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a b s t r a c t

Cell migration is a critical process during development, tissue repair, and cancer metastasis. It requires
complex processes of cell adhesion, cytoskeletal dynamics, and force generation. Lis1 plays an important
role in the migration of neurons, fibroblasts and other cell types, and is essential for normal development
of the cerebral cortex. Mutations in human LIS1 gene cause classical lissencephaly (smooth brain),
resulting from defects in neuronal migration. However, how Lis1 may affect force generation in migrating
cells is still not fully understood. Using traction force microscopy (TFM) with live cell imaging to measure
cellular traction force in migrating NIH3T3 cells, we showed that Lis1 knockdown (KD) by RNA inter-
ference (RNAi) caused reductions in cell migration and traction force against the extracellular matrix
(ECM). Immunostaining of cytoskeletal components in Lis1 KD cells showed disorganization of micro-
tubules and actin filaments. Interestingly, focal adhesions at the cell periphery were significantly
reduced. These results suggest that Lis1 is important for cellular traction force generation through the
regulation of cytoskeleton organization and focal adhesion formation in migrating cells.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Cell migration is essential for many biological processes, such as
embryonic development, tissue renewal, immunological responses,
cancer metastasis, and wound healing [1e4]. Cell migration in-
volves a series of dynamic processes, including polarization of the
cell, formation of cell-matrix adhesions, protrusion of the cell front,
translocation of the cell body, and retraction of the cell rear [5,6].
During this process, the traction force against extracellular matrix
(ECM) is generated to modify the cell shape and to propel the cell
forward. In eukaryotic cells, the contraction is generally produced
School of Medicine, National
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by stress fibers, networks of actin filaments, and myosin II [7e9].
Typically, the traction forces are polarized according to the direc-
tion of motion of migrating cells.

LIS1, which consists of a WD40-repeat domain, a tryptophan-
aspartic acid repeats, and an N-terminal LisH (Lissencephaly type-
1-like homology) domain, interacts with the cytoplasmic dynein
and its regulatory complex dynactin [10e12]. Mutations in LIS1
gene were identified to cause classical (type I) lissencephaly [13],
which is characterized by smooth or nearly smooth cerebral sur-
face. We and others have demonstrated that Lis1 dysfunction
induced by gene knockout or RNAi knockdown (KD) causes
migration defects in cortical neurons, cerebellar granule cells, and
fibroblasts [14e16]. In Aspergillus, mutations in homologues of LIS1,
as well as cytoplasmic dynein and dynactin, inhibit nuclear
migration within hyphal processes [17]; similarly, mutations in
Drosophila Lis-1 cause defects in nuclear migration during
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oogenesis [18]. Mutations in the yeast LIS1 homologue PAC1 lead to
defects in nuclear orientation [19].

Although the role of Lis1 in cell migration was well established,
its potential function in traction force generation has not been
explored. The development of traction force microscopy (TFM) has
allowed researchers to measure the forces that cells exert on the
ECM [20e22]. In this study, we used RNAi to knock down Lis1
expression in NIH3T3 cells and showed that migration was mark-
edly inhibited. We further measured the effect of Lis1 on cellular
traction force and found that its KD dramatically reduced the
traction force required for cell migration. To understand the un-
derlying molecular mechanism, we investigated the change in the
organization of microtubules, actin filaments and focal adhesion,
and found that Lis1 KD affected the organization of each of these
structures. These results suggest that Lis1 plays an important role in
the generation of traction force, through regulating the organiza-
tion of cytoskeleton and focal adhesion during cell migration.

2. Materials and methods

2.1. Constructs, cell culture and transfection

For RNAi, shRNA constructs based on the pRNAT-U6.1/Neo vec-
tor (GenScript), which expresses a GFP marker along with a shRNA,
were used. Targeting sequences are shLIS1: GAGATGAACTAAATC-
GAGCTA and shCtrl: ATTGTATGCGATCGCAGACTT. The knockdown
efficiency has been validated previously [14]. NIH3T3 cells (ATCC)
derived from mouse embryo fibroblasts were maintained in Dul-
becco's Modified Eagle's Medium (DMEM, pH¼ 7.3), supplemented
with 10% (vol/vol) calf serum, 1% L-Glutamine, 100 U/ml penicillin
and 100 mg/ml streptomycin, at 37 �C in humidified atmosphere
with 5% CO2. Plasmids were transfected into NIH3T3 cell by Lip-
ofectamine 3000 reagent (L3000075, Invitrogen) according to the
manufacturer's instructions. Briefly, 1 mg of plasmid was mixed
with P3000 and Lipofetamine 3000 in Opti-MEM medium
(31985070, Invitrogen) at room temperature for 10min. Cells in
serum-free medium were then incubated with the DNA-liposome
complexes for 8 h. The serum-free medium was replaced by com-
plete DMEM afterwards.

