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Abstract: Airway smooth muscle cell migration plays a role in the progression of airway remodeling,
a hallmark of allergic asthma. However, the mechanisms that regulate cell migration are not yet
entirely understood. Nestin is a class VI intermediate filament protein that is involved in the
proliferation/regeneration of neurons, cancer cells, and skeletal muscle. Its role in cell migration
is not fully understood. Here, nestin knockdown (KD) inhibited the migration of human airway
smooth muscle cells. Using confocal microscopy and the Imaris software, we found that nestin
KD attenuated focal adhesion sizes during cell spreading. Moreover, polo-like kinase 1 (Plk1) and
vimentin phosphorylation at Ser-56 have been previously shown to affect focal adhesion assembly.
Here, nestin KD reduced Plk1 phosphorylation at Thr-210 (an indication of Plk1 activation), vimentin
phosphorylation at Ser-56, the contacts of vimentin filaments to paxillin, and the morphology of focal
adhesions. Moreover, the expression of vimentin phosphorylation-mimic mutant S56D (aspartic acid
substitution at Ser-56) rescued the migration, vimentin reorganization, and focal adhesion size of
nestin KD cells. Together, our results suggest that nestin promotes smooth muscle cell migration.
Mechanistically, nestin regulates Plk1 phosphorylation, which mediates vimenitn phosphorylation,
the connection of vimentin filaments with paxillin, and focal adhesion assembly.

Keywords: nestin; intermediate filament protein; smooth muscle; migration

1. Introduction

Airway smooth muscle (ASM) cell migration plays an essential role in regulating
development and repair of the respiratory system. Moreover, ASM cell migration con-
tributes to the progression of airway remodeling, a hallmark of allergic asthma. Asthmatic
human ASM cells migrate faster than nonasthmatic cells [1,2]. The luminal border of airway
smooth muscle of patients with severe asthma is closer to the epithelium compared to
patients with mild asthma [3]. However, the mechanisms that regulate cell migration are
not yet fully understood.

In response to guidance signals in their environment, cells extend the membrane to
form protrusion called lamellipodia at the front. New focal adhesions are assembled in cell
protrusion to strengthen their attachment to the extracellular matrix (ECM). Subsequently,
myosin activity increases to promote stress fiber formation and the retraction of the rear.
Finally, focal adhesions at the rear are disassembled to allow whole cell body to move
forward [2,4].

Nestin is a class VI intermediate filament (IF) protein that was first described as
a neuronal stem/progenitor cell marker during central nerve system development [5].
Subsequently, nestin was found in cancer cells, including lung adenocarcinoma [6] and
regenerative skeletal muscle [7]. Nestin contains a short N-terminus and a long C-terminus,
which makes it impossible to form nestin homopolymers. Nestin interacts with other IF
proteins including vimentin to assemble heterodimers and mixed polymers [7]. Nestin is
involved in the proliferation of neurons and cancer cells and the regeneration of skeletal
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muscle [6–8]. The role of nestin in cancer cell migration is complex, as its effects vary
depending on cell types. The presence of nestin promotes the migration of pancreatic
cancer cells [9]. In contrast, nestin has no role in regulating the migration of prostate cancer
PC-3 cell line [10]. Moreover, the cellular mechanisms by which nestin regulates migration
are largely unknown.

Focal adhesions are integrin-containing and multi-protein structures that provide
physical links between the actin cytoskeleton and the ECM. In response to changes in their
environment, integrins engage with the ECM, which promotes integrin clustering and focal
adhesion assembly. Focal adhesion formation in lamellipodia strengthens the cell-ECM
linkage, which eventually allows cells to crawl.

Vimentin is a type III IF protein which is expressed in various cell types, including
smooth muscle cells [2,11,12]. The vimentin network undergoes reorganization during
cell migration and plays a role in regulating migration [11,13]. The rearrangement of the
vimentin network is regulated by its phosphorylation at Ser-56 [14,15].

Polo-like kinase 1 (Plk1) is a serine/threonine protein kinase that plays a role in
mitosis [16–18], proliferation [19,20], and contraction [14,21]. In addition, Plk1 is also
involved in the regulation of cell migration and focal adhesion assembly [15,22].

Here, we reveal a previously unknown mechanism by which nestin regulates cell
migration. Nestin regulates Plk1 activation, which affects the spatial organization of
vimentin filaments, focal adhesion assembly, and migration.

2. Materials and Methods
2.1. Cell Culture

Human ASM cells were prepared from human bronchi and adjacent tracheas ob-
tained from the International Institute for the Advancement of Medicine as previously
described [23–28], with studies herein approved by the Albany Medical College Committee
on Research Involving Human Subjects. The donor human lungs used to procure tissue and
cells were not suitable for transplant, and not identifiable, thus studies were determined
to be Not Human Subjects Research. Smooth muscle cells passage 3–10 were used for the
studies, as per [15,29,30]. The purity of HASM was determined by immunostaining for
smooth muscle α-actin. Nearly 100% of these cells expressed α-actin [15]. Primary cells
from three non-asthmatic donors were used for most experiments. In some cases, duplicate
or triplicate experiments from cells of one donor were used for analysis.

