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Abstract

Homing of peripheral stem cells is regulated by one of the most representative homing fac-
tors, stromal cell-derived factor 1 alpha (SDF-1a), which specifically binds to the plasma
membrane receptor CXCR4 of mesenchymal stem cells (MSCs) in order to initiate the sig-
naling pathways that lead to directional migration and homing of stem cells. This complex
homing process and directional migration of stem cells have been mimicked on a microflui-
dic device that is capable of generating a chemokine gradient within the collagen matrix and
embedding endothelial cell (EC) monolayers to mimic blood vessels. On the microfluidic
device, stem cells showed directional migration toward the higher concentration of SDF-1q,
whereas treatment with the CXCR4 antagonist AMD3100 caused loss of directionality of
stem cells. Furthermore, inhibition of stem cell’s main migratory signaling pathways, Rho-
ROCK and Rac pathways, caused blockage of actomyosin and lamellipodia formation,
decreasing the migration distance but maintaining directionality. Stem cell homing regulated
by SDF-1a caused directional migration of stem cells, while the migratory ability was
affected by the activation of migration-related signaling pathways.

Introduction

Stem cell homing is a controlled recruitment of stem cells within the vascular endothelium
that leads to trans-endothelial and directional migration. Damaged tissues in heart, liver,
and other organs can be regenerated by stem cell homing through well-directed migration
of stem cells. The directional migration of stem cell is precisely regulated by the homing fac-
tors released from the injury sites. The released soluble cytokines, homing factors, contribute
to generating the cytokine gradient that determines the direction of stem cell migration.
Consequently, the bio-chemical gradient induces stem cells to migrate to the injury site for
regeneration.
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Although the healing process by stem cells has not been elucidated, it has been shown that
homing factors have a pivotal role in tissue regeneration [1]. After tissue damage, homing fac-
tors such as SDF-1a also known as the C-X-C motif chemokine 12 (CXCL12) is released from
the damaged site. A predominant receptor for the SDF-1at is CXCR4 which is a seven trans-
membrane G protein-coupled receptor widely expressed in cells and tissues taking a role in
vasculogenesis and organogenesis [2, 3]. More importantly, down regulation of CXCR4 and
SDEF-1a significantly decreased the invasiveness of cancer cells, meaning that expression of
CXCR4 is responsible for the cell recruitment [4, 5]. CXCR?7 is also a protein known as the
receptor of SDF-1a [2, 6]. The released homing factors form a chemical gradient from the
injury site to the surrounding area, which initiates the transmigration of stem cells through the
endothelium and directional migration into the stromal tissue (Fig 1a) [7]. Dar et al have
shown enhanced trans-endothelial migration under a gradient of SDF-1c. [8]. Cheng et al
showed that stem cells overexpressing CXCR4, contributes to the improvement of cardiac per-
formance in myocardial infarction [9], illustrating that SDF-1a. is a key homing factor for stem
cells [10]. However, the mechanism behind the directional migration of mesenchymal stem
cells (MSC) through the endothelium due to a chemokine gradient has not been clearly eluci-
dated in in vivo or conventional in vitro experimental systems.

Directional migration of stem cells during stem cell homing is a key mechanism of homing
from the blood vessels to injury sites based on the gradient of homing factors. Peripheral
MSCs expressing CXCR4 are trafficked by the gradient of SDF-10. Binding of SDF-1a leads to
activation of signaling pathways related to migratory mechanisms such as Rho-ROCK, Rac,
and Cdc42 [11]. Rho-ROCK and Rac pathways are known for their roles in the synthesis of
migratory machineries for the cells and are mediated by SDF-1a ligand binding [12, 13].

Although there are limitations in the study of microfluidics [14], the device used in this
study is a fascinating system that is able to mimic numerous in vivo microenvironments gener-
ating gradients of soluble cytokines. Directional migration was incorporated into a collagen
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Fig 1. Mesenchymal stem cell homing mimicked on a microfluidic device. (a) Theoretical schematic of peripheral MSC homing process. (b)
lllustration of the microfluidic device and stem cell homing on-chip.

https://doi.org/10.1371/journal.pone.0184595.9001
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matrix-integrated microfluidic device, which could be used for the assessment of stem cell
homing [15] (Fig 1b). Chung et al developed the basic three-channel-based microfluidic chips
with collagen matrix as a barrier of fluid on a vascular structure [16]. Also, the capability of
this device to form endothelial cell (EC) monolayers allowed the observation of EC migration
and sprouting through the collagen matrix by Chung et al and Jeong et al [16, 17].

To better understand the homing mechanism, Boyden chambers and transwells have been
used as tools to observe the increased migration of MSCs due to the chemokine effect of SDF-
lo [1, 18]. However, none of these devices showed the chemotaxis of MSCs through the endo-
thelial barrier or the ECM conditions, meaning that the devices were not able to mimic the in
vivo spatial environment. The proposed device has a geometric set up for building perfusable
vessel structures as well as the ECM environment and has both biological and technical advan-
tages over the Boyden chamber and the transwell systems. Furthermore, the previous studies
did not focus on the effect of migratory inhibitors during cellular migration or on the quantifi-
cation of migration distance or directional migration.

In this study, we describe the directional migration of MSCs under a gradient of homing
factors using a microfluidic channel. To identify the behaviors of homing factors, directional
movement and transmigration of MSCs were observed. To construct an in-vivo-mimicking
microenvironment, an EC barrier was constructed by forming an EC monolayer along the
center channel of the microfluidic device. Directionality and migratory ability of MSCs were
assessed in the presence of different inhibitors. Five conditions including the control environ-
ment were created by exposing inhibitors to MSCs undergoing migration; (i) Control group
without SDF-1a gradient, (ii) SDF-1a condition, (iii) AMD3100 (CXCR4 antagonist) treat-
ment condition, (iv) Y-27632 (Rho-ROCK inhibitor) treatment condition, and (v) NSC23766
(Rac inhibitor) treatment condition. The inhibitor AMD3100 was used for blocking SDF-1o.
binding to CXCR4 in order to disrupt the directionality of MSC and Y-27632, and NSC23766
were used to disable the migratory mechanism of the stem cells. Treatment with Y-27632, an
inhibitor of the Rho-ROCK signaling pathway, and NSC23766, an inhibitor of the Rac signal-
ing pathway, resulted in decreased migration distance of MSCs without loss of directionality.
In contrast, the CXCR4 antagonist AMD3100 disrupted the directionality of the MSCs but did
not affect the migration ability of the stem cells resulting in near average migration distances.

Material and methods
2.1 Chip fabrication

2.1.1. Microfluidic device. To visualize the directional migration of MSCs, a polydi-
methylsiloxane (PDMS; Sylgard 184A, B Dow Chemical, MI, USA) device (Fig 2a) inspired by
a microfluidic chip used in a previous study was fabricated [16]. Using conventional soft
lithography, PDMS (Sylgard A: Sylgard B = 10:1) was cured on an SU-8 (MicroChem, MA,
USA) wafer and placed at 80°C. An individual chip had a 25mm width and length and a post-
molding height of 250pum. The center cell seeding channel was 0.5mm wide, and the two side
cell seeding channels were 1mm wide. Each of the collagen gel channels was 1mm wide (S1b
Fig). After curing the microfluidic channel, the device was autoclaved and bonded with cover
slips under oxygen plasma treatment. Within 10 minutes after bonding, 1mg/ml Poly-
D-Lysine (PDL; Sigma-Aldrich, St. Louis, MO) was applied to the inside of the chip for
enhancement of adhesion of collagen as well as the EC monolayer. After at least two hours of
incubation with PDL coating, the channels were washed with triple-distilled water and dried
in an oven for 24 hours.

