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Abstract

Airway smooth muscle cells require coordinated protrusion

and focal adhesion dynamics to migrate properly. However,

the signaling cascades that connect these two processes

remain incompletely understood. Glia maturation factor
(GMF)-+ has been implicated in inducing actin debranching and
inhibiting nucleation. In this study, we discovered that GMFy
phosphorylation at Y104 regulates human airway smooth muscle
cell migration. Using high-resolution microscopy coupled with
three-dimensional object-based quantitative image analysis
software, Imaris 9.2.0, phosphomimetic mutant, Y104D-GMFy,
was enriched at nascent adhesions along the leading edge where
it recruited activated neural Wiskott-Aldrich syndrome protein
(N-WASP; pY256) to promote actin-branch formation, which

Smooth muscle cell migration is critical for
the development of airways, vasculature, gut,
and bladder; however, it also contributes to the
progression of diseases, such as asthma (1-4).
Cell migration involves the extension of
membrane protrusions (lamellipodia and
filopodia) and attachment of adhesive
structures (focal adhesions) to the
extracellular matrix, which, together, generate
mechanical tension to propel the cell through

its environment (5, 6). The formation of
the lamellipodia is established through
dynamic actin network assembly that is
regulated by the actin-related protein 2/3
(Arp2/3) complex (1, 7-9). Nucleation
promoting factors (NPFs), such as neural
Wiskott-Aldrich syndrome protein
(N-WASP), Wiskott-Aldrich syndrome
protein, and SCAR homolog complex
(WASH), WAS/WASL interacting protein

enhanced lamellipodial dynamics and limited the growth of focal
adhesions. Unexpectedly, we found that nonphosphorylated
mutant, Y104F-GMFv, was enriched in growing adhesions where
it promoted a linear branch organization and focal adhesion
clustering, and recruited zyxin to increase maturation, thus
inhibiting lamellipodial dynamics and cell migration. The localization
of GMFry between the leading edge and focal adhesions was
dependent upon myosin activity. Furthermore, c-Abl tyrosine kinase
regulated the GMFy phosphorylation—dependent processes. Together,
these results unveil the importance of GMFy phosphorylation in
coordinating lamellipodial and focal adhesion dynamics to regulate
cell migration.

Keywords: airway smooth muscle; cell migration; actin
cytoskeleton; protein phosphorylation

family member 1 (WIP) and WASP family
member 1 (WAVE) (10-14) activate the
Arp2/3 complex in motile cells (15-17).
Focal adhesions are large
macromolecular complexes that attach
cells to the extracellular matrix through the
transmembrane integrins (6, 18, 19). Recent
studies suggest that myosin activation is
involved in focal adhesion assembly. Myosin
activation may generate contractile force to
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facilitate recruitment of various proteins to
focal adhesions (6, 20-22). Furthermore,
focal adhesion dimension and maturation
are important for determining migratory
speed (23, 24). ABL proto-oncogene 1, a
nonreceptor tyrosine kinase (c-Abl), regulates
actin cytoskeletal reorganization essential for
multiple cellular processes, such as cell
migration (1, 25-27), proliferation (1, 28, 29),
cytokinesis (30), smooth muscle contraction
(9, 31, 32), and cancer metastasis (26). c-Abl
expression is upregulated in asthmatic human
airway smooth muscle cells (HASMCs) (31,
33). Inhibition of c-Abl by the inhibitor,
imatinib, reduces airway hyperresponsiveness
and remodeling in animal models of asthma
(34), and relieves breathing difficulty of
patients with severe asthma (4, 35).

In smooth muscle cells, c-Abl
orchestrates actin reorganization by
controlling glia maturation factor (GMF)-y
(36), which is a member of the ADF/cofilin
depolymerizing factor superfamily (37-41).
GMF is expressed in a variety of cell types,
including airway smooth muscle cells (36, 37,
39, 40). Unlike its relative, cofilin, GMFy does
not interact directly with actin filaments, but
rather binds specifically to two binding sites of
the Arp2/3 complex to initiate actin branch
disassembly and inhibit further nucleation (37,
41). Previous loss-of-function studies have
revealed the importance of GMFy as a
regulator of lamellipodia and overall migration
(37, 38, 40). Furthermore, our group has
previously shown that GMFy undergoes
phosphorylation at Tyr-104 in smooth muscle
upon contractile activation. Tyr-104 is
positioned within the Arp2 binding motif of
GMFy (36). GMFy phosphorylation leads to
its dissociation from the Arp2/3 complex and
regulates actin dynamics (36).

In this study, we investigated the role of
GMFy phosphorylation at Tyr-104 in the
coordination of both lamellipodial and focal
adhesion dynamics through remodeling of
actin during cell migration. We used high-
resolution microscopy coupled with the three-
dimensional (3D) reconstruction software,
Imaris 9.2.0, to identify quantitative changes in
3D morphology of individual focal adhesions
and actin architecture based on GMFy
functionality, which would otherwise be
insufficient with a method of two-dimensional
(2D) immunosfluorescent intensity analyses or
co-IP (18). We unexpectedly identified a shift
in GMFy localization to either the leading
edge or to growing focal adhesions.
Phosphorylated GMFy was localized to
nascent adhesions near the leading edge
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and enhanced lamellipodial dynamics.
Nonphosphorylated GMFy was recruited to
focal adhesions, induced maturation, and
inhibited cell migration. Furthermore, c-Abl
regulates GMFy spatial distribution,
lamellipodial dynamics, and focal adhesion
assembly.