2.2. Immunoblot Analysis and Coimmunoprecipitation

Western blotting of cell lysis and coimmunoprecipitation were performed using the
experimental procedures as previously described [14,15,18,24,31,32]. Antibodies used were
anti-nestin (1:500, Fisher/Invitrogen, Waltham, MA, USA. #PIPA511887, L/N SH2420723H
and Santa Cruz Biotechnology, Dallas, TX, USA, sc-23927, I0418, L1818, J1519), anti-GAPDH
(1:1500, Ambion #AM4300, L/N 1311029), anti-phospho-myosin light chain (Ser-19, Santa
Cruz Biotechnology, 1:500), anti-myosin light chain (1:1000, a gift of Dr. Gunst), anti-
vimentin (BD Biosciences, San Jose, CA, USA, #550515, L/N 3214517, 1:10,000), anti-Plk1
(Cell Signaling, Danvers, MA, USA, #4535S, L/N 2), anti-phospho-Plk1 (Thr-210, Cell
Signaling, #9062 S), anti-c-Abl (Cell Signaling, #2862S, L/N 15), and anti-cortactin (Santa
Cruz Biotechnology, #sc-55579, L/N E0417). Phospho-vimentin (Ser56) antibody (1:500)
was produced as previously described [14,33]. Anti-nestin, anti-c-Abl, and anti-Plk1 were
validated by using corresponding KD cells. Other antibodies were validated by examining
molecular weight of detected bands. Finally, vendors have provided datasheet to show
that antibodies were validated by positive controls. The levels of proteins were quantified
by scanning densitometry of immunoblots (Fuji Multi Gauge Software, Japan or GE IQTL
software, Chicago, IL, USA). The luminescent signals from all immunoblots were within
the linear range.
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2.3. Immunofluorescence Microscopy

Cells were plated in dishes containing collagen-coated coverslips and cultured in a
CO2 incubator for desired times, followed by fixation and permeabilization as previously
described [23,33,34]. These cells were immunofluorescently stained using primary antibody
followed by appropriate secondary antibody conjugated to Alexa-488 or Alexa-555 (Invit-
rogen, Waltham, MA, USA). Primary antibodies used were: anti-nestin (1:25, Invitrogen,
#PIPA511887, L/N SH2420723H and Santa Cruz Biotechnology, sc-23927, I0418, L1818,
J1519), anti-vimentin (1:50, BD Biosciences, #550515, L/N 3214517), anti-pY397-FAK (1:25,
Cell Signaling, #3283/6), anti-paxillin (1:50, BD, #610051/720868). For visualization of
F-actin, cells were stained with rhodamine-phalloidin. The cellular localization of fluores-
cently labeled proteins was viewed under a high resolution digital fluorescent microscopy
(Leica DMI600) or a Zeiss LSM 880 NLO confocal microscope with Fast Airyscan module
(Carl Zeiss Microscopy, LLC, White Plains, NY, USA). The time of image capturing and
intensity gaining were optimally adjusted and kept constant for all experiments to stan-
dardize the fluorescence intensity measurements among experiments. The relative intensity
is calculated using the following formula: intensity of each cell/average intensity of control
cells. Imaris 9.7.3 (Bitplane, Oxford Instruments Pls, Abingdon, UK) software was used to
render spots and surface. The spots and surface modules used an algorithm to create 3D-
reconstructed objects based upon fluorescent intensity and quality of rendering. Vimentin
filaments were 3D-rendered using the FilamentTracer application on Imaris followed by
length measurement. BoundingBox OO length-A measures the length of the shortest prin-
cipal axis. BoundingBox OO length-B measures the length of the second longest principal
axis. BoundingBox OO length-C measures the length of the longest principal axis inside of
the object.

2.4. Generation of Stable KD Cells

Stable nestin KD cells were generated using lentiviruses encoding target shRNA as
previously described. [23,34]. Briefly, lentiviruses encoding nestin shRNA (sc-36032-V)
and control shRNA (sc-108080) were purchased from Santa Cruz Biotechnology. Human
ASM cells were infected with control shRNA lentiviruses or target shRNA lentiviruses for
12 h followed by 3–4 day culture. We used puromycin to select positive clones expressing
shRNAs. The expression levels of target proteins in these cells were assessed by immunoblot
analysis and/or immunofluorescence microscopy. KD cells and control cells were stable at
least five passages after initial infection.

2.5. Wound Healing Assay

The wound healing assay can be used to determine directed cell migration [1,35]. An
artificial wound was made in the monolayer of control and nestin KD cells by scraping a
10 µL pipette tip across the bottom of the dish. Cells in the medium containing 10% FBS
were allowed to migrate for 12 h in a 37 ◦C incubation chamber with 5% CO2. Cell images
were taken using a microscope. The remaining open area of the wound was measured
using the NIH ImageJ software (Bethesda, MD, USA).

2.6. Time-Lapse Microscopy

Cells were plated in 6-well culture plates with Ham’s F12 medium supplemented with
10% FBS and cultured in a CO2 incubator for 4 h to reach 20–30% of confluence. Culture
plates were then placed in a stage incubator filled with 5% CO2 at 37 ◦C. Cell migration
was monitored every 10 min for 12 h using a Leica DMI600 microscope system (Deerfield,
IL, USA). A 10×/dry phase-contrast objective was used for image acquisition. We used the
NIH ImageJ software to quantitatively assess accumulated distance, Euclidean distance,
and speed of cell migration.
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2.7. Statistical Analysis

All statistical analysis was performed using Prism software (GraphPad Software, San
Diego, CA, USA). Differences between pairs of groups were analyzed by Student’s t-test.
A 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.

3. Results
3.1. Nestin Promotes Migration of Smooth Muscle Cells

As the role of nestin in migration is cell-type dependent [9,10], we determined whether
nestin affects the migration of human ASM cells. We used lentivirus encoding shRNA
against nestin to reduce nestin expression in cells. Immunoblot analysis verified lower
nestin protein expression in cells expressing nestin shRNA as compared to cells expressing
control shRNA (Figure 1A). We utilized time-lapse microscopy [1,35,36] to assess the role
of nestin in migration. The accumulated distance, Euclidean distance, and speed of nestin
KD cells were reduced as compared to control cells (Figure 1B–E). We also used the wound
healing assay to assess the effects of nestin KD on cell motility. The opening area in nestin
KD cells after 12 h was greater compared to control cells (Figure 1F). These results suggest
that nestin plays a positive role in regulating ASM cell migration.
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Figure 1. Knockdown (KD) of nestin reduces human ASM cell migration. (A) Protein expression
of human ASM cells stably expressing control (Ctrl) shRNA or nestin shRNA was evaluated by
immunoblotting. Data are mean values of experiments from 4 batches of cell culture. Error bars
indicate SE. (B) Cell migration was tracked using a time-lapse microscope. Images were taken every
10 min for 12 h. Migration plots (32 cells from each group) were generated using the NIH ImageJ
software. Red tracks indicate downward migration whereas black tracks indicate upward migration.
(C–E) Nestin (Nes) KD reduced accumulated distance, Euclidean distance, and speed of cell migration.
(F) Nestin KD inhibits the migration of human ASM cells as evidenced by the wound healing assay,
which was described in detail in Material and Methods. Data are mean values of six experiments.
Error bars indicate SE. * p < 0.05. t-test was used for statistical analysis.