2.2. Cell motility assay

Cells were cultured on coverglass-bottom dishes coated with
100 mg/ml collagen andmonitored on an invertedmicroscope (Axio
Observer Z1, Zeiss) equipped with an on-stage incubator to main-
tain the samples at 5% CO2 and 37 �C. Images were taken through a
10x objective lens (N.A.¼ 0.25) with AxioCam MRm CCD (Zeiss).
Cell motility was analyzed by MTrackJ plugin [23] of ImageJ (NIH).

2.3. Polyacrylamide (PAA) gel fabrication

PAA gel fabricationwas performed according to previous studies
[21,24] with some modifications. Briefly, 5%/0.2% (vol/vol)
acrylamide/bis-acrylamide solution was mixed with 0.1% ammo-
nium persulfate (APS), 0.4% N,N,N0,N0-Tetramethylethylenediamine
(TEMED) and 0.04% (vol/vol) 200 nm diameter fluorescent (580/
605) polystyrene beads (F8810, Invitrogen) after degassing for
30min at room temperature. 3 ml of the mixed solution was added
onto the coverglass-bottom dish and sandwiched with a collagen-
coated coverslip. The gel was allowed to polymerize for 1 h at
4 �C. The collagen was cross-linked with PAA gels surface by acti-
vated 1mM sulfo-SANPAH (22589, Thermo Fisher Scientific) with
UVB wavelength for 4min twice. The gel was washed with 50mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) on a
shaker for 10min three times. Collagen (20 mg/ml) was conjugated
on PAA gels and incubated overnight at 4 �C. Cells were then
cultured on the gel for 18 h and placed on a microscope for live cell
imaging. The Young's modulus of the PAA gels was measured with
rheometer (MCR 302, Anton Paar GmbH).

2.4. Live cell imaging

Fluorescence images of cells and beads were taken with an
inverted epi-fluorescent microscope (Axio Observer Z1, Zeiss)
equipped with an incubator to maintain the samples at 5% CO2 and
37 �C. The images were taken through a 100� oil immersion
objective lens (N.A.¼1.4) with AxioCam MRm CCD (Zeiss). Z-stack
sections at 0.25-mm intervals for 51 slices were recorded every
10min for 120min. The reference bead images were obtained after
the cells had been removed by treating with 0.1M NaOH.

2.5. Traction force analysis

The traction force was analyzed based on particle image veloc-
imetry (PIV) as described in a previous report [24] using programs
written in Matlab (MathWorks). The window size was 32� 32
pixels and the spatial resolution in x and y directions was 0.102 mm/
px. Traction stress was solved with the finite element method using
Abaqus software (Dassault Syst�emes).

2.6. Immunocytochemistry

Cells were fixed for 15min in 3% paraformaldehyde (PFA) and 1%
glutaraldehyde. The cells were permeabilized in PBST solution (0.3%
Triton X-100 in PBS, phosphate buffered saline) for 30min and then
blocked with 10% fetal bovine serum (FBS) in PBST solution (0.1%
Triton X-100 in PBS) for 1 h at room temperature. Primary anti-
bodies were used at following concentrations: mouse anti-alpha
tubulin 1:500 (66031-1-Ig, Proteintech); rabbit anti-Lis1 1:100
(ab2607, Abcam). After incubation in primary antibody overnight at
4 �C, the cells were washed in PBS three times for 10min. Alexa
Fluor 488, 546, 647 (1:500) and Alexa Fluor 555 phalloidin
(A34055, Invitrogen) were then applied for 2 h at room tempera-
ture. Finally, the coverslips were counterstained with 0.5 mg/ml
DPAI (D1306, Invitrogen) for 30min. VECTASHIELD® Mounting
Medium Media was added before sealing the slides.

2.7. Confocal microscopy

Cellular structures were imaged under a laser scanning confocal
microscope (LSM-700, Zeiss) with the 100� oil immersion objec-
tive lens (NA¼ 1.4). The excitation wavelengths were 405 nm for
DAPI, 488 nm for GFP, 555 nm for Alexa Fluor 555/546, and 639 nm
for Alexa Fluor 647. The Z-stack section was set at 0.25e1 mm.