Methods

Cell Culture

HASMCs were prepared from bronchi and
adjacent tracheas of control subjects (who
died from nonasthmatic causes) and
patients (who died from severe asthma)
obtained from the International Institute for
Advanced Medicine (42). Nonasthmatic
and asthmatic HASMCs were also obtained
from Dr. Reynold A. Panettieri of Rutgers
University (33). Human tissues were
nontransplantable and consented by
patients for research. This study was
approved by the Albany Medical College
Committee on Research Involving Human
Subjects. Details are provided in the data
supplement.

Reagents and Transfection
Detailed plasmid sequences, lentiviral
shRNA, and primary antibody information
are provided in the data supplement.
Transfections for migration assay were
performed using FuGene HD Transfection
Reagent (Promega Corporation). Transfections
of cells for fixed- and live-cell confocal
microscopy were performed with Neon
electroporation and Neon reagents
(MPK10025; ThermoFisher).

Western Blot and Co-IP

Cells lysed with 2X SDS sample buffer boiled
for 5 minutes and separated onto SDS-PAGE,
then electrotransferred to nitrocellulose
paper. Membranes were blocked using 2%
BSA in PBS for 1 hour and then probed with
specific primary antibodies followed by
horseradish peroxidase—conjugated secondary
antibody (Fisher Scientific). Proteins were
visualized using the Amersham Imager 600
(GE Healthcare). Additional Western blot
and co-IP information are detailed in the data
supplement.

Immunofluorescence Microscopy
Imaging for fixed cells and live cells was
conducted on a Zeiss LSM 880 NLO
confocal microscope with Fast Airyscan
module (Carl Zeiss Microscopy) equipped

with 63X oil 1.4 numerical aperture
objective lens and collected through a 32-
channel GaAsP detector as 0.2 Airy units
per channel. Z-stack collecting was under
Nyquist sampling and with the Fast
Airyscan SR settings. Live-cell imaging of
GMFy-GFP-tagged mutants, Life-Act-RFP,
and paxillin-mcherry constructs used the
Fast Airyscan module on the Zeiss LSM 880
confocal microscope. Microscope software
used is the Zen Black 2 edition to process
images for the Airyscan. Time-lapse
microscopy was achieved by using a Leica
A600 microscope with a six-well incubator
chamber hooked up to 5% CO,. Additional
detailed methods for immunofluorescent
microscopy are found in data supplement.

Image Analysis
Detailed descriptions for image analysis are
found in the data supplement.

Statistical Analysis

All data were analyzed using GraphPad
Prism version 6.00 software (Windows;
GraphPad Software). A two-tailed, one-way
ANOVA, followed by Tukey’s multiple
comparisons test, was used for comparing
time-lapse microscopy parameters,
lamellipodial protrusion/retraction velocity,
and events, comparing vinculin and zyxin
area and number, all filament tracer
experiments, and comparing the percent of
GMFYy inside and outside adhesions
(significance was determined by a P <
0.05). A two-tailed Student’s ¢ test was used
to determine a significance of P less than
0.05 for knockdown cell focal adhesion
parameters, protein level expression, and
“wound” closure rates. A two-tailed
Student’s t test was used to determine a
significance of P less than 0.05 for
blebbistatin-treated cells. Box-and-whisker
plots and bar graphs were used to represent
data shown. “n” denotes the number of
individual cells, experiments, or objects
rendered, as stated in the text.

Results

Knockdown of GMFy Inhibits Smooth
Muscle Cell Migration

To interrogate the function of GMFy, we
generated stable GMFy knockdown in
HASMC:s by using lentiviral particles
encoding control or GMFy shRNA. Cells
were serum starved overnight before
replating onto collagen-coated six-well
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plates in 10% FBS/F12 medium. Migration
of control or GMFy knockdown cells was
monitored live by time-lapse microscopy
and analyzed using the NIH Image]
software. Cells undergoing cell proliferation
over the course of the experiment were not
chosen for analysis. GMFy knockdown
diminished the speed and accumulated
distance of motile HASMCs (Figures 1A,
1B, 1F, and 1G and Movie El in the data
supplement). Immunoblot analysis verified
effective knockdown in cells expressing
GMFy shRNA by 80% (Figure E1A). We
also performed a wound-healing assay to
assess the effects of GMFy knockdown on
directed cell migration (Figure E1B). Loss
of GMFry led to a decrease in the ability of
cells to close the scratch area in 12 hours as
compared with control shRNA-expressing
cells (Figure E1C). Furthermore, we
re-expressed GMFy in the knockdown
cells using the experimental procedures as
we previously described (36) (Figures
E1D-E1F). Rescue of GMFry restored the
speed and distance of migratory cells
(Figures 1A-1C, 1F, and 1G and Movie E1).

GMFy Phosphorylation at Y104
Regulates Smooth Muscle Cell
Migration

Because GMFy has a role in regulating
smooth muscle contraction, we evaluated
the role of GMFy phosphorylation at this
residue in cell migration. We engineered
EGFP-tagged non-phosphorylated

mutant (Y104F) GMFy (substitution

of phenylalanine at Y104) and
phosphorylation mimic mutant (Y104D)
GMFry (aspartic acid substitution at Y104)
(36). These DNA constructs were
transiently transfected into GMFvy
knockdown cells (Figures E1D-E1F), and
migration of live cells was monitored by
time-lapse microscopy (Figures 1A-1E and
Movie E1). The expression of Y104F-GMFvy
in the knockdown cells did not recover cell
migration (Figures 1D, 1F, and 1G).
However, the expression of Y104D-GMFy
in the knockdown cells restored the speed
and distance of motile cells (Figures
1E-1G). These results suggest that GMFry
phosphorylation contributes to the
regulation of cell migration.