3.2. Nestin KD Affects the Assembly of Focal Adhesions

We also noticed that nestin KD reduced cell spreading as evidenced by reduced cell
body area in nestin KD cells (Figure S1A). As focal adhesions are important for cell mi-
gration, we determined whether nestin KD affects the morphology of focal adhesions.
Paxillin is a marker of focal adhesions [1,15,37] whereas pY397-FAK is an indication for the
initial activation of FAK, which is phosphorylated upon integrin activation [38]. Thus, we
immunostained cells for these two proteins, and visualized cells by confocal microscopy
followed by image analysis using the Imaris software. Majority of paxillin staining colo-
calized with pY397-FAK labeling in cell periphery (Figure 2A, white arrows). However,
paxillin was not found in some of peripheral pY397-FAK (Figure 2A, cyan arrows). The
results are consistent with the concept that pY397-FAK induces the initial activation of FAK,
which recruits paxillin to focal contacts [2,37–39].
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Figure 2. Nestin KD reduces size of focal adhesions. (A) Ctrl and nestin KD human ASM cells were
plated on collagen-coated coverslips for 45 min and immunostained for paxillin and pY397-FAK. Cell
images were captured using a confocal microscope and the Imaris software was used to render and
analyze images. Scale bar, 15 µm. The white arrows point spots colocalized with paxillin and pY397-
FAK. The cyan arrows point to pY397-FAK labeling spots. (B–I) The area, BoundingBoxOO Length-
A/B/C of paxillin and pY397-FAK staining were calculated using the Imaris software. BoundingBox
OO length-A measures the length of the shortest principal axis. BoundingBox OO length-B measures
the length of the second longest principal axis. BoundingBox OO length-C measures the length of the
longest principal axis inside of the object. Data are means ± SE (n = 5, * p < 0.05). t-test was used for
statistical analysis. NS, not significant.
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More importantly, we noticed that nestin KD reduced the area of paxillin labeling in
cells (Figure 2A,B). Interestingly, nestin KD did not affect the length of smaller paxillin
labeling (Figure 2C,D). However, nestin KD diminished the length of larger paxillin cluster
(Figure 2E). Similarly, nestin KD reduced the area of pY397-FAK larger clusters and the
length of larger pY397-FAK staining (Figure 2F–I). Moreover, the expression of paxillin and
pY397-FAK was not affected by nestin KD (Figure S2). These results suggest that nestin
regulates the formation of focal adhesions during cell spreading.

3.3. Nestin KD Inhibits Phosphorylation of Plk1 and Vimentin

As both nestin and Plk1 are able to focal adhesion assembly (Figure 2) [15], we
questioned whether nestin plays a role in affecting Plk1 phosphorylation at Thr-210, an
indication of Plk1 activation [14,15,40]. We evaluated the effects of nestin KD on Plk1
phosphorylation at this residue. Plk1 phosphorylation at Thr-210 was reduced in nestin
KD cells as evidenced by immunoblot analysis (Figure 3A). In addition, vimentin is one
of the major targets of Plk1 [14,15,41], we also determined the role of nestin in vimentin
phosphorylation at Ser-56 using immunoblot analysis. Nestin KD attenuated vimentin
phosphorylation at Ser-56 in human ASM cells (Figure 3B).
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Figure 3. Nestin KD affects Plk1 phosphorylation at Thr-210, vimentin phosphorylation at Ser-
56, and vimentin network. (A) Extracts of Ctrl and nestin KD cells were immunoblotted with
antibodies against phospho-Plk1 (Thr-210) and total Plk1. Plk1 phosphorylation is normalized to
the level obtained from Ctrl cells. Data are mean ± SE (n = 4). (B) Extracts of Ctrl and nestin KD
cells were immunoblotted with antibodies against phospho-vimentin (Ser-56) and total vimentin.
Vimentin phosphorylation is normalized to the level obtained from Ctrl cells. Data are mean ± SE
(n = 4). (C) Ctrl and nestin KD ASM cells were plated on collagen-coated coverslips for 45 min and
immunostained for vimentin and paxillin. Cell images were taken using a Zeiss LSM880 microscope
with Airyscan. The images of vimentin filaments and paxillin staining in cell protrusions were used
for Imaris quantitative analysis. Scale bar: 15 µm. Imaris software was utilized to 3D-render vimentin
filaments and paxillin surfaces. 3D-rendered vimentin is green, paxillin closed to vimentin is cyan,
and paxillin alone is red. (D) The Imaris software was utilized to quantify the length of filament
segments. (E,F) The percent of paxillin clusters closed to or away from vimentin filaments was
assessed using the Imaris software. Data are mean ± SE (n = 5). t-test was used for statistical analysis.
* p < 0.05; ** p < 0.01.

3.4. Nestin Regulates Connection of Vimentin Filaments with Paxillin

As vimentin phosphorylation at Ser-56 regulates the spatial distribution of the vi-
mentin network [12,13,15,33], we determined whether nestin KD affects the vimentin
framework using confocal microscopy and the Imaris software. We noticed that the length
of vimentin filaments was shorter in nestin KD cells (Figure 3C). Quantification analy-
sis showed that the length of vimentin filaments was reduced to 37% in nestin KD cells
(Figure 3D). Moreover, 60% of paxillin clusters were close to vimentin filaments in con-
trol cells, which was reduced by nestin KD (Figure 3E). This was verified by quantitative
analysis of paxillin clusters that were away from the filaments (Figure 3F).