2.1.2 Cell seeding and settings of the microfluidic device. The main set up for this
experiment is inhibition of EC migration during induced stem cell migration. Metabolic
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Fig 2. Extravasation of MSCs under a gradient of homing factor. (a) An image of the PDMS-based
microfluidic device. (b) The microfluidic device set up for cell seeding. Micropipette tips were used as a
media reservoir. (c) A FITC-dextran gradient within the collagen matrix on a microfluidic device with
endothelial monolayers (blue squares) embedded in cell channels. Red arrows indicate the direction of MSC
migration due to an SDF-1a gradient. The graph indicates the fluorescence intensity of dextran within the chip.
(d) A microscopic image of MSC extravasation and migration through the collagen matrix on a microfluidic
device. (e) RFP-tagged endothelial cells are used to distinguish migrating MSCs. (f) MSC extravasation. The
white arrow indicates MSCs, and red arrow indicates endothelial cells.

https://doi.org/10.1371/journal.pone.0184595.9002

balance is controlled by consumption of nutrients and oxygen in the culture media in each
channel. Equal numbers of ECs were seeded in all three channels for equal consumption of
nutrients and oxygen in culture media, allowing the endothelial cells to remain as a stable
monolayer. On the other hand, MSCs are set to migrate toward a higher concentration of met-
abolic factors from the side channels. In this experiment, we compare the numbers of MSCs
migrating both toward and away from the SDF-1a. gradient in order to identify the cells
migrating under the influence of SDF-10.
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2.2 Evaluation of gradients of the microfluidic chip

2.2.1. Collagen gel preparation. In order to prepare the collagen gel, stock type I collagen
(BD Bioscience, MA), 10X PBS (Gibco BRL, NY, USA), filtered triple-deionized water, and
0.5N NaOH were kept in an ice bath and mixed to a final pH of 7.4 and concentration of
2.5mg/ml. Just after mixing, collagen solution was carefully introduced into the ECM channels
of the microfluidic chip. Then, the chip was placed in the humidified chamber and placed in
the incubator at 37°C for 30 min. Next, 37°C warmed media was applied in order to prevent
dehydration or shrinkage of the collagen matrix.

2.2.2. SDF-1a gradient. Two hours after MSC seeding, cell culture medium containing
250ng/ml of SDF-10. (R&D Systems, MN, USA) was applied only to the conditioning channel
to generate an SDF-1o. gradient within the collagen gel matrix. The concentration of SDF-1a
in vivo is known to be about 0.5 to 0.8 ng/ml in human circulation and 1 to 5 pg/ml in in vivo
fluids. However, the optimal concentration range for most chemokines for in vivo cell attrac-
tion is 10 to 1000 ng/ml [19]. Here, 250ng/ml of SDF-1a was applied every 24 hours after
washing the channels with media in order to reset the gradient.

2.2.3. Dextran gradient test. To ensure that the chemokine gradient is sustained in the
collagen matrix, 10 kDa fluorescence isothiocyanate (FITC)-dextran (FITC-dextran, 10kDa,
Sigma-Aldrich, St. Louis, MO) was applied to visualize the gradient when an endothelial
monolayer was present (Fig 2c). 10 kDa FITC-dextran was used because of its identical molec-
ular weight to SDF-1a. Fluorescence images were taken every 4 hours for up to 44 hours. The
dextran gradient was renewed 24 hours after the initial creation. Image J (NIH image, Wayne
Rasband) was used for plot profiling and measuring the fluorescence intensity of dextran. The
maximum fluorescent intensity (1.0) was shown to slightly decrease over time; plot profiling
clearly illustrated the level of the gradient. However, the intensity also seemed to fluctuate
while decreasing because the least intense fluorescence is not at the final hours. However, the
intensity generally decreased by about 20 to 50% within the collagen matrix throughout the
experiment. This evidence suggests that the SDF-1a: gradient is sustained within the collagen
gel for chemokine-derived migration of MSCs (S3 Fig). The consumption rate of SDF-1a. is
not well studied; therefore, the results might vary due to the reduction of chemokines in cer-
tain areas and deformation of the gradient. However, this graphic data is strong support that
the gradient is not saturated within the collagen and sustains the homing process for over 40
hours.

2.3 Directional migration of stem cells under physiological conditions

2.3.1. Cell culture. Red fluorescent protein (RFP) expressing human umbilical vein endo-
thelial cells (RFP-HUVECs) (Olaf Pharmaceuticals, Inc., USA) were cultured in endothelial
cell growth medium (EGM TM-2) (Lonza, MD, USA) supplemented with 5% FBS, 0.04%
hydrocortisone, 0.4% hFGE-B, 0.1% VEGF, 0.1% R3IFG-1, 0.1% ascorbic acid, 0.1% hEFG,
and 0.1% GA-1000. The seeding concentration of RFP-HUVEC:s in the microfluidic channel
was 2 x 10° cells/ml. Human originated mesenchymal stem cells (hMSCs) (Lonza, MD, USA)
were cultured in Dulbecco’s modified Eagle’s media (DMEM; Gibco BRL, NY, USA) supple-
mented with 10% FBS and 1% (v/v) antibiotics. A cell suspension with an MSC concentration
of 4.5 x 10° cells/ml was used for microchip injection. MSCs were not used after their ninth
passage. Both cells were cultured in regular 75T cell culture plates before they were used in the
chip.

RFP-HUVECs were seeded twice at a 2-hour interval in order to seed the cells thoroughly
in the channels. The collagen gel interface was endothelialized by seeding HUVECs in the
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main channels. After seeding, the chips were tilted at various angles and placed for 30 minutes
to form a uniform EC monolayer (S5 Fig). After 2 to 3 days of culturing EC in the microfluidic
device, monolayer formation could be seen under the microscope (Fig 2d and 2e), and MSCs
were introduced in the middle channel with different conditioned media. Media was com-
posed of EGM-2 and DMEM in a ratio of 2:1 and was changed every 24 hours. For cell culture,
micropipette tips were used as a media reservoir (Fig 2b).

2.3.2. Treatment with cell migration inhibitors. In order to influence the migration of
MSCs, AMD3100 (CXCR4 antagonist), Y-27632 (inhibitor of Rho-ROCK pathway), and
NSC23766 (inhibitor of Rac pathway) were applied throughout all channels. Each of the inhib-
itors Y-27632 (25uM, Sigma-Aldrich, St. Louis, MO, USA), NSC23766 (50puM, Sigma Aldrich,
St. Louis, MO, USA), and AMD3100 (25pg/ml, Sigma Aldrich, St. Louis, MO, USA) were
mixed in 2:1 EGM-2 and DMEM with addition of SDF-1a. (250 ng/ml) on the condition chan-
nel. A total of five groups including conditions with media only (no SDF-10, no drugs), SDF-
Lo only group, and three inhibitor-treated groups were tested. Media for each group were
replaced every 24 hours, and images were obtained with an EVOS fluorescence microscope
(EVOS™ FL Auto, Life Technologies, USA).

