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Abstract—Introduction—In vivo, cancer cells can utilize tube-
likemicrotracks formedwithin the extracellularmatrix (ECM)of
the stroma as ‘highways’ to escape the primary tumor, however
very little is known about the molecular mechanisms that govern
cell migration through these microtracks. Cell polarization and
actin organization are both essential for efficient cell migration
and cells are known to migrate very unidirectionally in confined
spaces. In this study, we focused on understanding the role of
Girdin duringunidirectionalmigration.Girdin is a prometastatic
protein known to be involved in cell polarity by directly
interacting with the cell polarity protein Par-3 (Partitioning
defective-3) and also known as an actin binding protein.
Methods—We utilized a microfabricated platform to recreate
these microtracks in vitro using collagen and used siRNA to
knockdown Girdin in MDA-MB-231 cells.
Results—Our data indicate that knockdown of Girdin results
in decreased cell speed during 3D collagen microtrack
migration. Loss of Girdin also results in altered cell mor-
phology and cell orientation. Moreover, Girdin-depletion
impairs actin organization and stress fiber formation, which
can be restored by upregulating the GTPase RhoA. Activa-
tion of RhoA induces actin stress fiber formation, restores
elongated migratory cell shape and partial cell migration in
3D collagen microtracks in the absence of Girdin.
Conclusions—Our data suggest that Girdin helps directional
migration in collagen microtracks by promoting actin cytoskele-
tal organization and maintaining morphological cell polarity.
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ABBREVIATIONS

ECM Extracellular matrix
siRNA Short interfering RNA
Par-3 Partitioning defective-3

STAT3 Signal transducer and activator
of transcription-3

INTRODUCTION

One of the earliest steps of breast cancer metastasis is
cellular migration through the surrounding collagenous
stromal extracellular matrix (ECM) after cells dissociate
from the primary tumor. The stroma through which
cancer cells navigate is a complex network of fiber
architectures,11,12 and numerous studies have investi-
gated the mechanisms by which cells move through iso-
tropic collagennetworks.8,33,51However, it is alsoknown
that in vivo, metastatic cancer cells can migrate through
pre-existing tracks within the collagen matrix.10,11 A
subset of cells termed as ‘‘leader’’ cells create invasion
paths (known as ‘‘microtracks’’) by degrading and
remodeling the surrounding matrix using proteolytic
enzymes. Leader cells first migrate through the stroma
leaving tube-like microtracks within the ECM of the
stroma and othermetastatic ‘‘follower’’ cells utilize these
pre-existing microtracks as ‘highways’ to escape the
primary tumor without any proteolytic activities.9–12

Despite numerous studies, the mechanisms modulating
cancer cell migration through the stroma and particu-
larly through these microtracks still remain unclear.

In our earlier studies, we developed a microfabri-
cated platform to recreate three dimensional (3D) col-
lagen microtracks similar to the preformed
physiological microtracks found in vivo during cancer
metastasis.23 Using our 3D collagen microtrack system,
we investigated migration behaviors of invasive and
non-invasive breast cancer cells, the roles of
cytoskeletal and contractility regulators, and the effects
of cell matrix adhesion mechanisms in highly invasive
breast cancer cells during migration through the
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microtracks.2,23,41 Interestingly, our most recent work
revealed that vinculin, a well characterized focal adhe-
sion protein, regulates cell directionality by maintain-
ing cell polarity in 3D microtrack migration.41 Given
the highly polarized nature of migration within
microtracks, we focused here on investigating the role
of Girdin, a protein highly expressed in breast cancer
cells that has been showed to regulate the establishment
of cell polarity, in directing microtrack migration.28,35

One of the most thoroughly characterized protein
families involved in determining cell polarity are the
components of the partitioning-defective (Par) protein
complex, specifically Par-3, Par-6 and atypical protein
kinase C (aPKC).13,30,36,44 Girdin has been identified as
a novel protein present in the Par protein polarity
complex that comprises Par3, Par6 and aPKC, and its
role in determining cell polarity has been established
due to its direct physical interaction with Par-3.35,43