3.5. Vimentin Phosphorylation-Mimic Mutant Enhances Migration, Vimentin Reorganization, and
Focal Adhesion Size of Nestin KD Cells

To further assess the role of vimentin phosphorylation at Ser-56 in the process, we
evaluated the effects of the vimentin phosphorylation-mimic mutant S56D on migra-
tion, the vimentin network, and focal adhesions of nestin KD cells. As a control, we
also assessed the effects of the non-phosphorylatable vimentin mutant S56A. We noticed
that the migratory capabilities of nestin KD cells expressing S56A were relatively slow
(Figure 4A–C). In contrast, the expression of S56D vimentin enhanced accumulated dis-
tance, Euclidean distance, and speed of nestin KD cells (Figure 4A–C). The wound heal-
ing assay also showed that S56D vimentin increased the migration of nestin KD cells
(Figure S3). Moreover, the expression of S56D vimentin enhanced filament length and con-
tacts of the filaments to paxillin as compared to S56A mutant (Figure 4D–G). Furthermore,
S56D vimentin increased focal adhesion sizes of nestin KD cells (Figure 5A–J) and cell
spreading (Figure S1B). These results suggest that vimentin phosphorylation at this position
is important for nestin-regulated migration, rearrangement of the vimentin framework,
and focal adhesion morphology.
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Figure 4. Vimentin S56D affects migration and vimentin network of nestin KD cells. To assess
the role of vimentin phosphorylation at Ser-56, nestin KD cells were transfected with S56A or
S56D vimentin. Cell migration was evaluated using a time-lapse microscope. (A–C) S56D, but not
S56A, increases accumulated distance, Euclidean distance, and speed of nestin KD cell migration
(n = 32–34 cells/each group). (D–G) Cell images were captured and analyzed using the methods
described in Figure 3 legend. Expression of S56D in nestin KD cells increases vimentin filament
length and the connection of the filaments to paxillin. Data are mean ± SE (n = 5). * p < 0.05;
** p < 0.01. t-test was used for statistical analysis. Scale bar, 15 µm.
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Figure 5. Vimentin S56D regulates focal adhesions. (A) Nestin KD human ASM cells were transfected
with S56A or S56D vimentin, and cell images were collected and analyzed using the methods
described in Figure 2 legend. Scale bar: 15 µm. The white arrows point spots colocalized with paxillin
and pY397-FAK. The cyan arrows point to pY397-FAK labeling spots. (B–I) The area, BoundingBoxOO
Length-A/B/C of paxillin and pY397-FAK staining were calculated using the Imaris software. S56D
increases the areas and BoundingBox OO length-C of paxillin and pY397-FAK. Data are means ± SE
(n = 5, * p < 0.05). t-test was used for statistical analysis. NS, not significant.

3.6. Nestin KD Does Not Affect Localization of c-Abl and Cortactin at the Cell Edge

As c-Abl and cortactin are recruited to the cell edge to promote cell protrusion [2,35,42],
we determined whether nestin has a role in the recruitment of c-Abl and cortactin. Interest-
ingly, nestin KD did not significantly influence the localization of c-Abl and cortactin at the
cell edge (Figure 6A).
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Figure 6. Nestin KD does not affect the recruitment of c-Abl and cortactin, myosin phosphorylation,
and F-actin. (A) Ctrl and nestin KD human ASM cells were plated on collagen-coated coverslips
for 45 min and immunostained for c-Abl and cortactin, Scale bar: 10 µm. The arrows point to the
cell edge. The relative intensity of c-Abl and cortactin was calculated using the following formula:
intensity of each cell/average intensity of control cells. Data are mean values of at least 20 cells from
three experiments. Error bars indicate SE. NS, not significant. (B) Myosin light chain phosphorylation
at Ser-19 of Ctrl and nestin KD human ASM cells was evaluated by immunoblot analysis. The
phosphorylation levels of nestin KD cells are normalized to Ctrl cells. Data are mean values of
4 batches of cell cultures. Error bars indicate SE. (C–E) Ctrl and nestin KD human ASM cells were
plated on collagen-coated coverslips for 45 min and stained with phalloidin for F-actin. Scale bar:
10 µm. The arrows point to the cell edge. The arrow heads point to stress fibers. Data are mean values
of 4 batches of cell cultures. Error bars indicate SE. NS, not significant.
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3.7. Nestin KD Does Not Affect F-Actin and Myosin Light Chain Phosphorylation

As described earlier, myosin activity increases during cell migration, which facilitates
the retraction of the rear. Thus, we evaluated whether nestin regulates myosin light chain
phosphorylation at Ser-19, an indication of myosin activation. We found that nestin KD did
not affect myosin light chain phosphorylation at this residue (Figure 6B). Moreover, F-actin
at the cell edge and stress fibers in lamellipodia are critical for directed cell migration [2,4,36].
We also assessed the effects of nestin KD on F-actin in spreading cells. The intensity of
F-actin at the cell edge and stress fibers were not affected by nestin KD (Figure 6C–E).

4. Discussion

Nestin is a class VI IF protein that is implicated in the proliferation/regeneration of
neurons, cancer cells, and skeletal muscle [6–8]. The role of nestin in cell migration is
not fully understood. In this study, we discover that nestin positively modulates ASM
cell migration. Moreover, we present evidence that nestin regulates cell migration by
controlling the Plk1-vimentin-focal adhesion pathway.

Focal contact assembly is critical for directed cell migration [1,2,43]. In this study, the
majority of paxillin clusters were colocalized with pY397-FAK labeling in the cell periphery.
However, paxillin was not present in some of the peripheral pY397-FAK. The results are
consistent with the concept that pY397-FAK induces the initial activation of FAK, which
recruits paxillin to focal contacts [2,37–39]. More importantly, nestin deficiency reduced
the size of focal adhesions, particularly that of larger focal adhesions in cells. The results
indicate that nestin is important for focal adhesion assembly. Interestingly, nestin KD of
PC-3 prostate cancer cells by siRNA increases focal adhesion size and invasion by affecting
the distribution of phosphorylated FAK and integrin α5 [10]. These studies suggest that
cancer cells and noncancer cells may utilize different cellular processes to control migration
and invasion.