2.4 Assessment of stem cell homing in microfluidic chips

2.4.1. Stem cell migration analysis. Images were obtained with EVOS (EVOS®™ FL Auto)
every 24 hours for 2 days. Migrating cells were counted with Image J software, and after immu-
nohistochemistry, the distance of migration was measured from the starting point of the colla-
gen matrix to the nucleus of the cell with Image J. Confocal images were taken with an
LSM710 (Zeiss, Germany) and analyzed with ZEN Black Edition.

Stem cells migrated from the endothelial monolayer were counted on EVOS microscopic
images. Cells were distinguishable since the cytosol of ECs was expressing RFP and MSCs
were not. MSCs in the process of transmigration were also counted for extravasated cells since
their branches were within the collagen matrix (Fig 2f).

Cell migration displacement was measured by DAPI images obtained also with an EVOS
microscope. The distance measurement was performed utilizing both the RFP and DAPI
images to distinguish between MSCs and RFP-ECs. The term displacement is used because
cells do not migrate in straight lines, although the measurement was in the linear distance. The
distance was measured from the start of the collagen matrix or endothelial monolayer to the
nucleus of the stem cells with Image J.

2.4.2. Immunohistochemistry. The channels of the microfluidic chip were gently
washed with PBS to remove all media. Then, 4% paraformaldehyde was applied and cooled
to 4°C. When the cells were fixed, F-actin was labeled with Alexa Fluor 488 phalloidin
(Thermo Fisher Scientific Cat# A12379, RRID:AB_2315147), and nuclei were stained with
4’6-diamidino-2-phenylindole (Thermo Fisher Scientific Cat# D1306, RRID:AB_2629482).
Cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for
30 minutes. After permeabilization, BSA treatment was applied for 30 minutes, after which
phalloidin and DAPI dissolved in BSA were applied to all channels. After two hours of stain-
ing, the channels were washed with 1X phosphate buffered saline tween-20 (PBST) to remove
the fluorescent noise.

VE-cadherin was stained with Anti-VE Cadherin antibody—Intercellular Junction Marker
(Abcam Cat# ab33168, RRID:AB_870662) and Alexa Fluor 594 goat anti-rabbit IgG (H+L)
(Molecular Probes Cat# A-11012, RRID:AB_141359) (Life Technologies, USA) after being
fixed with 4% paraformaldehyde.
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Result and discussion
3.1. Chip fabrication and gradient formation

Homing factors are released from an injury site and form a chemokine gradient across the sur-
rounding area to induce MSC migration toward the injury site (Fig 1a). When SDF-1ais
bound to CXCR4, the associated MSCs migrate toward the higher end of the gradient. To
mimic this event in a microenvironment, the microfluidic device was re-designed and modi-
fied from a previously reported version [16]. The differences in device design are 5 times more
regions of interest (ROIs) and wider gel channel areas for observation of the migration ten-
dency (Fig 1b). The microfluidic device used in this experiment has three main cell seeding
channels separated by two gel channels. (S1a Fig). The three main channels are designed to
provide both control and experimental conditions in one chip sample. Also, the separating col-
lagen scaffolds help divide the three main channels to ensure that they are physically indepen-
dent. Since the device allows cell culture inside the channels, we co-cultured ECs with MSCs
for observation of transendothelial migration (Fig 1b).

Stem cell migration due to the chemokine effect of SDF-1a: has been previously demon-
strated on a Boyden chamber. Imitola et al showed increased stem cell migration through a
fibronectin-coated membrane depending on the dosage of SDF-1a. [18]. The Boyden chamber
is a useful tool to examine chemotaxis [20] but has limitations in spatiotemporally mimicking
the in vivo environment. The proposed microfluidic device, however, has significance in mim-
icking the spatial environment with both a chemokine gradient to initiate directional migra-
tion and inhibitors to affect the migratory mechanisms of stem cells. Applications of different
environmental conditions on the chip produced significantly different results, which provided
insights into cellular migration depending on the chemical environment.

The main set up for this experiment was to inhibit the migration of ECs while inducing
stem cell migration. Differential migration was achieved by controlling the consumption of
nutrients in the culture media in each channel [17]. Equal numbers of ECs were seeded in all
three channels, which led to equal consumption of the culture media and maintenance of the
endothelial cells as a stable monolayer (S2c and S2d Fig). If only one of the channels was
seeded, ECs would start sprouting toward the higher concentration of metabolic factors by
degrading the collagen gel matrix (S2a and S2b Fig). Conversely, MSCs were seeded only in
the center channel in order to easily initiate the migration toward the higher concentration of
metabolic factors from the side channels. In this experiment, we compared the numbers of
MSCs migrating both toward and away from the SDF-1o knowing that the migration is both
caused by the metabolic and chemokine gradient. However, when both sides were compared,
more of MSCs were estimated to migrate towards the chemokine gradient.

In order to simulate the gradient formation of SDF-1o (10kDa) in microfluidic channels,
FITC-dextran of same molecular weight was used for generating a visual gradient. Maximum
fluorescent intensity (1.0) was slightly declining over time and with plot profiling, the fluores-
cent intensity data was analyzed. The intensity was generally decreasing throughout the experi-
ment by about 20 to 50% within the collagen matrix. This evidence suggested that the SDF-1a
gradient was sustained within the collagen gel for chemokine derived migrations of MSCs
(S3 Fig).

A uniform confluence of the endothelial monolayer at the interface with the collagen matrix
and the channel surface was a crucial factor in preventing undesirable leakage of the chemo-
kine gradient in the microfluidic devices. VE-cadherin (vascular endothelial-cadherin) is a
glycoprotein responsible for cell-cell adhesion, whose expression contributes greatly to endo-
thelial permeability by regulating intercellular junctions [21]. Significant expression of VE-
cadherin means that the cells are well-adhered to form a strong barrier. VE-cadherin expressed
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Fig 3. Confocal microscopic images of endothelial monolayer formed within the channel of the microfluidic device. (a) Side view of the
endothelial monolayer confluent with collagen matrix. RFP represents the expression of VE-cadherin and blue represents DAPI. (b) Front view of the
endothelial monolayer confluent with both the channel and the collagen matrix. GFP represents expression of actin fibers within the cells. (c) Overall
view of the endothelial monolayer confluent within the channel of the microfluidic device. (d) Ortho view of the endothelial monolayer. The top image
shows homogeneous confluence of cellular monolayer formed throughout the channel. Blue territory represents the PDMS posts.

https://doi.org/10.1371/journal.pone.0184595.9003

in seeded endothelial cells in the microfluidic device reflects the formation of a definite EC
monolayer which was observed under the confocal microscopy (Fig 3a-3c). The expression
level of VE-cadherin confirms that the endothelial monolayer constructed within the micro-
fluidic device is reliable (Fig 3d).