Girdin (GIRDers of act-IN filaments) is a prometa-
static protein, and it binds to actin and regulates
migration of breast cancer cells in a PI3K-Akt/PKB
signaling pathway dependent way. It is a binding
substrate of Akt and an Akt phosphorylation enhancer
(APE).6,21,49 Girdin is also termed as a GIV (G -in-
teracting vesicle-associated protein) for its ability to
recruit and activate a class of trimeric G proteins (Gi)
as a non-receptor Guanine Exchange factor (GEF),
which leads to the enhancement of downstream sig-
naling like PI3K-Akt/PKB, Focal Adhesion Kinase
(FAK) and small GTPases, resulting in increased cell
migration.15,25,26,29 Given its known role in 2D
migration, 3D migration, and cell polarity,18,21,35 we
are interested in investigating Girdin’s role in directing
migration in 3D collagen microtracks that mimic the
pre-existing tracks and interstitial spaces found in vivo.

To investigate the roles of Girdin in microtrack
migration, we utilized a microfabricated in vitro 3D
collagen microtrack system.2,23,41 Our findings indicate
that depletion of Girdin in MDA-MB-231 cells results
in reduced migration speed and changes in cellular
morphology within microtracks. Moreover, cells fail to
orient their internal machineries in the direction of
migration, and they fail to form and organize actin
stress fibers, which are essential for promoting direc-
tional cell migration.47 Migration can be partially re-
stored in the absence of Girdin by inducing stress fiber
formation through the activation of RhoA.

METHODS AND MATERIALS

Cell Culture and Reagents

Highly migratory breast adenocarcinoma MDA-
MB-231 cells (HTB-26, American Type Culture Col-
lection (ATCC), Manassas, VA) were cultured at

37 �C and 5% CO2, and maintained in complete
DMEM medium (Life Technologies, Grand Island,
NY) supplemented with 10% fetal bovine serum (At-
lanta Biologicals, Flowery Branch, GA) and 1%
penicillin–streptomycin (Life Technologies).

Small Interfering RNA (siRNA) Transfection

MDA-MB-231 cells were transfected with 15 nM of
scrambled control siRNA oligos (5¢-UUCCUCUCC
ACGCGCAGUACAUUUA-3¢), or 15 nM of Girdin-
siRNA oligos (5¢-GAAGGAGAGGCAACUGGAU
UU-3¢)18 using Lipofectamine 2000 (2 lg/ml, Invitro-
gen). Both siRNAs were purchased from Life Tech-
nologies. Girdin siRNA was custom synthesized by
Life Technologies. RNA interference-mediated
knockdown in transfected cells was confirmed using
western blot. Western blot and time-lapse migration
assays were performed within 48 to 72 h post trans-
fection.

Western Blotting

siRNA-transfected MDA-MB-231 cells were lysed
using preheated (at 90 �C) 2 9 Lammeli sample buffer
after a quick rinse with ice-cold phosphate buffer saline
(PBS) as described previously.20 Cell lysates were
subjected to sodium dodecyl sulfate (SDS)-polyacry-
lamide gel electrophoresis with a Mini-PROTEAN
Tetra System (Bio-Rad, Hercules, CA) and electro-
transferred onto a polyvinylidene difluoride (PVF)
membrane. Blots were probed using antibodies against
Girdin (sc-393757; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, MAB374, Millipore). Anti-
mouse horseradish peroxidase (HRP) conjugated sec-
ondary antibody was obtained from Rockland (Lim-
erick, PA) to use against primary antibodies. After
incubation with SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Scientific, Rockford, IL),
blots were exposed and imaged using a FujiFilm Im-
ageQuant LAS-4000.

Three-Dimensional Migration Studies

Three-dimensional (3D) collagen (1.5 mg/mL) uni-
form isotropic bulk matrices and collagen (3.0 mg/mL)
microtracks were prepared using type I collagen ex-
tracted from rat tail tendons. As previously described,
collagen solutions of desired concentrations were pre-
pared from a 10 mg/mL collagen stock solution by
diluting with ice-cold complete media and 1 N NaOH
to neutralize the solution to pH 7.0.2,23,41 The final
dimensions of the longitudinal collagen microtracks
were 1000, 10 and 20 m respectively in the X, Y and Z
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directions (X = length, Y = width and Z = height).
For 3D uniform isotropic bulk matrices studies, siR-
NA-treated MDA-MB-231 cells (suspended in media
at a density of 70,000 cells/ml) were added to the col-
lagen solution and then allowed to polymerize. For 3D
collagen microtrack studies, siRNA-treated MDA-
MB-231 cells were seeded after collagen was poly-
merized. In both cases, cells were seeded at a low
density (70,000 cells/ml) to obtain isolated cells for
single cell migration studies. Where indicated, siRNA-
treated cells were incubated in complete medium sup-
plemented with the Rho Activator II (CN03-A;
Cytoskeleton, Inc.; Denver, CO).