Knockdown of GMFy Disrupts
N-WASP (pY256) Spatial Distribution
and Reduces Focal Adhesion Area
Because speed and distance were attenuated
by knockdown of GMFry, we evaluated the

spatial distribution of GMFy in smooth
muscle cells with a focus on lamellipodia
and lamella (dynamic cell front during
migration). GMFy was localized on the
cell leading edge of the lamellipodia
(Figure 2A). Moreover, merged z-slice
confocal images showed that a pool of
GMFy was colocalized with vinculin, a
marker of focal adhesions. To our
knowledge, this is the first evidence of
GMF localization to the focal adhesion
compartment. In addition, active N-WASP
has been implicated in cell migration (10,
13); we also examined the cellular location
of N-WASP (pY256) in motile cells.
N-WASP was distributed both in focal
adhesions and the leading edge (Figure 2A).
Furthermore, co-IP analysis was used to
assess interaction of GMFy with vinculin
and N-WASP (pY256). Vinculin and
N-WASP (pY256) were found in GMFy
immunoprecipitates (Figure 2B).
Conversely, GMFy and N-WASP (pY256)
were found in vinculin precipitates

(Figure 2B), suggesting an association of
GMFy with vinculin and N-WASP
(pY256).

To determine whether GMFry affects
focal adhesions and the actin-regulatory
proteins, we assessed the effects of GMFy
knockdown on focal adhesion size and
distribution of N-WASP (pY256). Focal
adhesions within HASMCs span multiple
Airyscan z-slices; therefore, to quantify
morphological changes, we used the Imaris
3D object-based rendering software
(Figures E2 and E3A-E3F and METHODS) to
reconstruct vinculin into 3D objects using
the surface module because of its ability to
accurately quantify focal adhesion size and
distribution changes by surface area and
distance transformation—two MatLab
algorithms (18, 43) (Figure E3). We also
reconstructed the punctate immunostaining
of N-WASP (pY256) into spots using the
spot module of the Imaris software. 3D
surfaces and spots were reconstructed based
on immunofluorescent intensity, surface
area, and quality of rendering to identify
morphological parameters and interaction
between objects in 3D (18, 43). Knockdown
of GMFy caused a significant decrease in
vinculin surface area without impacting
individual vinculin numbers as compared
with control cells (Figures 2C, 2E, and 2F).
We also observed a significant decrease in
the enrichment of N-WASP (pY256) with
vinculin in GMFy knockdown cells
(Figures 2C and 2G). Altogether, these
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results suggest that GMFry is localized
within focal adhesions and that it may
regulate focal adhesion growth through the
recruitment of N-WASP (pY256).

We further examined whether
N-WASP localization was also disrupted
by GMFy knockdown at the leading edge
of the lamellipodia (Figures 2D and
E3G-E3I). Knockdown of GMFry led to a
decrease in Arp2 colocalized with N-WASP
(pY256) at the leading edge as compared
with cells expressing control shRNA
(Figures 2D and 2H).

GMFy Phosphorylation at Y104
Impacts Focal Adhesion Dynamics in
Live Cells

During migration, focal adhesions undergo
dynamic changes to accommodate
alterations in their surroundings (1).

We next sought to determine if the
phosphorylation state of GMFy affects
focal adhesion dynamics in live cells by
observing mCherry-labeled paxillin, a focal
adhesion-associated protein that also
interacts with vinculin in both nascent
and mature adhesions (21). Cells were
cotransfected with wild-type (WT), Y104F,
or Y104D-GMFy and mcherry-paxillin.
Labeled paxillin images of cells were
monitored live by Fast Airyscan
microscopy (Figures E4A-E4C and Movie
E2). Images were taken every 30 seconds
over the course of a 20-minute period with
a sampling of four z-slices. Imaris software
with surface module package was used to
3D reconstruct paxillin surface area based
on fluorescent intensity, quality, area, and
track duration (minimum of 300 s in
length; see MeTHODS). The surface area of
each paxillin object (WT-GMFy n = 1,489,
Y104F-GMFy n=2,012, Y104D-GMFy
n=2,387) was tracked over time for

each sample (n =10 individual cells).
Representative regions of interest were
graphed to demonstrate focal adhesion
dynamics (Figures E4A-E4C). WT-
GMFy-expressing cells exhibited an initial
increase in paxillin surface area, which
peaked at an average of 6.73 wm? (SD
+2.44 um®), followed by a decrease in surface
area (Figures E4A, E4D, and E4E). Several
focal adhesions did display stability in our
WT-GMFy-expressing cells, but averaged a
consistent area of 8 wm? (SD *+1.67 um?).
Conversely, Y104F-GMFy-expressing

cells displayed large, stable paxillin focal
adhesions, which remained at an average
of 14.1 pmz (SD *6.22) throughout the
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Figure 1. (A-£) GMFy phosphorylation at Y104 regulates smooth muscle cell migration. Time-lapse microscopy was used to track human airway smooth
muscle cells (HASMCs) expressing control shRNA and GMFy shRNA, as well as cells transfected with wild-type (WT)-GMFy, Y104F-GMFy, and Y104D-
GMFy plasmids. Images were taken every 10 minutes for 16 hours. Migration plots generated by Image J plugin display migration patterns for each cell
type. (F and G) Graphical comparisons represent the calculated speed and accumulated distance for each cell type. Two-tailed, one-way ANOVA with
Tukey'’s post hoc test was used (P < 0.05; control ShRNA n =51, GMFy knockdown (KD) n =41, WT-GMFy n =27, Y104F-GMFy n = 45, Y104D-GMFy
n=2381 n=pooled cell numbers from four human donors without asthma). GMFG = glia maturation factor .

duration of imaging (Figures E4B, E4D, and
E4E). Unexpectedly, during the period of
imaging, we did not observe turnover of
any of these focal adhesions (Figure E4B).