To ensure that the endothelial monolayer in the microfluidic device had barrier functions,
the plot profile was used to measure the intensity of the FITC-dextran fluorescence over 16
hours with and without the EC monolayer. The result showed stabilized fluorescence intensity
in the presence of an EC monolayer. On the other hand, the dextran gradient seemed to ran-
domly flow within the device, showing a significant increase in fluorescence intensity in the
ROIs (n = 4, p<0.05) (54b and S4c Fig). This indicates that the EC monolayer within the
device performed a barrier-like role, acting like a dam on a river to stabilize the gradient of the
chemokine.

3.2. Extravasation and directional migration of stem cells under a
chemokine gradient

Fig 2f shows the extravasation of MSCs in the microfluidic channel integrated with an EC
monolayer. During the homing process, MSCs stimulated by SDF-1a within blood vessels
coordinately bind to the endothelium for the initiation of transendothelial migration. MSCs
roll to bind to endothelial cells via P-selectin and VCAM-1/VLA-4, expressed by endothelial
cells when the homing factors are released under shear flow [22]. In this device, however, the
shear flow is absent in order to observe the more efficient directional migration of MSCs. Fur-
thermore, the shear flow would disrupt the uniform gradient formation of SDF-1a within the
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Fig 4. 3D confocal images of MSCs migrating transendothelially. (a-c) Red fluorescence shows the cytosol of RFP-tagged EC. Green
fluorescence shows actin fibers of both MSCs and ECs. Cells without red fluorescence are MSCs. Blue are nuclei of the cells stained with DAPI. (d)
Ortho view of transendothelial migration of MSCs. Blue and orange arrows indicate the side view range of the directions of movement. White arrows
indicate the locations of nuclei of migrating MSCs.

https://doi.org/10.1371/journal.pone.0184595.g004

collagen matrix as well as in the channels. It is unclear, in this device, if the MSCs were bound
via a P-selectin- and VCAM-1/VLA-4-dependent method for extravasation. A future study
should focus on developing the conditions for MSC adhesion on the endothelial monolayer
and on the spontaneous formation of an SDF-1a. gradient in the presence of shear flow.

Transendothelial migration of MSCs during homing occurs in three dimensions in vivo. In
order to ensure that MSCs were migrating into the 3D collagen matrix in the microfluidic
device, confocal images were taken (Fig 4a—4c). MSCs and ECs could be distinguished by the
ECs expressing RFP in their cytosol. The ortho images showed that the nucleus of the MSC is
not on the surface of the chip, but in the middle of the collagen gel (Fig 4d). This implies that
the cells are migrating without the help of a rigid surface to grab onto but are solely migrating
within the collagen matrix, as MSCs would migrate through the ECM in an in vivo environ-
ment. This is possibly due to the PDL coating, which enhanced the adhesion of collagen matrix
while triggering 3-dimensional migration of cells [23].

Stem cell homing is initiated by the gradient of SDF-1a. secreted from injury sites. SDF-1a
binds to its cellular receptor CXCR4, which triggers signaling pathways resulting in a variety
of events such as chemotaxis and proliferation via gene transcription [24]. CXCR4-mediated
chemotaxis is mediated by PI3 kinase (PI3K), which is activated by the GBy and Go. subunits
that were separated when the ligand was bound [25].

According to the test, about 66% of total extravasated MSCs migrated through the collagen
matrix toward the higher concentration of SDF-1a (Fig 5g) (n = 8, p<0.05). Extravasations
and migrations away from the gradient were observed due to possible metabolic factor gradi-
ent also initiating the migration (Fig 5b). However, more migration toward the gradient
clearly indicates that SDF-10 mediates stem cell homing and migration. This result was sup-
ported by the present results of the control group where no SDF-1a was applied to the MSCs.
Almost equal numbers of MSCs extravasated and migrated without an intended direction
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Fig 5. Numbers of extravasating and directionally migrating MSCs in the direction of the SDF-1a gradient under different conditions. (a)
Control group; no inhibitor and no SDF-1a gradient. *p>0.05 (b) MSCs under SDF-1a gradient *p<0.05 (c) MSCs under AMD3100 (CXCR4
antagonist) treatment. *p>0.05 (d) MSCs under Y-27632 (Rho-ROCK inhibitor) treatment *p<0.05. (e) MSCs under NSC23766 (RAC inhibitor)
treatment *p<0.05. (f-j) Graph of numbers of extravasated MSCs moving toward and away from the SDF-1a gradient. Y-axis represents numbers of
cells, and X-axis represents number of days. White arrows indicate the extravasated MSCs. Paired t-test was applied for number of MSCs migrating on

each side for each conditions with n = 8.

https://doi.org/10.1371/journal.pone.0184595.9005

(Fig 5a and 5f) (n = 5 p<0.3). This result indicates that most of the stem cells seeded in the
central channel are moving toward a higher SDF-1a: gradient. The direction of cell migration
through chemokine in this microfluidic experiment may be direct evidence of homing of
MSCs in vivo.

Treatment with the CXCR4 antagonist AMD3100 on the stem cell homing chip resulted in
a lack of directionality in cell migration (n = 8, p<0.03). AMD3100 is known to block the
binding of monoclonal antibodies to CXCR4, preventing SDF-1a-CXCR4 binding [26-28].
Theoretically, inhibition of the SDF-10.-CXCR4 interaction would result in MSC failure to
detect the gradient. With no exceptions, migration data (Fig 5¢c and 5h) showed identical
results to the control group. This result suggests that SDF-1a. is a crucial factor for directional
migration of MSCs. MSCs treated with AMD3100 did not show any decrease in migration dis-
tance compared to SDF-1o and control group, indicating that AMD3100 does not influence
the cellular migratory mechanisms (Fig 6¢) (n = 8, p<0.05). AMD3100 is a well-known factor
for diminishing the directional cellular migration caused by the chemical guidance [29], but
there is no significant evidence that AMD3100 influences the migration distance of MSCs.

3.3. Effects of Rho-ROCK inhibitors and Rac inhibitors on directional
migration during stem cell homing

One of the most important parts of stem cell homing is the mechanism by which the cells
migrate. Migration of stem cells is a coordinated process where multiple signaling pathways
activate physical machineries of the cells to migrate [30, 31]. The migration distance of MSCs
after extravasation from the endothelial monolayer was measured to determine the possible
conditions that disrupt the MSC homing process. The migration distance also provides an
insight into the motility mechanism contributing to the migration of MSCs or any type of
migrating cells. The most representative signaling pathways related to cell migration are Rho-
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difference while *p>0.05 represents no significant variance difference. One-way ANOVA analysis for finding inequality group showed *p<0.05.

https://doi.org/10.1371/journal.pone.0184595.g006

ROCK and Rac signaling pathways, and this study provides conditions influencing these
mechanisms [32, 33].

The Rho-ROCK signaling pathway is responsible for cytoskeleton regulation such as stress
fiber assembly, actomyosin contraction, and actin membrane linkage [34, 35]. The reagent
known to block this pathway is Y-27632, which reduces a cell’s ability to migrate by constrain-
ing the regulation of the cytoskeleton [36]. Treatment with Y-27632 (25 uM) did not block the
binding of SDF-1a to CXCR4, resulting in normal directional migration toward the chemo-
kine gradient (Fig 5d and 5i) (n = 8, p<0.05). However, treatment with Y-27632 did produce
a significant decrease in the migratory ability of the MSCs since their migration displacement
was the smallest of all conditions (~145 um) (Fig 6d) (n = 8, p<0.05). This migration
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displacement is about 40% less than that of the SDF-1a: group (Fig 6a) and 28% less than the
control group (Fig 6b). Adamson et al showed in a previous study that treatment with Y-27632
to endothelial cells did not cause a notable disruption in endothelial barrier properties even
though the formation of actin fibers was blocked [37]. Therefore, the decreased distance of
migration was not affected by the endothelial barrier properties.