Confocal Fluorescence and Phase Contrast Microscopy

Confocal fluorescence imaging was performed with
a Zeiss LSM700 laser scanning confocal microscope on
a Zeiss Axio Observer Z1 inverted stand using a long
working distance water immersion C-Apochromat
409/1.1 NA objective operated by Zen software (ver-
sion 2010). For filamentous actin imaging, siRNA-
treated cells seeded in microtracks were fixed, perme-
abilized, blocked as previously described8 and stained
with Alexa Fluor 568-conjugated phalloidin (Life
Technologies) overnight. For nuclei and Golgi appa-
ratus imaging, live cells in microtracks were incubated
in complete media for 5 min with a 1:1000 dilution of
Hoechst 33342, trihydrochloride trihydrate (Invitro-
gen) and incubated overnight with Golgi-RFP (Cell
Light�, BacMam 2.0, Life Technologies) respectively.
Live-cell time-lapse confocal fluorescence imaging of
the nucleus and Golgi apparatus was performed in
temperature-, humidity- and CO2-controlled incuba-
tion chambers. Live cell phase contrast time-lapse
images of cells were obtained using a Zeiss observer
Z1 m inverted microscope equipped with a Hama-
matsu ORCA-ER camera operated by AxioVision
software (version 4.8.1.0, Carl Zeiss Microscopy,
Thornwood, NY).

Migration Study Analysis

All images were analyzed using ImageJ software
(version 1.47 k, National Institutes of Health, Bethes-
da, MD). For 3D collagen microtrack migration
studies, cells were allowed to adhere for 6 h before
performing time-lapse imaging at 109 magnification
every 20 min for up to 15 h. Cell migration distance
was quantified by determining the displacement of the
cell from its initial position, and the relative positions
of the nucleus and Golgi apparatus were determined by
outlining the cell, nucleus and Golgi apparatus and
measuring centroid position for each using Image J.
Cell migration speed and motility were calculated as

previously reported.1,21 For 3D uniform bulk collagen
matrices migration studies, time-lapse phase contrast
imaging was performed at 9 10 magnification every
20 min for 24 h. All imaged cells were analyzed
between 12 and 18 h after seeding. Cell trajectories,
average displacement and average cell speed were cal-
culated by measuring cell centroid position based on
cell outlines as previously described.23 Directional cell
persistence during migration in both 3D uniform
matrices and 3D collagen microtracks was calculated
by measuring the ratio of the sum of displacements
between each time point and the total displacement of
the cell from the initial to the end time point of the
observed time interval. Calculated persistence value
ranges between 0 and 1, where a persistence value of 1
indicates migration without changing direction during
the observation time.52 Aspect ratio and circularity
values of cell shape were generated by analyzing time-
lapse phase contrast images of cells in 3D collagen
microtracks and 3D bulk uniform matrix using ImageJ
software. Aspect ratio (major axis/minor axis or width/
height) describes the elongation of a cell and is larger
than 1, with increasing values denoting elongated
morphology. Circularity (4p 9 area/perimeter2) de-
scribes the roundness of a cell and can range from 0 to
1, with 1 denoting circular cells. All data are repre-
sented for 35–45 cells and obtained from a minimum of
3 independent experiments per treatment.

Statistical Analysis

Statistical analysis was carried out using JMP
Software (v.11, SAS, Cary, North Carolina). Data
are presented as mean ± SD and scatter plots
were generated using Microsoft Excel 2016 and Prism
7.03. For migration analysis, statistical significance for
comparisons between two groups was determined
using two-tailed Student’s t test, and one-way ANOVA
was performed to test mean differences for more than
two groups with additional post hoc Tukey HSD test to
show an overall statistically significant difference in
group means. Statistical significance was considered
with a p value< 0.05 and< 0.01. All figures are rep-
resentative of a minimum of 3 replicate studies.