In this study, nestin KD inhibited Plk1 phosphorylation at Thr-210. The results suggest
that nestin plays a positive role in regulating Plk1 activity. Vimentin is one of the major
substrates of Plk1; Plk1 catalyzes vimentin phosphorylation at Ser-56 [14,15,41]. Vimentin
phosphorylation has been shown to induce partial vimentin disassembly and the spatial
reorientation of the vimenitn network in cells in response to chemical stimulation [33].
Although we do not know whether vimentin phosphorylation affects its disassembly during
migration, vimentin phosphorylation at this position regulates the spatial organization of
the vimentin network in motile cells [15]. Here, we found that nestin KD inhibited vimentin
phosphorylation at this residue and vimentin network organization. Moreover, nestin KD
reduced the contacts of vimentin filaments with focal adhesions and focal adhesion size.
This finding is supported by the notion that the connection of vimentin filaments with focal
adhesions affects focal adhesion morphology [11,13]. Therefore, we propose that nestin
regulates the phosphorylation of Plk1 and vimentin. The phosphorylation of vimentin
at Ser-56 facilitates the reorganization of the vimentin network, focal adhesion assembly,
and migration.

It is currently unknown how vimentin phosphorylation and the attachment of vi-
mentin filaments to focal adhesions regulate focal contact formation. Interestingly, vimentin
filaments recruit the Rac-GEF VAV2 to focal adhesions to promote FAK activation and
focal adhesion assembly in nonmuscle cells [11]. The PKCε-mediated phosphorylation
of vimentin increases integrin translocation to the plasma membrane [11,44]. Therefore,
it is likely that phosphorylation at Ser-56 regulates the connection of the vimentin net-
work with focal adhesions, which affects VAV2 activation, integrin recruitment, and focal
adhesion formation.

c-Abl and cortactin participate in the regulation of cell migration [2,39,45,46]. In this
study, nestin deficiency did not affect the recruitment of c-Ab and cortactin to the cell edge.
Their recruitment may be orchestrated by integrins during migration [35,42]. Furthermore,
nestin KD did not influence F-actin and myosin light chain phosphorylation at Ser-19. These
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results suggest that the nestin network is not involved in the regulation of the dynamic
actin cytoskeleton and myosin activation of spreading/motile cells.

As described earlier, ASM cell migration plays a role in progression of airway remodel-
ing, a hallmark of allergic asthma [1–3]. In this study, we demonstrate that nestin positively
regulates ASM cell migration. This raises the possibility that nestin may participate in the
progression of airway remodeling. Future studies are required to test this possibility.

In conclusion, we uncover a novel role for nestin in cell migration. During migration,
nestin regulates the phosphorylation and activation of Plk1, which mediates the phospho-
rylation of vimentin at Ser-56. The phosphorylation of vimentin at this residue promotes
the connection of vimentin filaments with paxillin and focal adhesion assembly, which
enhances cell migration (Figure 7).

Cells 2022, 11, x FOR PEER REVIEW 13 of 15 
 

 

in the progression of airway remodeling. Future studies are required to test this possibil-
ity.  

In conclusion, we uncover a novel role for nestin in cell migration. During migration, 
nestin regulates the phosphorylation and activation of Plk1, which mediates the phos-
phorylation of vimentin at Ser-56. The phosphorylation of vimentin at this residue pro-
motes the connection of vimentin filaments with paxillin and focal adhesion assembly, 
which enhances cell migration (Figure 7).  

 
Figure 7. Proposed mechanism: During migration, nestin regulates the activation of Plk1, which 
mediates the phosphorylation of vimentin at Ser-56. The phosphorylation of vimentin promotes the 
connection of vimentin filaments with paxillin, focal adhesion assembly, and cell migration. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: Role of nestin and its phosphorylation in cell spreading. Figure 
S2: Nestin KD does not affect expression of pY397-FAK and paxillin in cells. Figure S3: S56D en-
hances the migration of nestin KD cells. 

Author Contributions: R.W., S.K. and Y.W. performed cellular and biochemical experiments. G.L. 
performed experiments associated with recombinant DNA. D.D.T. conceived and coordinated the 
study and wrote the paper. All authors have read and agreed to the published version of the man-
uscript. 

Funding: This work was supported by NHLBI Grants HL-110951, HL-130304 and HL-145392 from 
the National Institutes of Health (to Dale D. Tang).  

Data Availability Statement: Essential datasets supporting the conclusions are included in this pub-
lished article. 

Acknowledgments: We thank Thomas J. Brown and Sarah McMullan for technical assistance.  

Conflicts of Interest: The authors declare that they have no conflict of interest with the contents of 
this article.  

  

Figure 7. Proposed mechanism: During migration, nestin regulates the activation of Plk1, which
mediates the phosphorylation of vimentin at Ser-56. The phosphorylation of vimentin promotes the
connection of vimentin filaments with paxillin, focal adhesion assembly, and cell migration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11193047/s1, Figure S1: Role of nestin and its phosphorylation
in cell spreading. Figure S2: Nestin KD does not affect expression of pY397-FAK and paxillin in cells.
Figure S3: S56D enhances the migration of nestin KD cells.

Author Contributions: R.W., S.K. and Y.W. performed cellular and biochemical experiments. G.L.
performed experiments associated with recombinant DNA. D.D.T. conceived and coordinated
the study and wrote the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by NHLBI Grants HL-110951, HL-130304 and HL-145392 from
the National Institutes of Health (to Dale D. Tang).

Data Availability Statement: Essential datasets supporting the conclusions are included in this
published article.

Acknowledgments: We thank Thomas J. Brown and Sarah McMullan for technical assistance.

https://www.mdpi.com/article/10.3390/cells11193047/s1
https://www.mdpi.com/article/10.3390/cells11193047/s1


Cells 2022, 11, 3047 14 of 15

Conflicts of Interest: The authors declare that they have no conflict of interest with the contents of
this article.