The Rac signaling pathway is responsible for lamellipodia protrusion of the cell [38, 39].
Lamellipodia are like grappling hooks used to grab the ECM scaffold and drag it in the direc-
tion of migration. Once the hook is attached, contraction of acto-myosin by the Rho-ROCK
pathway is activated for migration in the intended direction. Blocking this signaling pathway
prevents cells from attaching to the collagen matrix and partially restricts the migratory mech-
anisms. Treatment with NSC23766, an inhibitor of the Rac signaling pathway, showed a slight
decrease in migration distance (Fig 6e) (n = 5, p<0.05). Again, the SDF-1a. gradient was still
effective to cause directional migration (Fig 5e and 5j) (n = 5, p<0.05). This result points out
that although migratory potential had been lowered due to inhibiting Rac signaling pathway
[40] the directional migrations of stem cells were still preserved by the chemokine effect.

Spindler et al showed that cAMP plays a role in stabilizing the endothelial barrier via
GTPase Racl activation. According to the study, disrupting Racl activation caused the endo-
thelial barrier to lose its stability and increase its permeability [41]. Theoretically, the number
of extravasating MSCs in our experiment should have been increased due to lack of endothelial
barrier integrity after treatment with NSC23766. However, the results actually showed a
decreased number of extravasated MSCs regardless of endothelial barrier integrity, possibly
because of the simultaneous influence of NSC23766 on the MSCs.

3.4. Migration distance vs. morphology of MSCs

Migration distances were measured to test the migratory ability of stem cells when exposed to
different chemical conditions. The migration distance was able to be measured because ECs
were distinguishable from MSCs due to their expression of RFP in the cytosol (Fig 6f). The
average migration distances were produced after measuring the displacement of all the indi-
vidual migrating MSCs in the collagen matrix. The migration distance of MSCs under Y-
27632-treated conditions was the shortest compared to SDF-1a conditions (Fig 6g). A poten-
tial reason for this could be the decreased actin organization governed by Rho-ROCK signaling
pathways. As expected, F-actin staining of Y-27632-treated MSCs had shown unusual mor-
phologies. Blocking the Rho-ROCK pathway seemed to disrupt the formation of strong and
firm stress fibers, negatively affecting forward cellular movement. MSCs expressed thin and
hair-like protrusions (24.86 branches per cell) (Fig 7¢) instead of forming the thick and strong
actin fibers (~10 branches per cell) that were observed in the other conditions (Fig 7a, 7b, 7d
and 7e). Furthermore, actin fibers seemed to be dispersed without any directional pattern,
which indicates that cells were not readily migrating towards the direction as they intended.
The result indicated that well-coordinated actin fiber formation is one of the key governors for
the cellular migration. Also, bundles of actin fibers are bound together in the direction of che-
mobkine signaling to generate the powerful motility force.

The morphology of NSC23766-treated stem cells showed a normal distribution of actin
fibers (Fig 7e), like all other conditions (Fig 7a-7c) except the Y-27632-treated (Fig 7c) condi-
tion. However, the migration distance of MSCs under NSC23766 was slightly decreased (n = 5,
p<0.05). This is due to lack of lamellipodia and filopodia formation by the Rac pathway.
Despite this, the distance decrease in the NSC23766 condition is not as significant as that of
cells under the Y-27632 condition, which indicates that actin fiber coordination is more
important than lamellipodia formation for cellular migration.
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https://doi.org/10.1371/journal.pone.0184595.9007

These experiments with the proposed microfluidic device quantitatively demonstrated the
possible mechanisms of directional migration and homing of stem cells in vivo and are in
agreement with previous studies (Fig 8) [42-44]. MSCs exposed to five different conditions
showed different migratory behaviors, related to the expression level of migratory machineries
such as actin fibers, filopodia, and lamellipodia (Fig 8a-8¢). With a lack of actin fiber forma-
tion, the MSCs are not able to exert the strong forces needed to produce fast move. Also, failure
to form lamellipodia would also slow the cellular migration. However, the directionality of
migration in both cases would be preserved as long as SDF-1a. successfully binds to CXCR4 of
the stem cells (Fig 8f).

Cell migration is a complex biochemical process including polarization, adhesion and pro-
trusion, and rear retraction. In order for the series of events to occur, numerous signaling
pathways are activated to coordinate the cell migration. In this study, two of the major deter-
minants of cell migration (Rho-ROCK and Rac) had been chosen to create conditions that
could influence the driving force of MSCs. Disordering the actin fiber formation via inhibiting
the Rho-ROCK signaling pathway was the most effective way to slow down the migration of
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Fig 8. lllustration of extravasation and directional migration of MSCs in different conditions. (a)
Morphology of a normal MSC. (b) An MSC under SDF-1a gradient. (c) An MSC exposed to Y-27632, a Rho-
ROCK inhibitor. (d) An MSC exposed to AMD3100, a CXCR4 antagonist. (€) MSC exposed to NSC23766, a
Rac inhibitor. (f) Migration of MSCs due to the chemokine effect of SDF-1a. Blue color represents the number
of stem cells migrating in response to the homing factor.

https://doi.org/10.1371/journal.pone.0184595.9008

MSCs. Furthermore, this microfluidic platform still has a potential for more sophisticated con-
trol of microenvironment and chemical conditions for further studies.

Conclusion

Stem cell homing is a crucial biological event that plays important roles in wound healing and
tissue regeneration. This experiment showed the implementation of stem cell homing on a
PDMS-based microfluidic device. This microfluidic device could provide different conditions
such as a chemical gradient affecting the behavior of cells. The exact difference in cellular
behavior between homing and normal migration is unknown. However, the level of MSC
migration towards the SDF-1a. gradient was greater than the number of MSCs away from it
and it is clear that SDF-1a. plays an important role in MSC homing. MSCs on a microfluidic
device migrated for various reasons, such as chemical and metabolic gradients, but showed a
more sensitive reaction to the chemokine effect. CXCR4 antagonist disrupted the detection of
chemotaxis for MSCs and led them to migrate without directionality. Rho-ROCK inhibitor
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plays a critical role in inhibiting the formation of strong cellular fibers, resulting in decreased
migration distance; a similar effect was shown with a Rac inhibitor that inhibited the formation
of lamellipodia and filopodia. The inhibitors used in this experiment showed observable effects
on stem cell migration; however, in order to generate more dramatic influences, further study
of combined application of inhibitors is required. Although stem cell homing was successfully
implemented in vitro, there are still some challenges for setting the perfect conditions to mimic
in vivo conditions because there are additional factors that influence the migration of stem cells
such as EC monolayer junction integrity, flow conditions, and combined use of inhibitors.