RESULTS

Girdin Depletion Impairs Cell Migration in 3D Collagen
Matrices and Microtracks

In previous work, we demonstrated the molecular
mechanisms governing migration through 3D isotropic
collagen matrices are different than cell migration
mechanisms in 3D collagen microtracks.2,41 Cancer
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cells employ context-specific mechanisms to
migrate.2,41 While migrating through 3D collagen
microtracks, cells encounter little resistance and do not
require significant traction generation, matrix remod-
eling, or cell body deformation.2 Therefore, we sought
to test the effects of Girdin depletion in migration
through two different 3D collagen systems: bulk
matrices and tube-like microtracks. We confirmed the

depletion of Girdin protein in Girdin siRNA-treated
MDA-MB-231 cell using western blot (Fig. 1a). In 3D
isotropic bulk collagen matrices, Girdin siRNA-trea-
ted cells travelled less far compared to control
(scrambled) siRNA-treated cells over a period of
100 min (Fig. 1b), and cell trajectories indicate that
Girdin knockdown cells moved slower (Fig. 1c). In 3D
collagen microtracks with an average width of 10 mi-

FIGURE 1. Girdin regulates migration through 3D isotropic bulk collagen matrices and microtracks. (a) Western blot confirming
the knockdown of Girdin in siRNA-treated MDA-MB-231 cells; (b) Time-lapse phase contrast images of control (scrambled) siRNA-
treated (top), and Girdin siRNA-treated (bottom) MDA-MB-231 cells showing migration distance travelled by siRNA-treated cells in a
100 min time interval. Yellow dashed outlines indicate the initial positions of cells; c Rose plots showing trajectories of control and
Girdin siRNA-treated cells in 3D collagen matrices, # of cells presented = 15; (d) Phase contrast (left) and confocal reflectance
(right) images of a control siRNA-treated MDA-MB-231 cell (double arrowheaded) migrating through a 3D in vitro microfabricated
collagen microtracks, (e) Average travelled distance of control and Girdin siRNA-treated MDA-MB-231 cells in microtracks over a
period of more than 6 h. (f) Comparison of average migration speeds and (g) directional persistence of control and Girdin siRNA-
treated MDA-MB-231 cells in 3D collagen isotropic matrices and 3D collagen microtracks. # cells per treatment = 32–45, scale bars
25 lm, *p value < 0.05, **p value < 0.01.
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crons (Fig. 1d), cells travelled significantly shorter
distances in the absence of Girdin (Fig. 1e). Average
cell migration speed was significantly less in Girdin
siRNA-treated cells compared to control siRNA-trea-
ted cells in both 3D collagen matrices and microtracks.
Interestingly, the average migration speed of Girdin-
depleted cancer cells in 3D collagen microtracks was
significantly higher than both Girdin-depleted cells and
control cells migrating through 3D collagen isotropic
matrices (Fig. 1f). In addition, Girdin siRNA treated
cells’ directional migration persistence was significantly
lower compared to control cells, in both 3D uniform
bulk matrices and 3D microtracks. In 3D microtracks,
control siRNA treated cells showed higher persistence
than control cells in 3D matrices, and knockdown of
Girdin results in less persistent cells. Altogether, Gir-
din knockdown cells became significantly less persis-
tent compared to control cells in 3D microtracks
(p< 0.01) than Girdin knockdown cells compared to
control cells (p< 0.05) in 3D isotropic collagen
matrices.

Girdin Knockdown Alters Cell Shape During Migration
Through Microtracks

Cell morphology and migration are closely interre-
lated cell behaviors.3 The cell body must modify its
shape to migrate. During migration, a cell becomes
elongated as it extends the leading edge to attach to the
surrounding ECM, and contracts at the rear end to
pull the entire cell body forward.11 Time-lapse phase
contrast migration imaging demonstrates that control
siRNA-treated cells elongate their cell body during
migration through microtracks, whereas Girdin

knockdown cells were unable to elongate their cell
body (Fig. 2a). Plotting aspect ratio against time fur-
ther demonstrates that control cells exhibit dynamic
shape changes as they move, whereas the aspect ratio
remained unchanged for Girdin knockdown cells
(Fig. 2b). The average aspect ratio of control siRNA-
treated cells was significantly higher than Girdin
knockdown cells (Fig. 2c) and correspondingly the
average circularity was significantly lower for control
cells compared to Girdin knockdown cells (Fig. 2d).
These data indicate that Girdin helps to maintain cell
elongation and direct migration in 3D collagen
microtracks.