In addition, expression of Y104D-GMFvy
revealed a similar trend to WT-GMFy-
expressing cells, but was limited in the
growth of paxillin focal adhesions averaging

a peak surface area of 3.36 wm? (SD

+0.784; Figures E4C-E4E). However, there
were several occurrences of focal adhesions
that did not disassemble in the time frame,
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Figure 2. Knockdown of GMF~y disrupts N-WASP (pY256) spatial distribution and reduces focal adhesion area. (A) HASMCs were plated on
collagen-l-coated coverslips and immunostained for total GMFy, N-WASP (pY256), and vinculin. Z-slice images were taken on a Zeiss LSM880 confocal
microscope with the Fast Airyscan module using 488-, 561-, and 633-nm lasers. Scale bars: 5 um and zoomed-in =2 pm. Arrowheads point to focal
adhesions and arrows point to the leading edge. Representative image from n =10 individual cells. (B) Co-IP assay was performed on HASMCs using
antibodies targeting endogenous GMFy or vinculin. Co-IP samples were loaded and separated on an SDS-PAGE gel, where they were electrotransferred
onto nitrocellulose paper and immunoblotted with primary antibodies for vinculin, N-WASP (pY256), Arp2, and GMFy. Representative immunoblot from
n =4 independent experiments. (C) Control shRNA or GMFy knockdown—expressing cells were immunostained for N-WASP (pY256) and vinculin. Z-slice
images were taken on a Zeiss LSM880 confocal microscope with the Fast Airyscan module. Scale bar: 5 wm, zoomed-in =2 pm. White line denotes the
leading edge; arrowheads point to focal adhesions. (D) Control shRNA or GMFy knockdown—-expressing cells were immunostained for Arp2 and N-WASP
(PY256). Arrows point to the leading edge. (E-G) Imaris 9.1.2 software was used to 3D render spots (control shRNA = 18,433, GMFy KD =21,163) and
surfaces (control shRNA = 1,993, GMFy KD =2,121) for quantitative analysis of vinculin number, area, and percent N-WASP spots contacting vinculin
surfaces from 10 individual cells (Figure E3 and MetHobs). (H) Imaris 9.1.2 software was used to quantify the percent Arp2 spots (control shRNA = 12,660,
GMFy KD = 16,962) colocalized with N-WASP (pY256) spots (control sShRNA = 10,879, GMFy KD = 14,640) from 10 individual cells. Student’s t test was
used (*P < 0.05). Arp2 = actin-related protein 2; Co-IP = co-immunoprecipitation; Ctrl = control; NHASMC = nonasthmatic HASMC; n.s. = not significant;
N-WASP = neural Wiskott-Aldrich syndrome protein.
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but again were limited to an average area
of 3.41 pm® (SD *1.23; Figure E4D).
Quantification analysis showed that average
peak of paxillin surface area was higher in
cells expressing Y104F-GMFry than in cells
expressing WT or Y104D-GMFy (Figure
E4E). These results suggest that GMFy
phosphorylation regulates the dynamics of
focal adhesions.

Phosphorylation at Y104 Regulates
Focal Adhesion Clustering and GMFy
Distribution

Because we observed that knockdown of
GMFy decreased vinculin clustering, we

asked whether the phosphorylation state of
GMFr affects focal adhesion assembly by
expressing phosphorylation-modified
GMFy mutants in GMFy knockdown (KD)
cells. Cells expressing EGFP-tagged WT-,
Y104F- or Y104D-GMFy were plated on
coverslips followed by immunostaining for
vinculin and zyxin (Figure 3A). Zyxin is a
marker for mature focal adhesions (44).
Imaris software was used to analyze
number and surface area of focal adhesions
(Figure E5 and METHODS). Expression of
Y104F-GMFy increased the number and
area of vinculin surfaces as compared with
cells expressing WT-GMFy (Figures

ORIGINAL RESEARCH

3A-3QC). In contrast, introduction of
Y104D-GMFv did not increase the number
or area of vinculin surfaces when compared
with cells expressing WT-GMFry (Figures
3A-3C). In fact, expression of Y104D-
GMFy decreased the area of vinculin
surfaces by 1 wm?, but this decrease was
significant (Figures 3A-3C). Furthermore,
expression of Y104F-GMFry increased
the number of zyxin surfaces without
affecting the surface area of zyxin (Figures
3D and 3E). Y104D-GMFy did not affect
the number or area of zyxin surfaces
(Figures 3D and 3E). These results suggest
that lower phosphorylation of GMFy at