References
1. Gerlach, B.D.; Tubbesing, K.; Liao, G.; Rezey, A.C.; Wang, R.; Barroso, M.; Tang, D.D. Phosphorylation of GMFgamma by c-Abl

Coordinates Lamellipodial and Focal Adhesion Dynamics to Regulate Airway Smooth Muscle Cell Migration. Am. J. Respir. Cell
Mol. Biol. 2019, 61, 219–231. [CrossRef] [PubMed]

2. Tang, D.D.; Gerlach, B.D. The roles and regulation of the actin cytoskeleton, intermediate filaments and microtubules in smooth
muscle cell migration. Respir. Res. 2017, 18, 54. [CrossRef] [PubMed]

3. Kaminska, M.; Foley, S.; Maghni, K.; Storness-Bliss, C.; Coxson, H.; Ghezzo, H.; Lemiere, C.; Olivenstein, R.; Ernst, P.;
Hamid, Q.; et al. Airway remodeling in subjects with severe asthma with or without chronic persistent airflow obstruction. J.
Allergy Clin. Immunol. 2009, 124, 45–51.e1-4. [CrossRef]

4. Pollard, T.D.; Cooper, J.A. Actin, a central player in cell shape and movement. Science 2009, 326, 1208–1212. [CrossRef]
5. Lendahl, U.; Zimmerman, L.B.; McKay, R.D. CNS stem cells express a new class of intermediate filament protein. Cell 1990, 60,

585–595. [CrossRef]
6. Narita, K.; Matsuda, Y.; Seike, M.; Naito, Z.; Gemma, A.; Ishiwata, T. Nestin regulates proliferation, migration, invasion and

stemness of lung adenocarcinoma. Int. J. Oncol. 2014, 44, 1118–1130. [CrossRef] [PubMed]
7. Lindqvist, J.; Torvaldson, E.; Gullmets, J.; Karvonen, H.; Nagy, A.; Taimen, P.; Eriksson, J.E. Nestin contributes to skeletal muscle

homeostasis and regeneration. J. Cell Sci. 2017, 130, 2833–2842. [CrossRef] [PubMed]
8. Wilhelmsson, U.; Lebkuechner, I.; Leke, R.; Marasek, P.; Yang, X.; Antfolk, D.; Chen, M.; Mohseni, P.; Lasic, E.; Bobnar, S.T.; et al.

Nestin Regulates Neurogenesis in Mice Through Notch Signaling From Astrocytes to Neural Stem Cells. Cereb. Cortex 2019, 29,
4050–4066. [CrossRef]

9. Matsuda, Y.; Naito, Z.; Kawahara, K.; Nakazawa, N.; Korc, M.; Ishiwata, T. Nestin is a novel target for suppressing pancreatic
cancer cell migration, invasion and metastasis. Cancer Biol. 2011, 11, 512–523. [CrossRef]

10. Hyder, C.L.; Lazaro, G.; Pylvanainen, J.W.; Roberts, M.W.; Qvarnstrom, S.M.; Eriksson, J.E. Nestin regulates prostate cancer cell
invasion by influencing the localisation and functions of FAK and integrins. J. Cell Sci. 2014, 127, 2161–2173. [CrossRef]

11. Leduc, C.; Etienne-Manneville, S. Intermediate filaments in cell migration and invasion: The unusual suspects. Curr. Opin. Cell
Biol. 2015, 32, 102–112. [CrossRef] [PubMed]

12. Tang, D.D. Invited review: Intermediate filaments in smooth muscle. Am. J. Physiol. Cell Physiol. 2008, 294, C869–C878. [CrossRef]
[PubMed]

13. Etienne-Manneville, S. Cytoplasmic Intermediate Filaments in Cell Biology. Annu. Rev. Cell Dev. Biol. 2018, 34, 1–28. [CrossRef]
14. Li, J.; Wang, R.; Gannon, O.J.; Rezey, A.C.; Jiang, S.; Gerlach, B.D.; Liao, G.; Tang, D.D. Polo-like Kinase 1 Regulates Vimentin

Phosphorylation at Ser-56 and Contraction in Smooth Muscle. J. Biol. Chem. 2016, 291, 23693–23703. [CrossRef]
15. Liao, G.; Wang, R.; Rezey, A.C.; Gerlach, B.D.; Tang, D.D. MicroRNA miR-509 Regulates ERK1/2, the Vimentin Network, and

Focal Adhesions by Targeting Plk1. Sci. Rep. 2018, 8, 12635. [CrossRef] [PubMed]
16. Barr, F.A.; Sillje, H.H.; Nigg, E.A. Polo-like kinases and the orchestration of cell division. Nat. Rev. Mol. Cell Biol. 2004, 5, 429–440.

[CrossRef] [PubMed]
17. Petronczki, M.; Lenart, P.; Peters, J.M. Polo on the Rise-from Mitotic Entry to Cytokinesis with Plk1. Dev. Cell 2008, 14, 646–659.

[CrossRef]
18. Rezey, A.C.; Gerlach, B.D.; Wang, R.; Liao, G.; Tang, D.D. Plk1 Mediates Paxillin Phosphorylation (Ser-272), Centrosome

Maturation, and Airway Smooth Muscle Layer Thickening in Allergic Asthma. Sci. Rep. 2019, 9, 7555. [CrossRef]
19. Jiang, S.; Tang, D.D. Plk1 regulates MEK1/2 and proliferation in airway smooth muscle cells. Respir. Res. 2015, 16, 93. [CrossRef]
20. Matthess, Y.; Kappel, S.; Spankuch, B.; Zimmer, B.; Kaufmann, M.; Strebhardt, K. Conditional inhibition of cancer cell proliferation

by tetracycline-responsive, H1 promoter-driven silencing of PLK1. Oncogene 2005, 24, 2973–2980. [CrossRef]
21. de Carcer, G.; Wachowicz, P.; Martinez-Martinez, S.; Oller, J.; Mendez-Barbero, N.; Escobar, B.; Gonzalez-Loyola, A.; Takaki, T.;