2.8. Total internal reflection fluorescence (TIRF) microscopy

Focal adhesion was imaged under a TIRF microscope (Nikon)
with a 60� oil immersion objective lens (NA¼ 1.4). The excitation
wavelengths were 405 nm for DAPI, 488 nm for GFP, 550 nm for
Cy3, and 649 nm for Cy5.

2.9. Statistical analysis

All statistical analyses were performed with Statistical Package
for Social Sciences version 22.0 software (SPSS). Data were
expressed as mean± standard error of mean (SEM). A two-tailed
significance level was set at p< 0.05.
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3. Results

3.1. Lis1 KD hampered cell migration NIH3T3 cells

To investigate the role of Lis1 in cell migration, we examined the
effects of Lis1 KD on motility of NIH3T3 cells, a commonly used cell
line from mouse fibroblasts for migration studies. Cells cultured on
collagen were transfected with plasmids expressing green fluo-
rescent protein (GFP) along with short hairpin RNA (shRNA) tar-
geting Lis1 gene (shLis1) or scrambled control shRNA (shCtrl) [14]
for 24 h. The transfected cells were then observed by time-lapse
fluorescence microscopy for up to 2 h (Fig. 1A). While control
cells exhibited ability to freely migrate, the cells transfected with
shLis1 showed significant decreases in the rate (shLis1:
0.23± 0.03 mm/min, n¼ 37 cells vs shCtrl: 0.34± 0.04 mm/min,
n¼ 35 cells; p¼ 0.000146, student's t-test; Fig. 1B) and velocity
(shLis1: 0.10± 0.01 mm/min, vs shCtrl: 0.18± 0.02 mm/min;
p¼ 0.0043, student's t-test; Fig. 1C) of migration. However, Lis1
knockdown (KD) did not affect the persistence of the migration
(Fig. 1D), suggesting a minimal effect on the directionality of
migration. These results demonstrated that Lis1 KD could cause
defects in the rate of migration of NIH3T3 cells.
3.2. Lis1 KD reduced cellular traction force during migration

During cell migration, traction stress is generated to propel the
cell body forward [22]. Thus, we postulated that cell motility de-
fects by Lis1 KD may be associated with changes in cellular traction
force, which can be measured by TFM [21,24]. NIH3T3 cells were
cultured on collagen-coated PAA gel of ~8.8 kPa stiffness embedded
with 200-nm fluorescent polystyrene beads. The transfected cells
and fluorescent beads near the surface were imaged through time.
Fig. 1. NIH3T3 cells display a decrease in motility after treatment with Lis1 shRNA.
(A) NIH3T3 cells transfected with shCtrl or shLis1 (green) overlaid with the traces of migra
shLis1. Bar ¼ 50 mm. (B) Scattered dot plot showing the average rate of cell migration. (C) Sc
rate and velocity were significantly decreased by Lis1 KD. (D) Scatter dot plot showing no si
represent one cell. **: p < 0.01; ***: p< 0.001; Student's t-test. Error bars represent standard
reader is referred to the Web version of this article.)
The gel deformation was detected by the difference in the particle
positions during migration compared to those after removal of cells
with NaOH (Fig. 2A). The magnitude and vector of bead displace-
ments were measured by PIV algorithm (Fig. 2B; Suppl Fig. 1)
[21,24]. Using particle displacements and the elastic modulus, the
map of traction stress generated by the cells was calculated
(Fig. 2C).

In control cells, the time course of traction force showed that the
traction force was exerted on the protruding and retracting regions
of cells (Fig. 2C). In cells transfected with shLIS1, the magnitude of
total traction force was significantly reduced into one-half of the
control cells (untransfected: 1.86± 0.20� 105 pN, n¼ 6; shCtrl:
2.10± 0.11� 105 pN, n¼ 7; shLis1: 0.99± 0.13� 105 pN, n¼ 10;
p< 0.01; One-way ANOVA; Fig. 2D). The same trend was also
observed in the magnitude of average traction stress (untrans-
fected: 149± 16 pN/mm2; shCtrl: 175± 18 pN/mm2; shLis1:
92± 12 pN/mm2, p< 0.05; One-way ANOVA; Fig. 2E). Of note, Lis1
knockdown did not affect the cell size (untransfected:
1260± 92 mm2; shCtrl: 1272± 138 mm2; shLis1: 1081± 84 mm2;
untransfected vs. shLis1, p¼ 0.741; shCtrl vs. shLis1, p¼ 0.588; One-
way ANOVA; Fig. 2F). These results indicated that Lis1 KD could
reduce the traction force and stress in NIH3T3 cells during
migration.
3.3. Lis1 KD altered cytoskeleton organizations