A GMFy Vinculin Merged B c .
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Figure 3. Phosphorylation at Y104 regulates focal adhesion clustering and GMFy distribution. (A) GMFy knockdown cells were transfected with WT,
Y104F, or Y104D-GMFy GFP-tagged plasmids, then fixed and immunostained for zyxin and vinculin. Arrowheads point to focal adhesions. Scale bars:
white bars 50 pm and yellow bars 2 um. (B-£) Imaris 9.1.2 software was used to render GMFy (WT = 49,304, Y104F = 45,524, Y104D = 27,178) spots,
zyxin (WT = 2,228, Y104F = 3,390, Y104D = 755), and vinculin (WT = 4,482, Y104F = 7,751, Y104D = 3,800) surfaces from 10 individual cells to quantitate
number and area of surfaces (Figure E3 and MetHops). (F and G) Imaris 9.1.2 software was used to mask zyxin and vinculin surfaces followed by distance
transformation algorithm to determine the percent of GMFy inside or outside focal adhesions (FA). Distance transformation creates concentric circles
around an object to measure distance based on the fluorescent intensity from other objects denoted by the distance scale (MetHops). (H) Masked zyxin
and vinculin channels were used to separate GMFy localization within focal adhesions, and nascent adhesions contain only vinculin, whereas mature
adhesions contain both vinculin and zyxin. A one-way ANOVA was used for statistical analysis with a Tukey’s post hoc test for between-group
comparisons, *P < 0.05, *P < 0.05, and ¥P < 0.05.
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this residue promotes focal adhesion
clustering and recruitment of zyxin to
adhesions.

We also examined the spatial
distribution of WT and mutant GMFy in
HASMCs (Figures 3F and E5A-ES5E and
METHODS). Imaris software was used to
separate populations of GMFvy based on the
proximity to vinculin and zyxin markers
within lamellipodia (Figure 3F). We
unexpectedly found that phosphorylation
state of GMFy affected its distribution in
focal adhesions. Approximately 68% of
Y104F-GMFy were found inside focal
adhesions as compared with 36% of WT-
GMFYy. In contrast, 16% of Y104D-GMFy
were localized inside focal adhesions
(Figure 3G). Moreover, 32% of Y104F-
GMFy, 64% of WT-GMFy, and 84% of
Y104D-GMFy were positioned outside of
focal adhesions (Figure 3G).

Next, we used Imaris software to
further analyze detailed distribution of
GMFy and its mutants within individual
focal adhesions (Figures 3F and E5A-E5E
and MerHoDS). This method allowed for
separation of GMFvy populations associated
with vinculin or zyxin reconstructed
surfaces, nascent and mature adhesions,
respectively. A total of 47% of WT-GMFy
localized with nascent adhesions, whereas
53% of WT-GMFy contacted mature
adhesions (Figure 3H). However, Y104F-
GMFry largely (74%) associated with
mature adhesions with only 26% Y104F-
GMFy within nascent adhesions
(Figure 3H). Moreover, 60% of Y104D-
GMF localized to nascent adhesions with
40% of Y104D-GMFy within mature
adhesions (Figure 3H). These results
suggest that nonphosphorylated GMFy
largely contacts zyxin-associated mature
adhesions, whereas phosphorylated GMFry
localizes with nascent vinculin-only
adhesions.

Actin Architecture and Connection of
Actin Fibers to Vinculin and Are
Regulated by GMFy Phosphorylation
at Y104

Because GMFy phosphorylation was found
to affect focal adhesion clustering, we asked
whether GMFy Y104 phosphorylation
affects actin architecture by assessing the
effects of nonphosphorylated or
phosphorylated mutant on F-actin
structure in lamellipodia. Cells were
cotransfected with constructs for WT-,
Y104F-, or Y104D-GMFvy and LifeAct-RFP

Gerlach, Tubbesing, Liao, et al.: Role of GMFy in Smooth Muscle Cell Migration

vinculin (Figure 4B), reduced actin fiber
branching (Figure 4C), and enhanced the
occurrence of actin asters (Figure 4D).
Moreover, the expression of Y104D-GMFy
increased vinculin-associated actin fibers
(Figure 4B) and actin fiber branches
(Figure 4C), and reduced actin asters
(Figure 4C). These findings suggest that
GMFy phosphorylation at this residue
regulates the reorganization of the actin
cytoskeleton and the interaction of actin
fibers with focal adhesions.

plasmid, which generates a 17-amino acid
peptide to visualize F-actin, followed by
immunostaining for vinculin. Fast Airyscan
microscopy and Imaris software with
filament tracer package were used to
evaluate actin architecture (METHODS). In
cells treated with WT-GMFry, actin fibers
displayed both a linear structure and an
actin meshwork within lamellipodia. In
contrast, actin fibers of cells expressing
Y104F-GMFy showed asterisk-like
topology characterized by nucleation
centers and arm-like radially orientated
F-actin strands. Moreover, cells expressing
Y104D-GMFy displayed a majority of actin
meshwork architecture (Figure 4A).
Furthermore, the expression of Y104F-
GMFy increased actin fibers contacting