Supporting information

S1 Fig. Dimensions of the microfluidic device used in this study. (a) Specifications of the
PDMS-based microfluidic device. (b) Three main cell seeding channels divided by collagen
channels. Notice that the collagen channel is open throughout its length, providing more
regions of interests. (Post height: 250pum).

(TIF)

S2 Fig. Angiogenic sprouting of ECs due to the metabolic gradient formed by the three
channels. (a) 4X view of EC sprouting; only the center channel is seeded with ECs, creating a
chemical gradient due to consumption of nutrients. Radical sprouting of ECs within the colla-
gen matrix. (b) 10X view of EC sprouting; the EC monolayer fails to adhere to the collagen
matrix (c) Balanced metabolic gradient after every channel is seeded with ECs; no sprouting
takes place (d) EC monolayer is stabilized and maintained. Extravasation and directional
migration of MSCs in different morphologies and conditions.

(TIF)

S3 Fig. FITC-dextran gradient test on a microfluidic device with an EC monolayer and a
collagen matrix embedded. (a) First 24 hours of FITC-dextran gradient test within the colla-
gen matrix on a microfluidic device with endothelial cells embedded. The fluorescent intensity
was measured every 4 hours. (b) After the first 24 hours, the channels were washed with media
and refilled with dextran at the same concentration. The intensity was measured for another
24 hours.

(TIF)

$4 Fig. FITC-dextran gradient intensity level at the region of the endothelial monolayer
confluent on the collagen gel and collagen gel without an endothelial monolayer embed-
ded. (a) The microfluidic device with a FITC-dextran gradient. White dashed box shows the
region of interest for plot profiling of fluorescence intensity. Areas A and B are chosen to test
the effects of endothelial barrier properties. (b) Gradient intensity at point A is shown on a
graph. Notice that the fluorescent intensity is more stable when an endothelial monolayer is
embedded. (c) Gradient intensity at Point B is shown on a graph, demonstrating a similar
trend of gradient formation to Point A.

(TIF)

S5 Fig. Endothelial cell seeding and formation of endothelial monolayers on a microfluidic
device. (a) ECs were introduced in the microfluidic device which was initially positioned
upright. (b) The microfluidic device was skewed for endothelial monolayer’s confluence with
collagen matrix. (c) The microfluidic device was skewed in the opposite direction for endothe-
lial monolayer’s confluence with collagen matrix on both sides. The microfluidic device was
kept in each position for 30 minutes each.

(TTF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0184595  September 8, 2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184595.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184595.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184595.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184595.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184595.s005
https://doi.org/10.1371/journal.pone.0184595

@° PLOS | ONE

Directional migration of mesenchymal stem cells under an SDF-1a gradient on a microfluidic device

Acknowledgments

We thank Seok (Sid) Chung for developing the original version of the microfluidic device used
in this study and providing critical comments in order to accomplish this study.

Author Contributions

Conceptualization: Siwan Park, Hwanseok Jang.

Data curation: Siwan Park.

Formal analysis: Siwan Park.

Funding acquisition: Yongdoo Park.

Investigation: Siwan Park, Gi Seok Jeong.

Methodology: Hwanseok Jang, Gi Seok Jeong.

Resources: Byung Soo Kim, Changmo Hwang, Gi Seok Jeong, Yongdoo Park.
Supervision: Siwan Park, Changmo Hwang, Gi Seok Jeong, Yongdoo Park.
Writing - original draft: Siwan Park.

Writing - review & editing: Siwan Park, Yongdoo Park.

References

1.  Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: the role of physical interactions and
mechanical forces in metastasis. Nature reviews Cancer. 2011 Jun 24; 11(7):512-22. https://doi.org/
10.1038/nrc3080 PMID: 21701513.

2. WangJ, Shiozawa Y, Wang J, Wang Y, Jung Y, Pienta KJ, et al. The role of CXCR7/RDC1 as a chemo-
kine receptor for CXCL12/SDF-1 in prostate cancer. The Journal of biological chemistry. 2008 Feb 15;
283(7):4283-94. https://doi.org/10.1074/jbc.M707465200 PMID: 18057003.

3. Tachibana K, Hirota S, lizasa H, Yoshida H, Kawabata K, Kataoka Y, et al. The chemokine receptor
CXCR4 is essential for vascularization of the gastrointestinal tract. Nature. 1998 Jun 11; 393
(6685):591—4. https://doi.org/10.1038/31261 PMID: 9634237.

4. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al. Involvement of chemokine receptors
in breast cancer metastasis. Nature. 2001 Mar 01; 410(6824):50—6. https://doi.org/10.1038/35065016
PMID: 11242036.

5. ChenYY, Stamatoyannopoulos G, Song CZ. Down-regulation of CXCR4 by inducible small interfering
RNA inhibits breast cancer cell invasion in vitro. Cancer research. 2003 Aug 15; 63(16):4801—4. PMID:
12941798.

6. Liao YX, Zhou CH, Zeng H, Zuo DQ, Wang ZY, Yin F, et al. The role of the CXCL12-CXCR4/CXCR7
axis in the progression and metastasis of bone sarcomas (Review). International journal of molecular
medicine. 2013 Dec; 32(6):1239—46. PMID: 24127013.

7. KarpJM, Leng Teo GS. Mesenchymal stem cell homing: the devil is in the details. Cell stem cell. 2009
Mar 06; 4(3):206—16. https://doi.org/10.1016/j.stem.2009.02.001 PMID: 19265660.

8. DarA, Kollet O, Lapidot T. Mutual, reciprocal SDF-1/CXCR4 interactions between hematopoietic and
bone marrow stromal cells regulate human stem cell migration and development in NOD/SCID chimeric
mice. Experimental hematology. 2006 Aug; 34(8):967—75. https://doi.org/10.1016/j.exphem.2006.04.
002 PMID: 16863903.

9. ChengZ,Oul, Zhou X, Li F, Jia X, Zhang Y, et al. Targeted migration of mesenchymal stem cells modi-
fied with CXCR4 gene to infarcted myocardium improves cardiac performance. Molecular therapy: the
journal of the American Society of Gene Therapy. 2008 Mar; 16(3):571-9. https://doi.org/10.1038/sj.mt.
6300374 PMID: 18253156.

10. Quesenberry PJ, Becker PS. Stem cell homing: rolling, crawling, and nesting. Proceedings of the
National Academy of Sciences of the United States of America. 1998 Dec 22; 95(26):15155—7. PMID:
9860935.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184595  September 8, 2017 16/18


https://doi.org/10.1038/nrc3080
https://doi.org/10.1038/nrc3080
http://www.ncbi.nlm.nih.gov/pubmed/21701513
https://doi.org/10.1074/jbc.M707465200
http://www.ncbi.nlm.nih.gov/pubmed/18057003
https://doi.org/10.1038/31261
http://www.ncbi.nlm.nih.gov/pubmed/9634237
https://doi.org/10.1038/35065016
http://www.ncbi.nlm.nih.gov/pubmed/11242036
http://www.ncbi.nlm.nih.gov/pubmed/12941798
http://www.ncbi.nlm.nih.gov/pubmed/24127013
https://doi.org/10.1016/j.stem.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19265660
https://doi.org/10.1016/j.exphem.2006.04.002
https://doi.org/10.1016/j.exphem.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16863903
https://doi.org/10.1038/sj.mt.6300374
https://doi.org/10.1038/sj.mt.6300374
http://www.ncbi.nlm.nih.gov/pubmed/18253156
http://www.ncbi.nlm.nih.gov/pubmed/9860935
https://doi.org/10.1371/journal.pone.0184595

@° PLOS | ONE

Directional migration of mesenchymal stem cells under an SDF-1a gradient on a microfluidic device

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Wong D, Korz W. Translating an Antagonist of Chemokine Receptor CXCR4: from bench to bedside.
Clinical cancer research: an official journal of the American Association for Cancer Research. 2008 Dec
15; 14(24):7975-80. https://doi.org/10.1158/1078-0432.CCR-07-4846 PMID: 19088012.