Absence of Girdin Impacts Cell Orientation

Previous studies performed using an in vitro wound
healing assay model showed that Girdin is involved in
determining cell polarity and orienting cells towards
the direction of migration.35 To test Girdin’s ability to
polarize and orient cells within microtracks, we
tracked the position of the Golgi apparatus in control
and Girdin siRNA-treated MDA-MB-231 cells using a
fluorescent Golgi tracker. The Golgi were consistently
positioned behind the nuclei in control cells migrating
through the microtracks, but the Golgi were not
positioned behind the nuclei in the absence of Girdin
(Fig. 3a). In control siRNA-treated cells, the Golgi
centroid was located further away from the nuclei
centroid as the cell was able to polarize its cell body,
whereas the Golgi centroid was located in very close
proximity of the nuclei centroid in the absence of
Girdin (Fig. 3b). The average distance between the
nuclei and the Golgi centroid was significantly greater

FIGURE 2. Knockdown of Girdin results in morphological differences. (a) Time-lapse phase contrast images of a single control
and Girdin siRNA-treated cell in a microtrack over a period of 120 min, yellow arrows and dashed outlines indicate the direction of
migration and initial positions of cells at the beginning of migration, respectively; (b) Plotted aspect ratio of the same single control
and Girdin siRNA-treated cells (showed in 3C) migrating through microtracks in a total time period of 120 at 20 min intervals; c
Average aspect ratio and (d) Average circularity of control and Girdin knockdown MDA-MB-231 cells in microtracks. Scale bars
25 lm, # of cells per treatment = 35, **p value< 0.01.
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within the control cells compared to the Girdin
knockdown cells (Fig. 3c). Altogether, our results
indicate that Girdin enables cell elongation and affects
the location of the Golgi relative to the nucleus.

Activation of RhoA Partially Restores Migration in the
Absence of Girdin

Girdin is known to be an actin binding protein, and
depletion of Girdin has been showed to disrupt F-
actin rearrangement.18,50 Therefore, we sought to focus
on investigating the organization of actin filaments in
siRNA-treated MDA-MB-231 cells during migration
through 3D collagen microtracks. Actin polymeriza-
tion was impaired in Girdin-depleted cells, and the cells

exhibited rugged boundaries compared to control cells,
in which cortical actin at the periphery of the cells and
actin stress fibers within the cells was clearly observed
(Figs. 4a, 4b). To determine role of RhoA in the ab-
sence of Girdin, we incubated Girdin knockdown cells
with RhoA activator and visualized formation of stress
fibers and cortical actin in the cells (Fig. 4c). RhoA is a
small GTPase that can directly promote actin stress
fiber formation.40 Interestingly, Girdin knockdown
cells treated with the RhoA activator migrated signif-
icantly faster compared to untreated Girdin knock-
down cells, but their average speed was significantly
lower compared to control siRNA-treated cells
(Fig. 4d). Interestingly, RhoA activated control siR-
NA treated cells also migrated with significant reduced

FIGURE 3. Girdin facilitates migration by orienting cell in the direction of migration. (a) Time-lapse confocal fluorescence imaging
of nucleus (blue) and the Golgi apparatus (red) positions of migrating single control siRNA-treated (left) and single Girdin siRNA-
treated (right) MDA-MB-231 cell over a period of 80 min in 3D microtracks, white arrows indicating the direction of movement, scale
bars 25 lm; (b) Centroid positions of nucleus and the Golgi in a representable control and Girdin knockdown cell relative to time;
(c) Average distance between Nuclei and Golgi centroids in control cells is greater compared to Girdin knockdown cells, # of cells
per treatment = 12, **p value<0.01.
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speed compared to untreated control cells, but higher
speed compared to Girdin knockdown cells (Fig. 4d).
The average aspect ratio and circularity of treated cells
were similar to control cells (Fig. 4e, 4f). Overall, these
data indicate that Girdin knockdown impairs actin
polymerization and impedes cell migration ability, and
these effects can be ameliorated by activating RhoA.

