,
untreated cells and LAT-A–treated cells were stimulated with
PDGF. Phosphorylation of MEK1/2 and ERK1/2 was evaluated
by immunoblot analysis. Stimulation with PDGF led to increases
in the phosphorylation of MEK12 and ERK1/2 in untreated cells.

However, treatment with LAT-A attenuated the phosphorylation
levels of MEK1/2 and ERK1/2 induced by PDGF (see Figure E1
in the online supplement). The results suggest that actin dynamics
is important for the activation of Raf-1 signaling in airway
smooth muscle cells during activation with PDGF.

Disruption of Microtubules Does Not Affect Raf-1

Translocation in HASM Cells in Response to Activation

with PDGF

We then evaluated whether microtubules have a role in the re-
distribution of Raf-1. The fluorescent levels of Raf-1 during PDGF
activation in nocodazole-treated cells were similar to those in un-
treated cells (Figure 4C). The peripheral/internal Raf-1 ratios were
comparable between untreated cells and cells pretreated with
nocodazole (Figure 4D).

Abl Knockdown and Rescue Affect the Association of Raf-1

with F-actin Induced by PDGF

Because Abl tyrosine kinase has been shown to specifically reg-
ulate actin polymerization in smooth muscle cells during stimu-
lation with various stimuli including PDGF (8, 9, 11, 12, 14, 17),
we evaluated whether Abl Knockdown (KD) affects the inter-
action of Raf-1 with F-actin. We constructed recombinant lentivirus
encoding Abl shRNA. We also engineered inducible lentivirus
where expression of Abl was controlled by the Tet-Op7-CMV

Figure 4. Effects of latrunculin A (LAT-A) and

nocodazole (Noc) on the association of Raf-1

with F-actin and Raf-1 translocation in HASM
cells. (A and B) Blots of cytoskeletal actin from

unstimulated and PDGF-stimulated HASM cells

in the absence or presence of LAT-A or Noc were

probed with the use of Raf-1 antibody and actin
antibody. (A) Immunoblots showing the effects

of LAT-A and Noc on the amount of Raf-1 in

F-actin. (B) The Raf-1/actin ratio in treated cells
is normalized to that in cells not treated with

PDGF and the inhibitors. *Significantly lower ra-

tio of Raf-1/actin in LAT-A–treated cells as com-

pared with control cells (P , 0.05). Values are
means 6 SE (n ¼ 4). (C and D) HASM cells pre-

treated with LAT-A or Noc were stimulated with

PDGF (10 ng/ml) for 10 minutes. The cellular

localization of Raf-1 was evaluated by immuno-
fluorescent microscopy. (C) Representative

images illustrating the spatial redistribution of

Raf-1 in response to various treatments. The
inserts are the 1.53 magnification of the se-

lected area. Dashed arrows indicate a single line

scan to quantify the fluorescent signal for each

cell. a, control; b, LAT-A; c, Noc. (D) Raf-1 dis-
tribution in cells is expressed as ratio of pixel

intensity at the cell edge to pixel intensity at cell

interior. Data are means 6 SE (n ¼ 16–18). *Sig-

nificantly different between treated cells and
control cells (P , 0.05).
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promoter (26). Cells were double infected with lentivirus encod-
ing Abl shRNA and virus encoding inducible Abl for 3 days.
Cells were either not treated with doxycyclin (for KD) or trea-
ted with doxycyclin (for rescue). Immunoblot analysis was used
to determine the expression levels of Abl in these cells. The
protein level of Abl in infected cells not induced with doxycy-
clin was lower compared with control cells. However, the ex-
pression of Abl in infected cells treated with doxycyclin was
similar to control cells. The expression level of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was similar in these
cells. The ratios of Abl/GAPDH were significantly lower in Abl
KD cells than in control cells and in rescue cells (Figure 5). In
addition, these cells are stable for approximately five passages after
initial infection.

Control cells, KD cells, and rescue cells were stimulated with
PDGF for 10 minutes. The effects of Abl KD and rescue on in-
teraction of Raf-1 with F-actin were then evaluated. The amount
of Raf-1 in F-actin fraction was lower in KD cells than in uninfected
cells (Figure 6A). However, the level of Raf-1 in F-actin was sim-
ilar between rescue cells and uninfected cells. The Raf-1/actin ra-
tios in KD cells during activation with PDGF were significantly
lower as compared with control cells and rescue cells (Figure 6B).

To determine whether the effects of Abl and actin polymer-
ization on Raf-1/actin coupling are additive, KD cells were trea-
ted with LAT-A for 30 minutes, and the interaction of Raf-1 with
F-actin in response to PDGF activation was determined. The
amount of Raf-1 in F-actin in KD cells treated with LAT-A
was similar to that in KD cells (Figures 6A and 6B). The results
suggest that the effects of Abl on the coupling of Raf-1 with
actin are primarily mediated by actin polymerization.