Wu'Y, Yoder A. Chemokine coreceptor signaling in HIV-1 infection and pathogenesis. PLoS pathogens.
2009 Dec; 5(12):€1000520. https://doi.org/10.1371/journal.ppat. 1000520 PMID: 20041213.

Cojoc M, Peitzsch C, Trautmann F, Polishchuk L, Telegeev GD, Dubrovska A. Emerging targets in can-
cer management: role of the CXCL12/CXCR4 axis. OncoTargets and therapy. 2013 Sep 30; 6:1347—
61. https://doi.org/10.2147/OTT.S36109 PMID: 24124379.

Mark D, Haeberle S, Roth G, von Stetten F, Zengerle R. Microfluidic lab-on-a-chip platforms: require-
ments, characteristics and applications. Chemical Society reviews. 2010 Mar; 39(3):1153-82. https://
doi.org/10.1039/b820557b PMID: 20179830.

Li J, Lin F. Microfluidic devices for studying chemotaxis and electrotaxis. Trends Cell Biol. 2011 Aug; 21
(8):489-97. https://doi.org/10.1016/j.tcb.2011.05.002 PMID: 216654 72.

Chung S, Sudo R, Mack PJ, Wan CR, Vickerman V, Kamm RD. Cell migration into scaffolds under co-
culture conditions in a microfluidic platform. Lab on a chip. 2009 Jan 21; 9(2):269-75. https://doi.org/10.
1039/b807585a PMID: 19107284.

Jeong GS, Han S, Shin Y, Kwon GH, Kamm RD, Lee SH, et al. Sprouting angiogenesis under a chemi-
cal gradient regulated by interactions with an endothelial monolayer in a microfluidic platform. Analytical
chemistry. 2011 Nov 15; 83(22):8454-9. https://doi.org/10.1021/ac202170e PMID: 21985643.

Imitola J, Raddassi K, Park KI, Mueller FJ, Nieto M, Teng YD, et al. Directed migration of neural stem
cells to sites of CNS injury by the stromal cell-derived factor 1alpha/CXC chemokine receptor 4 path-
way. Proceedings of the National Academy of Sciences of the United States of America. 2004 Dec 28;
101(52):18117-22. https://doi.org/10.1073/pnas.0408258102 PMID: 15608062.

Yu X, Huang Y, Collin-Osdoby P, Osdoby P. Stromal cell-derived factor-1 (SDF-1) recruits osteoclast
precursors by inducing chemotaxis, matrix metalloproteinase-9 (MMP-9) activity, and collagen transmi-
gration. Journal of bone and mineral research: the official journal of the American Society for Bone and
Mineral Research. 2003 Aug; 18(8):1404—18. https://doi.org/10.1359/jomr.2003.18.8.1404 PMID:
12929930.

Boyden S. The chemotactic effect of mixtures of antibody and antigen on polymorphonuclear leuco-
cytes. The Journal of experimental medicine. 1962 Mar 1; 115:453-66. PMID: 13872176.

Dejana E, Orsenigo F, Lampugnani MG. The role of adherens junctions and VE-cadherin in the control
of vascular permeability. Journal of cell science. 2008 Jul 01; 121(Pt 13):2115-22. https://doi.org/10.
1242/jcs.017897 PMID: 18565824,

Ruster B, Gottig S, Ludwig RJ, Bistrian R, Muller S, Seifried E, et al. Mesenchymal stem cells display
coordinated rolling and adhesion behavior on endothelial cells. Blood. 2006 Dec 1; 108(12):3938—44.
https://doi.org/10.1182/blood-2006-05-025098 PMID: 16896152.

Chung S, Sudo R, Zervantonakis IK, Rimchala T, Kamm RD. Surface-treatment-induced three-dimen-
sional capillary morphogenesis in a microfluidic platform. Advanced materials. 2009 Dec 18; 21
(47):4863—7. https://doi.org/10.1002/adma.200901727 PMID: 21049511.

Peled A, Kollet O, Ponomaryov T, Petit |, Franitza S, Grabovsky V, et al. The chemokine SDF-1 acti-
vates the integrins LFA-1, VLA-4, and VLA-5 on immature human CD34(+) cells: role in transendothe-
lial/stromal migration and engraftment of NOD/SCID mice. Blood. 2000 Jun 01; 95(11):3289-96. PMID:
10828007.

Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clinical cancer research: an offi-
cial journal of the American Association for Cancer Research. 2010 Jun 1; 16(11):2927-31. https://doi.
org/10.1158/1078-0432.CCR-09-2329 PMID: 20484021.

Matthys P, Hatse S, Vermeire K, Wuyts A, Bridger G, Henson GW, et al. AMD3100, a potent and spe-
cific antagonist of the stromal cell-derived factor-1 chemokine receptor CXCR4, inhibits autoimmune
joint inflammation in IFN-gamma receptor-deficient mice. Journal of immunology. 2001 Oct 15; 167
(8):4686-92. PMID: 11591799.

Hatse S, Princen K, Bridger G, De Clercq E, Schols D. Chemokine receptor inhibition by AMD3100 is
strictly confined to CXCR4. FEBS letters. 2002 Sep 11; 527(1-3):255-62. PMID: 12220670.

Gouwy M, Struyf S, Catusse J, Proost P, Van Damme J. Synergy between proinflammatory ligands of
G protein-coupled receptors in neutrophil activation and migration. Journal of leukocyte biology. 2004
Jul; 76(1):185-94. https://doi.org/10.1189/jlb.1003479 PMID: 15075362.