Discussion and Conclusions

In this study, we demonstrated that Girdin, a pro-
tein known to be involved in numerous cellular pro-
cesses including cancer metastasis, regulates
unidirectional MDA-MB-231 cell migration in 3D
in vitro collagen microtracks. Our results indicate that
Girdin-depleted MDA-MB-231 cells migrate with sig-
nificantly slower speed and less directional persistence
in 3D collagen microtracks compared to control cells.
In addition, in the absence of Girdin, cells fail to
achieve the elongated migratory morphology that is
generally observed when control cells migrate through

the 3D collagen microtracks. Cells exhibit lower aspect
ratio and higher circularity compared to highly
migratory control cells. Similarly, Girdin-deficient cells
are unable to polarize and orient their cell body in the
direction of migration based on our analysis of the
location of the Golgi apparatus. Furthermore, Girdin
knockdown cells have impaired actin filament organi-
zation that can be partially restored through pharma-
cological activation of RhoA, which also partially
restores migration ability in Girdin-depleted cells.

Cell migration is a complex process that involves
organization and activation of various internal
molecular machineries within the cell. Cell body
polarization and actin cytoskeleton remodeling are two
essential processes that enable a cell to move forward
during cell migration.17,19,27,39,48 During directional
migration, cells must become polarized by establishing
a front-rear orientation, and continuously reorganize
the actin cytoskeleton to move the cell body forward
and coordinate directed migration.31,38,39,46,48 It is
well-known that Partitioning defective (Par) proteins

FIGURE 4. Activation of RhoA restores cell shape and migration in Girdin knockdown cells. Confocal immunofluorescence (top)
and reflectance (bottom) images showing actin filament (red) organization of (a) control; (b) Girdin knockdown, and (c) RhoA
Activator treated Girdin knockdown MDA-MB-231 cells during 3D microtrack migration, Inset magnification 2X, White arrows
indicate presence of actin stress fibers (red) in control and RhoA activator treated Girdin knockdown cells; (d) Average speed of
control siRNA, RhoA activated control siRNA, Girdin siRNA and RhoA activated Girdin siRNA-treated cells during migration
through microtrack; (e) average aspect ratio and (f) average circularity of control and RhoA treated Girdin knockdown cells; # of
cells per treatment = 44–45, *p value<0.05, ‘n.s.’ **p value>0.05, Scale bars = 25 lm.

Cell Migration in Microfabricated 3D Collagen Microtracks is Mediated 7



constitute a signaling pathway that helps cells to
polarize and orient themselves during migration.17

Interestingly, Girdin is a protein that not only physi-
cally interacts with Par3 to play a role in establishing
cell polarity, but it is also an actin binding pro-
tein.18,21,35 In the absence of Girdin, we observed im-
paired cell migration in 3D collagen microtracks
suggesting that knockdown of Girdin impedes migra-
tion by disrupting cell polarization and modifying ac-
tin organization.

Previous migration studies on Girdin indicate that a
reduction in Girdin expression impairs cell migration
ability in both 2D and 3D migration platforms.18,20

When we compared migration within 3D collagen
microtracks to migration within 3D isotropic collagen
matrices, we found a similar result. Knockdown of
Girdin with siRNA resulted in reduced migration
speed and persistence in both 3D collagen isotropic
matrices and 3D collagen microtracks. However, Gir-
din-depleted cells migrated with a relatively increased
average migration speed in 3D collagen microtracks
compared to the average speed of both the Girdin-
depleted cells and the control siRNA-treated cells in
3D collagen matrices. This increased speed and per-
sistence is likely because cells encounter minimal
physical barriers, less resistance and are only allowed
to move in one direction while migrating in preformed
collagen microtracks. However, there was no visible
formation of actin stress fibers or cortical actin in the
absence of Girdin, and cells exhibited rugged bound-
aries at the cell edges and a more circular and non-
migratory morphology. Girdin-depleted cells failed to
reorganize actin cytoskeleton and elongate the cell
body to form lamellipodia at the leading edge which
are critical for directional cell migration.24 Previously,
we observed that when actomyosin contractility regu-
lators are inhibited, cell speed decreases in microtracks
but migration is not completely stalled.2 Of the in-
hibitors we previously tested, cell motility only stops
completely when actin polymerization is inhibited.2

Altogether, these data suggest that both the architec-
ture of the matrix and the molecular machinery in the
cell determine the migratory phenotype of cells.