El Bakkali, A.; Camara, J.A.; et al. Plk1 regulates contraction of postmitotic smooth muscle cells and is required for vascular
homeostasis. Nat. Med. 2017, 23, 964–974. [CrossRef] [PubMed]

22. Abbruzzese, G.; Cousin, H.; Salicioni, A.M.; Alfandari, D. GSK3 and Polo-like kinase regulate ADAM13 function during cranial
neural crest cell migration. Mol. Biol. Cell 2014, 25, 4072–4082. [CrossRef] [PubMed]

23. Wang, R.; Mercaitis, O.P.; Jia, L.; Panettieri, R.A.; Tang, D.D. Raf-1, Actin Dynamics and Abl in Human Airway Smooth Muscle
Cells. Am. J. Respir. Cell Mol. Biol. 2013, 48, 172–178. [CrossRef] [PubMed]

24. Wang, T.; Wang, R.; Cleary, R.A.; Gannon, O.J.; Tang, D.D. Recruitment of beta-Catenin to N-Cadherin Is Necessary for Smooth
Muscle Contraction. J. Biol. Chem. 2015, 290, 8913–8924. [CrossRef] [PubMed]

25. Wang, R.; Cleary, R.A.; Wang, T.; Li, J.; Tang, D.D. The association of cortactin with profilin-1 is critical for smooth muscle
contraction. J. Biol. Chem. 2014, 289, 14157–14169. [CrossRef]

26. Wang, T.; Cleary, R.A.; Wang, R.; Tang, D.D. Glia Maturation Factor-gamma Phosphorylation at Tyr-104 Regulates Actin Dynamics
and Contraction in Human Airway Smooth Muscle. Am. J. Respir. Cell Mol. Biol. 2014, 51, 652–659. [CrossRef]

27. Wang, T.; Cleary, R.A.; Wang, R.; Tang, D.D. Role of the Adapter Protein Abi1 in Actin-associated Signaling and Smooth Muscle
Contraction. J. Biol. Chem. 2013, 288, 20713–20722. [CrossRef]

http://doi.org/10.1165/rcmb.2018-0352OC
http://www.ncbi.nlm.nih.gov/pubmed/30811945
http://doi.org/10.1186/s12931-017-0544-7
http://www.ncbi.nlm.nih.gov/pubmed/28390425
http://doi.org/10.1016/j.jaci.2009.03.049
http://doi.org/10.1126/science.1175862
http://doi.org/10.1016/0092-8674(90)90662-X
http://doi.org/10.3892/ijo.2014.2278
http://www.ncbi.nlm.nih.gov/pubmed/24481417
http://doi.org/10.1242/jcs.202226
http://www.ncbi.nlm.nih.gov/pubmed/28733456
http://doi.org/10.1093/cercor/bhy284
http://doi.org/10.4161/cbt.11.5.14673
http://doi.org/10.1242/jcs.125062
http://doi.org/10.1016/j.ceb.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25660489
http://doi.org/10.1152/ajpcell.00154.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256275
http://doi.org/10.1146/annurev-cellbio-100617-062534
http://doi.org/10.1074/jbc.M116.749341
http://doi.org/10.1038/s41598-018-30895-8
http://www.ncbi.nlm.nih.gov/pubmed/30135525
http://doi.org/10.1038/nrm1401
http://www.ncbi.nlm.nih.gov/pubmed/15173822
http://doi.org/10.1016/j.devcel.2008.04.014
http://doi.org/10.1038/s41598-019-43927-8
http://doi.org/10.1186/s12931-015-0257-8
http://doi.org/10.1038/sj.onc.1208472
http://doi.org/10.1038/nm.4364
http://www.ncbi.nlm.nih.gov/pubmed/28692064
http://doi.org/10.1091/mbc.e14-05-0970
http://www.ncbi.nlm.nih.gov/pubmed/25298404
http://doi.org/10.1165/rcmb.2012-0315OC
http://www.ncbi.nlm.nih.gov/pubmed/23087049
http://doi.org/10.1074/jbc.M114.621003
http://www.ncbi.nlm.nih.gov/pubmed/25713069
http://doi.org/10.1074/jbc.M114.548099
http://doi.org/10.1165/rcmb.2014-0125OC
http://doi.org/10.1074/jbc.M112.439877


Cells 2022, 11, 3047 15 of 15

28. Long, J.; Liao, G.; Wang, Y.; Tang, D.D. Specific protein 1, c-Abl and ERK1/2 form a regulatory loop. J. Cell Sci. 2019, 132, jcs222380.
[CrossRef]

29. Kassel, K.M.; Wyatt, T.A.; Panettieri, R.A., Jr.; Toews, M.L. Inhibition of human airway smooth muscle cell proliferation by beta
2-adrenergic receptors and cAMP is PKA independent: Evidence for EPAC involvement. Am. J. Physiol. Lung Cell Mol. Physiol.
2008, 294, L131–L138. [CrossRef]

30. Cerutis, D.R.; Nogami, M.; Anderson, J.L.; Churchill, J.D.; Romberger, D.J.; Rennard, S.I.; Toews, M.L. Lysophosphatidic acid and
EGF stimulate mitogenesis in human airway smooth muscle cells. Am. J. Physiol. 1997, 273, L10–L15. [CrossRef]

31. Wang, Y.; Rezey, A.C.; Wang, R.; Tang, D.D. Role and regulation of Abelson tyrosine kinase in Crk-associated substrate/profilin-1
interaction and airway smooth muscle contraction. Respir. Res. 2018, 19, 4. [CrossRef] [PubMed]

32. Wang, Y.; Liao, G.; Wang, R.; Tang, D.D. Acetylation of Abelson interactor 1 at K416 regulates actin cytoskeleton and smooth
muscle contraction. FASEB J. 2021, 35, e21811. [CrossRef]

33. Li, Q.F.; Spinelli, A.M.; Wang, R.; Anfinogenova, Y.; Singer, H.A.; Tang, D.D. Critical Role of Vimentin Phosphorylation at Ser-56
by p21-activated Kinase in Vimentin Cytoskeleton Signaling. J. Biol. Chem. 2006, 281, 34716–34724. [CrossRef]