Borrell V, Marin O. Meninges control tangential migration of hem-derived Cajal-Retzius cells via
CXCL12/CXCR4 signaling. Nature neuroscience. 2006 Oct; 9(10):1284—93. https://doi.org/10.1038/
nn1764 PMID: 16964252.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184595  September 8, 2017 17/18


https://doi.org/10.1158/1078-0432.CCR-07-4846
http://www.ncbi.nlm.nih.gov/pubmed/19088012
https://doi.org/10.1371/journal.ppat.1000520
http://www.ncbi.nlm.nih.gov/pubmed/20041213
https://doi.org/10.2147/OTT.S36109
http://www.ncbi.nlm.nih.gov/pubmed/24124379
https://doi.org/10.1039/b820557b
https://doi.org/10.1039/b820557b
http://www.ncbi.nlm.nih.gov/pubmed/20179830
https://doi.org/10.1016/j.tcb.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21665472
https://doi.org/10.1039/b807585a
https://doi.org/10.1039/b807585a
http://www.ncbi.nlm.nih.gov/pubmed/19107284
https://doi.org/10.1021/ac202170e
http://www.ncbi.nlm.nih.gov/pubmed/21985643
https://doi.org/10.1073/pnas.0408258102
http://www.ncbi.nlm.nih.gov/pubmed/15608062
https://doi.org/10.1359/jbmr.2003.18.8.1404
http://www.ncbi.nlm.nih.gov/pubmed/12929930
http://www.ncbi.nlm.nih.gov/pubmed/13872176
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1242/jcs.017897
http://www.ncbi.nlm.nih.gov/pubmed/18565824
https://doi.org/10.1182/blood-2006-05-025098
http://www.ncbi.nlm.nih.gov/pubmed/16896152
https://doi.org/10.1002/adma.200901727
http://www.ncbi.nlm.nih.gov/pubmed/21049511
http://www.ncbi.nlm.nih.gov/pubmed/10828007
https://doi.org/10.1158/1078-0432.CCR-09-2329
https://doi.org/10.1158/1078-0432.CCR-09-2329
http://www.ncbi.nlm.nih.gov/pubmed/20484021
http://www.ncbi.nlm.nih.gov/pubmed/11591799
http://www.ncbi.nlm.nih.gov/pubmed/12220670
https://doi.org/10.1189/jlb.1003479
http://www.ncbi.nlm.nih.gov/pubmed/15075362
https://doi.org/10.1038/nn1764
https://doi.org/10.1038/nn1764
http://www.ncbi.nlm.nih.gov/pubmed/16964252
https://doi.org/10.1371/journal.pone.0184595

@° PLOS | ONE

Directional migration of mesenchymal stem cells under an SDF-1a gradient on a microfluidic device

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Rao JN, Li L, Golovina VA, Platoshyn O, Strauch ED, Yuan JX, et al. Ca2+-RhoA signaling pathway
required for polyamine-dependent intestinal epithelial cell migration. American journal of physiology
Cell physiology. 2001 Apr; 280(4):C993-1007. PMID: 11245616.

Gerthoffer WT. Mechanisms of vascular smooth muscle cell migration. Circulation research. 2007 Mar
16; 100(5):607—-21. https://doi.org/10.1161/01.RES.0000258492.96097.47 PMID: 17363707.

Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clinical Cancer Research. 2010;
16(11):2927-31. https://doi.org/10.1158/1078-0432.CCR-09-2329 PMID: 20484021

Takai Y, Kaibuchi K, Kikuchi A, Kawata M. Small GTP-binding proteins. International review of cytology.
1992; 133:187-230. PMID: 1577587

Tonges L, Koch J-C, Bahr M, Lingor P. ROCKing Regeneration: Rho Kinase Inhibition as Molecular Tar-
get for Neurorestoration. 2011.

Schlessinger K, Hall A, Tolwinski N. Wnt signaling pathways meet Rho GTPases. Genes & develop-
ment. 2009; 23(3):265-77.

Ishizaki T, Uehata M, Tamechika I, Keel J, Nonomura K, Maekawa M, et al. Pharmacological properties
of Y-27632, a specific inhibitor of rho-associated kinases. Molecular pharmacology. 2000; 57(5):976—
83. PMID: 10779382

Adamson RH, Curry FE, Adamson G, Liu B, Jiang Y, Aktories K, et al. Rho and rho kinase modulation
of barrier properties: cultured endothelial cells and intact microvessels of rats and mice. The Journal of
physiology. 2002 Feb 15; 539(Pt 1):295-308. https://doi.org/10.1113/jphysiol.2001.013117 PMID:
11850521.

Delorme V, Machacek M, DerMardirossian C, Anderson KL, Wittmann T, Hanein D, et al. Cofilin activity
downstream of Pak1 regulates cell protrusion efficiency by organizing lamellipodium and lamella actin
networks. Developmental cell. 2007; 13(5):646—62. https://doi.org/10.1016/j.devcel.2007.08.011 PMID:
17981134

Raftopoulou M, Hall A. Cell migration: Rho GTPases lead the way. Developmental biology. 2004; 265
(1):23-32. PMID: 14697350

Katoh H, Hiramoto K, Negishi M. Activation of Rac1 by RhoG regulates cell migration. Journal of cell sci-
ence. 2006 Jan 01; 119(Pt 1):56—65. https://doi.org/10.1242/jcs.02720 PMID: 16339170.

Baumer Y, Spindler V, Werthmann RC, Bunemann M, Waschke J. Role of Rac 1 and cAMP in endothe-
lial barrier stabilization and thrombin-induced barrier breakdown. Journal of cellular physiology. 2009
Sep; 220(3):716—26. https://doi.org/10.1002/jcp.21819 PMID: 19472214,

Somlyo AV, Bradshaw D, Ramos S, Murphy C, Myers CE, Somlyo AP. Rho-kinase inhibitor retards
migration and in vivo dissemination of human prostate cancer cells. Biochemical and biophysical
research communications. 2000 Mar 24; 269(3):652-9. https://doi.org/10.1006/bbrc.2000.2343 PMID:
10720471.

Grewal S, Carver JG, Ridley AJ, Mardon HJ. Implantation of the human embryo requires Rac1-depen-
dent endometrial stromal cell migration. Proceedings of the National Academy of Sciences of the United
States of America. 2008 Oct 21; 105(42):16189-94. https://doi.org/10.1073/pnas.0806219105 PMID:
18838676.

Donzella GA, Schols D, Lin SW, Este JA, Nagashima KA, Maddon PJ, et al. AMD3100, a small mole-
cule inhibitor of HIV-1 entry via the CXCR4 co-receptor. Nature medicine. 1998 Jan; 4(1):72—7. PMID:
9427609.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184595  September 8, 2017 18/18


http://www.ncbi.nlm.nih.gov/pubmed/11245616
https://doi.org/10.1161/01.RES.0000258492.96097.47
http://www.ncbi.nlm.nih.gov/pubmed/17363707
https://doi.org/10.1158/1078-0432.CCR-09-2329
http://www.ncbi.nlm.nih.gov/pubmed/20484021
http://www.ncbi.nlm.nih.gov/pubmed/1577587
http://www.ncbi.nlm.nih.gov/pubmed/10779382
https://doi.org/10.1113/jphysiol.2001.013117
http://www.ncbi.nlm.nih.gov/pubmed/11850521
https://doi.org/10.1016/j.devcel.2007.08.011
http://www.ncbi.nlm.nih.gov/pubmed/17981134
http://www.ncbi.nlm.nih.gov/pubmed/14697350
https://doi.org/10.1242/jcs.02720
http://www.ncbi.nlm.nih.gov/pubmed/16339170
https://doi.org/10.1002/jcp.21819
http://www.ncbi.nlm.nih.gov/pubmed/19472214
https://doi.org/10.1006/bbrc.2000.2343
http://www.ncbi.nlm.nih.gov/pubmed/10720471
https://doi.org/10.1073/pnas.0806219105
http://www.ncbi.nlm.nih.gov/pubmed/18838676
http://www.ncbi.nlm.nih.gov/pubmed/9427609
https://doi.org/10.1371/journal.pone.0184595