Abl KD and Rescue Affect the Spatial Translocation of Raf-1

We then evaluated the effects of Abl KD and rescue on Raf-1
translocation in response to PDGF stimulation. Control cells,

KDcells, and rescue cellswere stimulatedwithPDGFfor 10minutes.
Immunostaining was used to determine the spatial redistribution of
Raf-1 in these cells. The fluorescent levels ofRaf-1 in themembrane
were lower in Abl KD cells (Figures 6C and 6D) than in control
cells (Figure 4Ca). In contrast, the peripheral fluorescent intensity
of Raf-1 in rescue cells (Figures 6C and 6D) was similar to that in
control cells (Figure 4Ca).

We also determined the effects of Abl KD and rescue on phos-
phorylation of MEK1/2 and ERK1/2 by immunoblot analysis.
Phosphorylation levels of PDGF-induced MEK1/2 in KD cells
were lower as compared with control cells. However, phosphory-
lation levels of MEK1/2 in rescue cells upon PDGF activation
were comparable to control cells. Similarly, phosphorylation of
ERK1/2 in response to PDGF activation was diminished in KD
cells and recovered in rescue cells (Figure E2).

Roles of the Actin Cytoskeleton and Microtubules in Airway

Smooth Muscle Cell Proliferation

To assess the role of the actin cytoskeleton and microtubules in
smooth muscle cell growth, HASM cells were cultured in the
presence or absence of LAT-A or nocodazole for 2 days, and the
numbers of viable cells were determined using the trypan blue ex-
clusion test.

Treatment with LAT-A or nocodazole inhibits smooth mus-
cle cell proliferation in response to activation with PDGF. The
numbers of viable cells treated with LAT-A were reduced by 78%
as compared with control cells (Figure 7). Moreover, the numbers
of cells treated with nocodazole were lower than control cells
(Figure 7).

Because Abl specifically inhibits actin dynamics in smooth
muscle cells, we evaluated the effects of Abl KD and reexpres-
sion on cell proliferation. The numbers of KD cells were reduced
as compared with control cells. However, the numbers of rescue
cells were similar to control cells (Figure 7).

DISCUSSION

Raf-1 is a serine/threonine protein kinase that has a role in cell
proliferation. However, the mechanisms that regulate the spatial
redistribution of Raf-1 (a key process for Raf-1 activation and
cell proliferation) (1, 2) in smooth muscle cells are incompletely
elucidated. It has been documented that Raf-1 redistribution is
mediated by the interaction of Raf-1 with Ras and phosphatydic
acid in nonmuscle cells (2–4). In this report, we found that PDGF
activation induces an increase in the association of Raf-1 with
cytoskeletal actin. Inhibition of actin polymerization by LAT-A
and Abl KD attenuates the interaction of Raf-1 with F-actin and
Raf-1 redistribution during PDGF stimulation. The results sug-
gest a novel mechanism that the interaction of Raf-1 with actin is
critical for Raf-1 spatial translocation and airway smooth muscle
cell proliferation in response to activation with PDGF.

AlthoughRaf-1 is proposed to regulate cell proliferation, how
Raf-1 is activated in smooth muscle is not well understood. In the
present study, the activation with PDGF resulted in the recruit-
ment of Raf-1 to the cell periphery from the cytoplasm as evi-
denced by immunofluorescent microscopy. The recruitment of
Raf-1 to Ras in the vicinity of the membrane may promote its
activation, which in turn controls downstream effectors and cell
proliferation (1, 2).

It has been proposed that Raf-1 redistribution is mediated by
the interaction of Raf-1 with Ras and phosphatydic acid in fibro-
blasts, MDCK cells, and COS cells in response to activation with
insulin and growth factors (4, 27). In this report, Raf-1 was able
to directly bind to actin in vitro as evidenced by Far-Western
analysis. In addition, approximately 55% of total Raf-1 was found
in the F-actin fraction in smooth muscle cells. More importantly,

Figure 5. Lentivirus-mediated knockdown (KD) and rescue of Abl in

HASM cells. Cells were coinfected with lentiviruses encoding Abl shRNA

and viruses encoding inducible Abl for 3 days. Blots of control, KD, and
rescue cells were probed with the use of antibodies against Abl and

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (A) Representa-

tive immunoblots illustrating the expression of Abl in KD cells and
rescue cells. (B) Ratios of Abl/GAPDH protein in Abl KD cells and rescue

cells were normalized to ratios obtained from control cells. Values are

means 6 SE (n ¼ 4). *Significantly lower Abl/GAPDH ratios in KD cells

compared with control cells and rescue cells (P, 0.05). Control, cells were
uninfected; KD (knockdown), infected cells were not treated with doxycy-

clin; Rescue, infected cells were treated with doxycyclin (0.5 mg/ml, 24 h).
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PDGF stimulation led to an increase in the interaction of Raf-1
with actin. To the best of our knowledge, this is the first evi-
dence to demonstrate that Raf-1 is able to interact with cyto-
skeletal actin in smooth muscle cells and that this association is
regulated by activation with the growth factor.