34. Jia, L.; Wang, R.; Tang, D.D. Abl regulates smooth muscle cell proliferation by modulating actin dynamics and ERK1/2 activation.
Am. J. Physiol. Cell Physiol. 2012, 302, C1026–C1034. [CrossRef] [PubMed]

35. Cleary, R.A.; Wang, R.; Waqar, O.; Singer, H.A.; Tang, D.D. Role of c-Abl tyrosine kinase in smooth muscle cell migration. Am. J.
Physiol. Cell Physiol. 2014, 306, C753–C761. [CrossRef] [PubMed]

36. Wang, R.; Liao, G.; Wang, Y.; Tang, D.D. Distinctive roles of Abi1 in regulating actin-associated proteins during human smooth
muscle cell migration. Sci. Rep. 2020, 10, 10667. [CrossRef] [PubMed]

37. Deakin, N.O.; Turner, C.E. Paxillin comes of age. J. Cell Sci. 2008, 121, 2435–2444. [CrossRef]
38. Michael, K.E.; Dumbauld, D.W.; Burns, K.L.; Hanks, S.K.; Garcia, A.J. Focal adhesion kinase modulates cell adhesion strengthening

via integrin activation. Mol. Biol. Cell 2009, 20, 2508–2519. [CrossRef]
39. Tang, D.D. The Dynamic Actin Cytoskeleton in Smooth Muscle. Adv. Pharmacol. 2018, 81, 1–38. [CrossRef]
40. Xu, J.; Shen, C.; Wang, T.; Quan, J. Structural basis for the inhibition of Polo-like kinase 1. Nat. Struct. Mol. Biol. 2013, 20,

1047–1053. [CrossRef]
41. Yamaguchi, T.; Goto, H.; Yokoyama, T.; Sillje, H.; Hanisch, A.; Uldschmid, A.; Takai, Y.; Oguri, T.; Nigg, E.A.; Inagaki, M.

Phosphorylation by Cdk1 induces Plk1-mediated vimentin phosphorylation during mitosis. J. Cell Biol. 2005, 171, 431–436.
[CrossRef] [PubMed]

42. Lapetina, S.; Mader, C.C.; Machida, K.; Mayer, B.J.; Koleske, A.J. Arg interacts with cortactin to promote adhesion-dependent cell
edge protrusion. J. Cell Biol. 2009, 185, 503–519. [PubMed]

43. Burridge, K.; Guilluy, C. Focal adhesions, stress fibers and mechanical tension. Exp. Cell Res. 2016, 343, 14–20. [CrossRef]
[PubMed]

44. Ivaska, J.; Vuoriluoto, K.; Huovinen, T.; Izawa, I.; Inagaki, M.; Parker, P.J. PKCepsilon-mediated phosphorylation of vimentin
controls integrin recycling and motility. EMBO J. 2005, 24, 3834–3845. [CrossRef] [PubMed]

45. Cleary, R.A.; Wang, R.; Wang, T.; Tang, D.D. Role of Abl in airway hyperresponsiveness and airway remodeling. Respir. Res. 2013,
14, 105. [CrossRef]

46. Wang, J.; Rouse, C.; Jasper, J.S.; Pendergast, A.M. ABL kinases promote breast cancer osteolytic metastasis by modulating
tumor-bone interactions through TAZ and STAT5 signaling. Sci. Signal. 2016, 9, ra12. [CrossRef]

http://doi.org/10.1242/jcs.222380
http://doi.org/10.1152/ajplung.00381.2007
http://doi.org/10.1152/ajplung.1997.273.1.L10
http://doi.org/10.1186/s12931-017-0709-4
http://www.ncbi.nlm.nih.gov/pubmed/29304860
http://doi.org/10.1096/fj.202100415R
http://doi.org/10.1074/jbc.M607715200
http://doi.org/10.1152/ajpcell.00373.2011
http://www.ncbi.nlm.nih.gov/pubmed/22301057
http://doi.org/10.1152/ajpcell.00327.2013
http://www.ncbi.nlm.nih.gov/pubmed/24477238
http://doi.org/10.1038/s41598-020-67781-1
http://www.ncbi.nlm.nih.gov/pubmed/32606387
http://doi.org/10.1242/jcs.018044
http://doi.org/10.1091/mbc.e08-01-0076
http://doi.org/10.1016/bs.apha.2017.06.001
http://doi.org/10.1038/nsmb.2623
http://doi.org/10.1083/jcb.200504091
http://www.ncbi.nlm.nih.gov/pubmed/16260496
http://www.ncbi.nlm.nih.gov/pubmed/19414610
http://doi.org/10.1016/j.yexcr.2015.10.029
http://www.ncbi.nlm.nih.gov/pubmed/26519907
http://doi.org/10.1038/sj.emboj.7600847
http://www.ncbi.nlm.nih.gov/pubmed/16270034
http://doi.org/10.1186/1465-9921-14-105
http://doi.org/10.1126/scisignal.aad3210

	Introduction 
	Materials and Methods 
	Cell Culture 
	Immunoblot Analysis and Coimmunoprecipitation 
	Immunofluorescence Microscopy 
	Generation of Stable KD Cells 
	Wound Healing Assay 
	Time-Lapse Microscopy 
	Statistical Analysis 

	Results 
	Nestin Promotes Migration of Smooth Muscle Cells 
	Nestin KD Affects the Assembly of Focal Adhesions 
	Nestin KD Inhibits Phosphorylation of Plk1 and Vimentin 
	Nestin Regulates Connection of Vimentin Filaments with Paxillin 
	Vimentin Phosphorylation-Mimic Mutant Enhances Migration, Vimentin Reorganization, and Focal Adhesion Size of Nestin KD Cells 
	Nestin KD Does Not Affect Localization of c-Abl and Cortactin at the Cell Edge 
	Nestin KD Does Not Affect F-Actin and Myosin Light Chain Phosphorylation 

	Discussion 
	References