GMFy Phosphorylation at Y104
Modulates Lamellipodial Dynamics
During migration, cells undergo cyclic
extension and retraction of lamellipodia
to facilitate cell movement (1, 5, 8). We
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Figure 4. Actin architecture is regulated by GMFy phosphorylation at Y104. (A) GMFy knockdown
cells were transfected with WT, Y104F, or Y104D-GMFy and LifeAct-red fluorescent protein (RFP)
(pseudocolored cyan) plasmids, fixed, and immunostained for vinculin. Images were taken using a
Zeiss LSM880 confocal with the Fast Airyscan module. Scale bars: 5 um, merged inset =2 pm from
n =10 individual cells per expression plasmid. Arrowheads point to actin fibers and focal adhesions.
(B-D) Imaris software with the Filament Tracer package was used to trace actin fibers and analyze
actin fibers contacting vinculin, as well as branch and aster morphology (MetHops). Rendered vinculin
(WT=1,518, Y104F =1,137, Y104D = 780) surfaces are in magenta, actin fibers (WT =40,070,
Y104F = 29,600, Y104D = 31,064) are in cyan, and “actin asters” or beginning points are labeled
yellow. A one-way ANOVA with a Tukey’s post hoc test for between-group comparisons was used for
statistical analysis. *P < 0.05.
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also evaluated the role of GMFy
phosphorylation in lamellipodial
dynamics. Cells expressing WT-, Y104F-,
or Y104D-GMFy were transfected with
LifeAct-RFP to monitor changes in
lamellipodial dynamics using a Fast
Airyscan microscope. To analyze
lamellipodial dynamics, we used an Image]J
plugin known as “automated detection and
analysis of protrusions” (45) (METHODS).
Expression of Y104F-GMFy severely
impaired protrusion velocity, as well as
retraction velocity, as compared with cells
expressing WT-GMFy (Figures E6A-E6C
and Movie E3). Moreover, actin asters were
also observed, but were dynamic in live cells
expressing Y104F-GMFy (Figure E6A and
Movie E3). However, expression of Y104D-
GMFry recovered protrusion velocity and
retraction velocity (Figures E6A-E6C and
Movie E3). Furthermore, expression of
Y104F-GMFy reduced protrusion events
and enhanced retraction events as
compared with cells expressing WT-GMFy.
However, expression of Y104D-GMFy
restored these events (Figures E6A, E6D,
and E6E). Together, these data suggest that
the phosphorylation of GMFy can
modulate the actin cytoskeleton to promote
efficient lamellipodial dynamics.

Myosin Activation Regulates the
Recruitment of GMFy to Focal
Adhesions

As described previously here, GMFvy
phosphorylation affects its distribution in
focal adhesions (Figure 3). Because myosin
activity has been implicated in the
recruitment of focal adhesion-associated
proteins and focal adhesion morphology
(6, 21, 22), we examined whether myosin
activation influences GMFy distribution.
Cells expressing WT-GMFy, Y104F-GMFr,
or Y104D-GMFy were seeded on
coverslips, followed by treatment with
blebbistatin, a small-molecule inhibitor of
myosin I ATPase activity (46). Cells were
then immunofluorescently stained for
vinculin (Figure 5A). Approximately 30%
of WT-GMFy contacted vinculin, whereas
60% of Y104F-GMFy and around 10% of
Y104D-GMFry associated with vinculin
(Figure 5B). Treatment with blebbistatin
reduced the populations of WT-GMFry
and Y104F-GMFy contacting vinculin.
Moreover, blebbistatin treatment increased
the population of Y104D-GMFvy contacting
vinculin (Figure 5B). Furthermore,
treatment with blebbistatin diminished the
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area of vinculin surfaces in cells expressing
WT-GMFy and Y104F-GMFry, but not
Y104D-GMFry (Figures 5B and 5C). These
results suggest that myosin activity affects
phosphorylation-dependent GMFy
recruitment to focal adhesion and focal
adhesion morphology.

Because c-Abl is known to catalyze
GMFy Y104 phosphorylation (36), we
assessed the role of myosin activity in c-Abl
phosphorylation at Y412, an indication
of c-Abl activity as well as GMFy
phosphorylation at Y104 (25). Treatment
with blebbistatin inhibited both c-Abl
phosphorylation and GMFy phosphorylation
(Figures 5D and 5E). Moreover, we verified
that blebbistatin treatment reduced myosin
light chain-20 phosphorylation (Figures 5D
and 5E).

c-Abl Regulates the Accumulation of
GMFy to Focal Adhesions of

Migrating Cells

Next, we assessed whether c-Abl affects the
spatial distribution of GMFy in motile cells.
Cells expressing control shRNA and c-Abl
knockdown cells were generated by the
methods previously described (30), and
immunostained for GMFy, N-WASP
(pY256), zyxin, and vinculin. c-Abl
knockdown resulted in increases in the
number and surface area of vinculin
(Figures E7A, E7C, and E7D) and zyxin
(Figures E7B, E7E, and E7F). Furthermore,
we used Imaris software with the surface
module package to analyze the localization
of GMFy and N-WASP (pY256) in vinculin
or zyxin adhesions (MEeTHODS). Knockdown
of c-Abl enhanced localization of GMFy
spots with vinculin surfaces from 30% to
48% (Figure E7G). Localization of N-WASP
(pY256) spots with vinculin surfaces was
also higher in c-Abl knockdown cells
(Figure E7H). Moreover, contact of GMFy
and N-WASP (pY256) with zyxin was
higher in c-Abl knockdown cells compared
with control cells (Figures E7I and E7J).

GMFy Phosphorylation Is Involved in
Faster Migration of HASMCs

Because airway smooth muscle cell motility
has been implicated in airway remodeling
of asthma (1, 3, 4), and our present
results demonstrate a role of GMFy
phosphorylation in cell migration, we
assessed whether GMF+y and its
phosphorylated form are altered in asthma.
Immunoblot analysis showed that total and
phosphorylated GMFy was upregulated in

asthmatic HASMCs (Figures 6A and 6B).
Moreover, speed and accumulated distance
were increased in asthmatic HASMCs
(Figures 6C, 6D, 6F, and 6G). More
importantly, the expression of Y104F-
GMFy inhibited migration of asthmatic
HASMC:s (Figures 6E-6G).