Recent studies have shown that actin polymerization tran-
spires in smooth muscle cells in response to activation with var-
ious stimuli, including PDGF (8–10). To assess the role of actin
dynamics, we applied the pharmacological agent LAT-A to hu-
man airway smooth muscle cells. LAT-A binds to G-actin and
prevents their assembly onto actin filaments (28). Treatment
with LAT-A inhibited the association of Raf-1 with cytoskeletal
actin during PDGF activation. To rule out the potential non-
specific effects of LAT-A, we used RNAi to inhibit the expres-
sion of Abl in smooth muscle cells. Abl is a nonreceptor
tyrosine kinase that is able to specifically regulate actin poly-
merization in smooth muscle cells (8–12, 14). In response to
external stimulation, Abl tyrosine kinase in smooth muscle cells
may phosphorylate the actin-regulatory protein p130 Crk-associated
substrate (8, 9, 14). Phosphorylated Crk-associated substrate
may promote its association with the adapter protein CrkII,
which may activate neuronal Wiskott-Aldrich Syndrome Pro-
tein and the Actin Related Protein (Arp)2/3 complex, inducing
actin polymerization and branching mediated by the Arp2/3
complex (29–31). In this report, knockdown of Abl attenuated
the PDGF-induced coupling of Raf-1 with actin, which was
rescued by the reexpression of Abl. These results strongly sug-
gest that actin polymerization regulates the interaction of Raf-1
with actin in human airway smooth muscle cells during prolifer-
ative response.

In adipocytes, insulin-stimulated reorganization of the actin
cytoskeleton plays a role in promoting GLUT4 translocation
and glucose uptake in a PI3K-dependent manner. PI3K may ac-
tivate the Rac exchange factor, P-Rex1, which in turn regulates
a functional actin network and GLUT4 trafficking (5). In the
present study, the inhibition of actin polymerization by the
pharmacological agent attenuated the PDGF-induced Raf-1
translocation and the activation of MEK1/2 and ERK1/2. Fur-
thermore, Abl KD had similar effects, which was restored by
Abl rescue. These results suggest that actin polymerization is
required for Raf-1 translocation and its downstream signaling in
smooth muscle cells during PDGF activation.

Figure 6. Knockdown and rescue of Abl affect the interaction of Raf-1 with actin and Raf-1 redistribution induced by PDGF. (A) Representative

immunoblots illustrating the role of Abl in the association of Raf-1 with F-actin. To assess the role of Abl, control cells, KD cells, and rescue cells were

stimulated with PDGF for 10 minutes. The interaction of Raf-1 with F-actin was then evaluated. To evaluate whether the effects of Abl and actin
polymerization on Raf-1/actin coupling are additive, KD cells were treated with LAT-A for 30 minutes, and the coupling of Raf-1 with F-actin in

response to PDGF activation was determined. The amount of Raf-1 in cytoskeletal actin in KD cells treated with LAT-A was similar to that in KD cells.

1, control; 2, KD cells; 3, rescue; and 4, KD 1 LAT-A. (B) The Raf-1/actin ratios in KD cells, rescue cells, and KD cells treated with LAT-A are
normalized to control cells. *Significantly lower ratio of Raf-1/actin in KD cells and KD cells plus LAT-A as compared with control cells (P , 0.05).

Values are means6 SE (n ¼ 3–4). (C) Representative images illustrating the effects of Abl KD and rescue on spatial redistribution of Raf-1 induced by

PDGF. The inserts are the 1.53 magnification of the selected area. Dashed arrows indicate a single line scan to quantify the fluorescent signal for

each cell. a, KD; b, rescue. (D) Raf-1 distribution in cells is expressed as ratio of pixel intensity at the cell edge to pixel intensity at cell interior. Data
are means 6 SE (n ¼ 17–18). *Significantly different between treated cells and control cells (P , 0.05).

Figure 7. Effects of LAT-A, Noc, and Abl KD/rescue on smooth muscle

cell proliferation. HASM cells were cultured in the presence or absence

of 1 mM LAT-A or Noc for 2 days. In addition, Abl KD and rescue cells

were cultured for 2 days. The numbers of viable cells were determined
using the trypan blue exclusion test (*P , 0.01; n ¼ 3).
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Because actin dynamics is necessary for the coupling of Raf-1
with actin, Raf-1 translocation and phosphorylation of MEK1/2
and ERK1/2, we propose that PDGF activationmay promote the
coupling of Raf-1 with cytoskeletal actin, which may facilitate
the translocation and activation of Raf-1 from the cytoplasm to
the membrane. Activated Raf-1 phosphorylates MEK1/2, which
in turn phosphorylates ERK1/2 and activates ERK1/2, and pro-
motes cell proliferation (1, 2).

In addition to the actin cytoskeleton, microtubules have been
implicated in the trafficking of channels, vesicles, and GLT4 in
neurons and adipocytes (6, 7). Our studies showed that treatment
with the microtubule depolymerizer nocodazole did not affect the
interaction of Raf-1 with cytoskeletal actin and Raf-1 redistri-
bution. However, nocodazole inhibited airway smooth muscle
cell proliferation. These results suggest that microtubule is not nec-
essary for Raf-1 translocation in smooth muscle cells in the early
stage of activation with the growth factor. Microtubules may
regulate cell proliferation by affecting mitosis (32).

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