In order to investigate how Lis1 affects cell motility and traction
force, we examined the structures of cytoskeleton, including mi-
crotubules and actin filaments. NIH3T3 cells transfected with shCtrl
or shLis1 for 24 h were stained with a-tubulin and imaged by
confocal microscopy. We observed decreased signals of filamentous
microtubule structures in shLis1 compared to those in the
tion over 2 h of recording. Distance of migration was reduced in cells transfected with
atter dot plot showing the velocity of migration over the 2 h of recording. Both average
gnificant difference in the persistence of migration over the 2 h of recording. Each dot
deviation (S.D.). (For interpretation of the references to colour in this figure legend, the



Fig. 2. Lis1 KD decreases cellular traction force during migration of NIH3T3 cells measured by TFM.
(A) Fluorescent image of beads embedded in PAA gel and DIC image of a NIH3T3 cell cultured on top. The deformation of the gel during migration was detected by comparing the
bead positions under the cellular traction (green) and after the cells had been removed (red). Bar ¼ 20 mm. (B) Displacement vector map of the fluorescent bead under cellular
traction force. The red line outlines the cell boundary of the cell in (A). (C) Heat maps of the traction force magnitude during the migration of untransfected cells and cells
transfected with shCtrl or shLis1. The traction force was mainly exerted on the protruding and retracting regions of cells. The white lines outline the cell boundaries. Time is
indicated as hr:min. Bar ¼ 20 mm. (D) Scattered dot plot showing a decrease in the magnitude of traction force in shLis1-transfected cells. (E) Scattered dot plot showing that Lis1 KD
reduced the average traction stress. (F) Scattered dot plot showing no difference in average cell size among all 3 groups. *: p < 0.05; **: p < 0.01; ***: p< 0.001; One-way ANOVA test.
Error bars represent S.D. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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surrounding untranfected cells or cells transfected with shCtrl
(Fig. 3A), consistent with previous observations in embryonic fi-
broblasts from Lis1þ/� mouse [11]. We also imaged actin filaments
(F-actin) labeled with phalloidin and found that, while F-actin was
enriched at the lamellipodia in control cells, Lis1 KD reduced the
signal of F-actin at these areas (Fig. 3B). These results suggest that
downregulation of Lis1 indeed affects the structures of microtu-
bules and actin filaments.

3.4. Lis1 KD decreased focal adhesion at cell periphery

Since we observed that Lis1 KD reduced traction force, which is



Fig. 3. Lis1 KD alters structures of microtubule and F-actin in NIH3T3 cells.
(A) Immunofluorescence staining of microtubules (red) in NIH3T3 cells expressing shCtrl or shLis1 (green). Lines of microtubules are apparent in control cells while a decreased
signal was observed in Lis1 KD cells. (B) F-actin staining by phalloidin (red) in cells transfected with shCtrl or shLIS1 (green). In control cells, concentrated F-actin signal was found at
the edge of cells (arrows). In Lis1 KD cells, the signal was largely reduced (arrowheads). Bar¼ 20 mm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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transduced through cell-ECM adhesions, it is possible that focal
adhesions against ECM may also be affected. To investigate this
possibility, cells transfected with shCtrl or shLis1 for 24 h were
stained with paxillin antibody for focal adhesions (Fig. 4A). Focal
adhesions were imaged with total internal reflection fluorescent
(TIRF) microscopy.

We found that the total number of focal adhesions in each cell
was slightly decreased in Lis1 KD cells, although it did not reach a
significant difference (shCtrl: 51.7± 5.3, n¼ 12 cells; shLis1:
39.5± 7.4, n¼ 8 cells; p¼ 0.187, Student's t-test; Fig. 4B). However,
the number of focal adhesion within 4 mm from the edge of cells
was significantly lower in Lis1 KD cells (shCtrl: 26.9 ± 2.8; shLis1:
13.3± 2.5; p¼ 0.003, Student's t-test; Fig. 4C). Interestingly, the
average size of each focal adhesion was not affected by Lis1 shRNA
(shCtrl: 0.76± 0.02 mm2; shLis1: 0.78± 0.03 mm2; p¼ 0.473, Mann-
Whitney U test; Fig. 4D). These results suggest that Lis1 KD spe-
cifically affects the number of focal adhesion at cell periphery,
which may in turn affect traction force transduction.