Discussion

GMFy is highly expressed in HASMCs
(36). Our present study suggests that GMFy
is an important molecule that regulates cell
migration. GMFy deficiency reduced active
N-WASP recruitment to focal adhesions
and inhibited focal adhesion formation
(Figure 2). This may be because GMFvy can
bind the C terminus of N-WASP (37) to
facilitate their interaction. N-WASP and its
associated proteins are known to modulate
focal adhesion assembly (12). Furthermore,
GMFy deficiency reduced the activation of
the Arp2/3 complex in the leading edge.
Again, this could be due to the ability of
GMF to interact with Arp2 and N-WASP
(37).

Our experimental and quantitative
results suggest a model for how GMFy
phosphorylation can regulate lamellipodial
and focal adhesion dynamics during airway
smooth muscle cell migration (Figure 7).
Localization of phospho-GMFy at the
leading edge increased the recruitment of
N-WASP (pY256) to promote Arp2/3-
mediated actin branching at the cell front,
as indicated by presence of actin branched
organization within protrusions (Figures 4
and 7), which may increase lamellipodial
extension (Figure E6). Phosphorylation at
Y-104 promotes dissociation of GMFry
from Arp2 (36). Thus, it is possible that the
released GMFy may facilitate N-WASP
recruitment to the leading edge. Several
studies have identified an important
connection between branched actin and the
formation of nascent adhesions in an
Arp2/3-dependent manner (16, 17, 19). We
hypothesized that GMFy phosphorylation
may promote a switch in actin organization
to regulate focal adhesion morphology
(Figure 7). We observed a change in actin
organization between branched and linear
actin as nonphosphorylated GMFy was
enriched in mature focal adhesions (Figures
3 and 4). Our results suggest that
nonphosphorylated GMFy promotes aster
actin formation that may enhance focal
adhesion maturation and stability, leading
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Figure 5. Myosin activation regulates the recruitment of GMFy to focal adhesions. (A) GMFy knockdown cells were transfected with WT, Y104F, or
Y104D-GMFy plasmids overnight. Cells were then trypsinized and replated onto collagen-I-coated coverslips for 2 hours. After 2 hours, cells were treated
with 20 uM blebbistatin for 15 minutes, then fixed and immunostained for vinculin. Scale bar=10 um; arrowheads point to focal adhesions. (B and C)
Imaris 9.1.2 software was used to render vinculin (WT = 1,119, Y104F = 1,801, Y104D = 1,827) surfaces and GMF~ spots (WT = 14,916, Y104F = 14,475,
Y104D = 10,723) for quantification of vinculin area and percent GMFy spots contacting vinculin surfaces. Student’s t test was used for statistical analysis
comparing no treatment to blebbistatin for each individual mutant GMFy (n =10 cells). *P < 0.05. (D) HASMCs were grown to confluence in 60-mm cell
culture—treated dishes, then subjected to 20 wM (—/—) blebbistatin treatment for 15 minutes. Cells were harvested using 1X SDS sample buffer
containing 1X protease and phosphatase inhibitor, scraped, and boiled for 5 minutes. Samples were run on SDS-PAGE, then electrotransferred onto
nitrocellulose paper and immunoblotted for c-Abl tyr-412, total c-Abl, GAPDH, pMLC, MLC, GMFy tyr-104, and total GMFy. Western blots from n=4
individual experiments were imaged using the GE Amersham 600 and analyzed using IQTL software. (E) Quantification of phospho:total protein ratio
normalized to GAPDH was graphed. Student’s t test was used to compare the effect of blebbistatin treatment. *P < 0.05. Bleb = blebbistatin; c-ABL=a
nonreceptor tyrosine kinase.
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Figure 6. Phosphorylated GMFy is upregulated in asthmatic HASMCs (AHASMCs) and contributes to its enhanced migratory phenotype. (A) Normal
HASMC and airway smooth muscle cells isolated from five different donors with asthma were grown to confluence in 60-mm cell culture—treated dishes,
then harvested with 1X SDS sample buffer containing 1 protease and phosphatase inhibitor, scraped, and boiled for 5 minutes. Samples were run on
SDS-PAGE, then electrotransferred onto nitrocellulose paper and immunaoblotted for phospho-GMFy (custom antibody; MetHops), total GMFy, and
GAPDH. Western blots were imaged using the GE Amersham 600 and analyzed using IQTL software. (B) Quantification of phospho:total protein ratio
normalized to GAPDH was graphed. Student’s t test was used to compare normal versus asthma GMFy expression. *P < 0.05. (C-E) Cells were serum
starved overnight then replated onto collagen-I-coated six-well dishes in 10% FBS medium. Time-lapse microscopy was used to track NHASMC and
AHASMC migration with a start time 2 hours after seeding. Images were taken every 10 minutes for 16 hours. Migration plots were generated using
an Imaged plugin to trace individual cells migratory pattern. (F and G) Graphical comparisons represent the calculated speed and accumulated distance
for each cell type. Two-tailed, one-way ANOVA with Tukey’s post hoc test was used (*P < 0.05; NHASMC n =45, AHASMC n =57, Y104F-GMFvy—
expressing AHASMC n = 49; n represents pooled cell numbers from four donors without and five human donors with asthma).

to a dramatic reduction in cell migratory
speed (Figures 1, 3, and 4). This is because
focal adhesion maturation and size affect
cell migration (23). In addition, aster actin

may change membrane structure (43) and
inhibit protrusion extension and cell
migration (Figures 1 and 4 and Figures E4
and E6). The formation of geodesic-actin

organization (actin asters) has previously
been reported in cells undergoing
topological stress (47, 48), and could arise
through actin nodes containing the formin,
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and increases linear actin formation and focal adhesion assembly. (2c) Nonphosphorylated GMFy

promotes actin reorganization, focal adhesion clustering, and recruitment of zyxin to enhance focal

adhesion maturation. Sustained mechanical tension will increase c-Abl activation within focal

adhesions, leading to phosphorylation of GMFy, thus liberating it from Arp2/3 and returning GMFy to

the leading edge.

disheveled-associated activator of
morphogenesis 1 (DAAMI), the cross-
linker filamin A (FInA) and myosin II
filaments (49).