The Golgi apparatus, the location of which is
known to be an indicative of cell polarization,19 was
not positioned away from the nucleus in the absence of
Girdin during microtrack migration. This finding
supports results from a previous study demonstrating
that the actin cytoskeleton promotes the symmetry-
breaking process, which permits the establishment of a
polarized distribution of regulatory molecules.27 In this
study, we observed impairment of the actin
cytoskeletal organization and Golgi positioning in
Girdin-deficient cells. The cytoskeleton structure is
involved in localization of the Golgi within the cell

body, and the Golgi orientation leads to directional
cell migration.5,34 As such, these data suggest that
Girdin contributes to directional migration in the 3D
collagen microtracks by promoting actin cytoskeleton
organization and orienting the Golgi within the cell
body.

Disruption of actin polymerization results in chan-
ges to cytoskeletal dynamics and morphological phase
transition.32 RhoA activation is known to directly in-
duce actin polymerization by structurally changing the
actin monomers to filaments and facilitate cell migra-
tion.16,42 Our results show that activation of RhoA can
partially overcome Girdin-mediated disruption of actin
stress fibers and cortical actin. Interestingly, with the
activation of RhoA, actin cytoskeletal structural in-
tegrity was restored and cells exhibited shapes with
higher aspect ratio and less circularity, more closely
resembling control cells. However, despite these
cytoskeletal and morphological changes, cells were
only partially able to increase average migration speed
with RhoA activation. Additionally, we observed that
activation of RhoA impeded migration speed of con-
trol siRNA treated cells. This result is consistent with
previous studies, where authors demonstrated that
excessive Rho activity can inhibit cell migration by
increasing stress fiber formation, adhesion and pre-
venting focal adhesion turnover.1 In the absence of
Girdin, when actin stress fiber organization is com-
promised and cell migration is impaired, activation of
RhoA helped to counteract migration inability by
forming adequate stress fibers within the cell to par-
tially restore cell migration. But in control cells, excess
stress fiber formation by RhoA activation had the
opposite effect on speed, cell migration speed was
significantly reduced.

Our results indicate that RhoA is only one of several
important downstream effectors of Girdin that help in
promoting cell migration. Certainly, there are other
regulators that are affected by Girdin deficiency that
could also potentially be responsible for the impaired
migration in the presence of RhoA. For example, Signal
transducer and activator of transcription-3 (STAT3) is
known to promote directional cell migration and is a
central regulator of cancer metastasis.37,45 Interestingly,
STAT3 signaling is activated by RhoA pathway, and
also is enhanced by Girdin’s function as a guanine ex-
change factor, in a RhoA independent pathway.4,14

Moreover, Girdin depletion has showed to reduce active
RhoA.26 In our study, activation of RhoA partially
restored migration in the absence of Girdin, but
upregulation of STAT3 can further promote migration
in the microtracks. In addition, it would be interesting
to examine microtubule dynamics in Girdin-deficient
cells. Microtubules are important for directed cell
migration as they are involved in maintaining cell
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polarization and orientation.7 On the other hand, Gir-
din contains a hook domain that interacts with micro-
tubules.22 Our study indicates that Girdin depleted cells
fail to orient Golgi Apparatus in the direction of
migration. Further investigation of the inter-relation-
ship between microtubules and Girdin during direc-
tional migration may help further elucidate the
mechanism by which girdin mediates migration.

In summary, our data suggest that Girdin helps to
promote actin cytoskeleton organization, maintain
morphological cell polarity, and enable cell migration
in 3D collagen microtracks. In addition, RhoA acti-
vation restores cell shape and migration in the absence
of Girdin. Our findings demonstrate a way to disrupt
the directional migration in interstitial spaces or
microtracks within the ECM by targeting Girdin.
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