4. Discussion

Previous studies have shown that the migration abilities are
significantly reduced in cerebellar granule cells and fibroblasts
from Lis1þ/� mice [15]. Consistent with this finding, Lis1 RNAi



Fig. 4. TIRF microscopy reveals a decrease in focal adhesions at cell periphery by Lis1 KD.
(A) TIRF images of NIH3T3 cells transfected with shCtrl or shLis1 (green, left column) and stained with anti-paxillin antibody (red, middle column). Distribution of focal adhesions
(red outlines, right column) was analyzed according to the distance to the cell boundary. Numbers indicate the focal adhesions found within or outside 4 mm range (yellow dotted
line) from the cell boundaries. Bar ¼ 10 mm. (B) Scattered dot plot showing no change in the total number of focal adhesions in each cell. (C) Scattered dot plot indicating a decrease
in the number of adhesions at cell periphery. (D) Scattered dot plot showing that the average size of each focal adhesion was not affected by Lis1 KD. FA: focal adhesions. **: p< 0.01;
Student's t-test. Error bars represent S.D. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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blocks the motility of cortical neurons during brain development
[14,25]. Here we show that Lis1 KD in fibroblasts leads to a signif-
icant decrease in both cell migration and traction force generation.
This phenotype may result from defects in regulating the organi-
zations of cytoskeleton and focal adhesions.

LIS1 has been shown to play multiple roles in regulating cyto-
skeleton organization during mitosis, morphogenesis and migra-
tion [26,27]. First, Lis1 can bind to tubulin and reduce microtubule
catastrophe in vitro [28]. In the embryonic fibroblasts from Lis1þ/�

mice, reduced Lis1 results in disorganization of microtubules [11].
In Dictyostelium, Lis1 dysfunction alters the microtubule dynamics
[29]. These results suggest that Lis1 may regulate microtubule dy-
namics, consistent with our observations.

Second, Lis1 forms a complex with cytoplasmic dynein
[10e12,30] and dynein-associated proteins, such as dynactin, Nde1
[31], and Ndel1 [10,32]. Lis1 can modulate dynein function through
promoting the ATPase activity of dynein [33,34]. Lis1 and Nde1
prolong dynein-microtubule interaction during the dynein power
stroke in vitro [35], leading to better summation of forces generated
by multiple cytoplasmic dyneins and enhanced duration of force
output. Lis1 and Nde1/Ndel1 also enhance sustained force pro-
duction of dynein in microtubule-associated lipid droplets in COS1
cells [36].

Furthermore, Lis1 forms a complex with Cdc42 and IQGAP1, a
stabilizer for the active GTP-bound form of Cdc42, along with
microtubule plus-end protein Clip170 at the cell cortex. Lis1 mod-
ulates IQGAP1 and CLIP-170 distribution and neuronal motility in
primary cultured neurons [37]. Lis1þ/� cerebellar granule cells
display abnormalities of the actin filaments at the tips of processes,
possibly through dysregulation of Rac1, Cdc42, and RhoA activities
[15]. Consistent with these results, Lis1 dysfunction also leads to
reduced actin filament content and disrupted actin dynamics in
Dictyostelium [29].

Disorganization and dysregulation of cytoskeleton, including
microtubules and actin filaments, as well as dynein motor func-
tions, may in turn affect focal adhesion formation and traction force
production. Consistent with this hypothesis, Lis1 has been found to
localize at the cell cortex of mitotic MDCK cells, along with dynein
and dynactin complex [12]. Overexpression of LIS1 alters the dis-
tribution of dynein/dynactin at the cortices and affects the associ-
ation of dynactin with microtubule plus ends [12]. Based on these
studies and our current results, we therefore propose that Lis1 may
affect microtubules and actin filaments at the cell cortex. These
effects may in turn influence the formation of focal adhesion at cell
periphery and traction force generation.

In conclusion, our current study with traction force microscopy
indicates that loss of Lis1 function reduces traction force produc-
tion during cell migration through dysregulation of cytoskeletal
components and focal adhesion. These results provide valuable
information for our understanding in the mechanisms for traction
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force generation during cell migration.
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