Our studies on phosphomimetic
Y104D-GMFry suggest that increased actin
fiber branching separates focal adhesions
into smaller units within protrusions of
migrating cells. Recently, a study found that
focal adhesions undergo splitting events
into multiple focal adhesion units of
uniform width that are laterally associated

through actin filaments generated by actin-
assembly proteins, adenomatosis polyposis
coli (APC) protein and vasodilator-
stimulated phosphoprotein (VASP) (18).
These events were found to occur under
increased actin tension driven by myosin
IT activity (18).

During cell migration, c-Abl
phosphorylation and activation at the
leading edge can be initiated by B1 integrin
and growth factor (1). In this article,
phosphorylated GMFry localized to the
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leading edge. c-Abl knockdown inhibits
GMFy phosphorylation. Thus, 81 integrin
and growth factors are important initiators
for GMFy-mediated processes during
migration.

The molecular mechanism for the
directed translocation of phosphorylated
GMFy between the leading edge and focal
adhesions remains unknown. Here, we
demonstrate that the enrichment of
nonphosphorylated GMFy within focal
adhesions is driven by myosin II activity, as
blebbistatin treatment attenuated GMFy
enrichment with vinculin (Figure 5).
Myosin activation is also involved in the
recruitment of other focal adhesion-
associated proteins (6). Myosin activation
may induce filament contraction and
promote protein accumulation in the
adhesive structure. However, other
possibilities may also exist. One study in
macrophages suggests that GMFy may play
a role in B1 integrin recycling back to the
leading edge through interaction with
syntaxin-4 (STX4) and syntaxin-binding
protein 4 (STXBP4), two proteins involved
with vesicle trafficking and fusion to the
plasma membrane (40). In addition,
previous studies have revealed that cofilin-
1, a homologous actin depolymerizing
factor to GMFv, interacts with high affinity
to membrane phospholipids PI(4,5)P2,
PI(3,4)P2, and PI(3,4,5)P3 through
electrostatic interactions (50). Phospholipid
composition and clustering on vesicles may
recruit and bind phosphorylated GMFry,
thus transporting GMFy to the leading
edge. Furthermore, a homologous actin
depolymerizing factor, actin-binding
protein 1 (Abpl), was found to regulate
vesicle trafficking by interacting with
distinct golgi membrane regions (39). Abpl
was shown in yeast to enhance actin
polymerization by interacting with both
N-WASP and Arp2/3 (39). Abpl can also
bind endocytic proteins, such as myosin Vb
and synaptojanin, to connect vesicle
recycling with dynamic cortical actin
(39). Moreover, Arp2/3-mediated actin
polymerization on the endosomal
membrane surface was critical for integrin
recycling back to the plasma membrane
(7). Future studies are needed to test
these possibilities in the context of cell
migration.

We additionally observed that c-Abl
activation was myosin dependent, as
treatment with blebbistatin decreased c-Abl
phosphorylation at Y-412, a marker of c-Abl
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catalytic activity, as well as GMFry
phosphorylation at Y-104 (Figure 5). c-Abl
and its isoform, Arg, have been reported
to interact with integrins and focal
adhesion—associated proteins (14, 26), as
well as to promote actin formation (27).
Our image analysis showed a dramatic shift
in localization of Y104D-GMFvy outside of
adhesions, suggesting that c-Abl
phosphorylation might liberate GMFry from
the adhesions upon increased mechanical
tension. c-Abl may act as a switch to
promote changes in actin organization
needed to control focal adhesion growth
and subsequent actin branch formation
within protrusions by regulating GMFy
localization during cell migration

(Figure 7).

Our results suggest that GMFy
phosphorylation at Y-104 is involved in
asthma pathogenesis, as evidenced by
higher expression of phosphorylated and
total GMFr, and inhibition of asthmatic

cell migration by nonphosphorylated
GMFy mutant. Furthermore, our
previous studies show that c-Abl
expression is higher in airway smooth
muscle cells from patients with asthma
and from animal models of asthma (31,
33). Thus, the c-Abl-GMFvy pathway
may contribute to increased airway
smooth muscle cell migration during
asthma progression.

In summary, our study provides novel
insight into the critical role of GMFy
phosphorylation in regulating
lamellipodial and focal adhesion
dynamics, important for directed HASMC
migration (Figure 7). Phosphorylation of
GMFy by c-Abl nonreceptor tyrosine
kinase and myosin contractility are
determinants for GMFy spatial
localization to the leading edge and
growing focal adhesions, respectively
(Figure 7). Localization of phospho-GMFy
at the leading edge leads to increased

N-WASP (pY256) enrichment, Arp2
activation, and increased protrusion
extension, whereas localization of
nonphosphorylated GMFvy within focal
adhesion promotes N-WASP (pY256)
recruitment, actin reorganization, focal
adhesion clustering, and recruitment of
zyxin (Figure 7). Thus, we propose that
GMFr localization and phosphorylation
state is an important modulatory switch
that controls actin organization and focal
adhesion dynamics to promote cell
migration. M
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