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Agp1 Enhances Migration of Bone Marrow Mesenchymal
Stem Cells Through Regulation of FAK and p-Catenin

Fanbiao Meng,'® Yunfeng Rui,** Liangliang Xu,"® Chao Wan? Xiaohua Jiang? and Gang Li'®°

Bone marrow mesenchymal stem cells (MSCs) have the potential to migrate to the site of injury and regulate the
repair process. Aquaporin 1 (Aqpl) is a water channel molecule and a regulator of endothelial cell migration. To
study the role of Apql in MSC migration, we manipulated the expression of the Aqpl gene in MSCs and
explored its effects on MSC migration both in vitro and in vivo. Overexpression of Aqpl promoted MSC
migration, while depletion of Aqp1 impaired MSC migration in vitro. When the green fluorescent protein (GFP)
labeled Aqgpl overexpressing MSCs were systemically injected into rats with a femoral fracture, there were
significantly more GFP-MSCs found at the fracture gap in the Aqpl-GFP-MSC-treated group compared to the
GFP-MSC group. To elucidate the underlying mechanism, we screened several migration-related regulators. The
results showed that B-catenin and focal adhesion kinase (FAK) were upregulated in the Aqpl-MSCs and
downregulated in the Aqpl-depleted MSCs, while C-X-C chemokine receptor type 4 had no change. Further-
more, B-catenin and FAK were co-immunoprecipitated with Aqpl, and depletion of FAK abolished the Aqpl
effects on MSC migration. This study demonstrates that Aqpl enhances MSC migration ability mainly through
the FAK pathway and partially through the B-catenin pathway. Our finding suggests a novel function of Aqp1 in

governing MSC migration, and this may aid MSC therapeutic applications.

Introduction

MESENCHYMAL STEM CELLS (MSCs) have been character-
ized for decades [1], and utilized extensively for im-
proving and treating many disease conditions, such as bone
defects [2], myocardial infarction [3,4], and diabetes [5]. MSCs
have low immunogenicity, and are relatively easy to obtain
and culture [6]. However, the systemic administration of
MSCs through circulation has some limitations; this is because
only a few transplanting MSCs could reach the injured tissue
sites, most of which are trapped and dead within a short
duration in small blood vessels in the lung and other tissues
[7]. Therefore, enhancing the MSC migration capacity may
allow them to migrate to the injurious tissues more efficiently.

Cell migration is a complex process that orchestrates
signal transduction, cytoskeleton rearrangement, and mor-
phogenesis. In the canonical migration cycle, it mainly
comprised three distinctive steps, including cell polarization,
protrusion and adhesion formation, and rear retraction [8].

Multiple regulators play roles in cell migration, among which
focal adhesion kinase (FAK) mainly conveys signals from the
extracellular matrix to the cell in the adhesion complex [9].
FAK is a ubiquitously nonreceptor cytoplasmic protein ty-
rosine kinase [10], which plays key roles in embryonic de-
velopment and many human diseases, like cancer and
cardiovascular disease [11]. In addition, FAK is crucial for
MSCs migrating to injured sites, in response to stromal cell-
derived factor (SDF)-1 [12,13]. Another important pathway
in the regulation of MSC migration is SDF-1a and its receptor
C-X-C chemokine receptor type 4 (CXCR4) axis. Previous
studies have shown that overexpression of CXCR4 acceler-
ates MSC mobilization and angiogenesis in the infarcted
myocardium [14].

The B-catenin is an important regulator in the Wnt path-
way, which regulates many aspects of cell behavior, like fate
decision, migration, and cell differentiation [15,16]. At the
cell surface, B-catenin binds a-catenin, which links the com-
plex to the actin cytoskeleton and recruits actin-remodeling
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agents. After stimulation, B-catenin dissociates from the E-
cadherin/catenin cell membrane complex and translocates
into cell nuclei, where it acts as a transcriptional coactivator
binding with the members of the T cell factor/lymphoid
enhancer factor (TCF/LEF) transcription factor family [17].
The target genes of TCF/LEF include matrix metalloprotei-
nases, chemokines, or cytoskeletal proteins, which regulate
cell migration and cancer invasion [18-20].

As one of the water channel molecules, aquaporin 1 (Aqp1)
transports water across cell membranes. The structure, dis-
tribution, and biochemical properties of the Aquaporin fam-
ily have been studied extensively over recent decades [21].
Recent evidence has shown that Aqpl promotes tumor an-
giogenesis and growth by modulating endothelial cell mi-
gration through Lin-7 and B-catenin [22,23]. However, there
has been no study of the role of Aqpl in MSC migration. In
this study, we demonstrate that Aqp1 could promote MSC
migration through p-catenin and FAK pathways; over-
expression of Agpl in MSCs could enable MSCs to migrate
more efficiently to the fracture gap in a rat fracture model.

Materials and Methods
Isolation and characterization of MSCs

Male Sprague-Dawley (SD) rats were used under the an-
imal license issued by the Hong Kong SAR Government and
the local ethics committee. Briefly, bone marrow was har-
vested from femurs and layered onto Lymphoprep™
(1,077 g/mL; Axis-Shield) for centrifugation at 400 g for
25 min. The isolated mononuclear cells were suspended in an
Alpha Essential Eagle’s medium containing 10% fetal bovine
serum (FBS), 1% penicillin-streptomycin-neomycin (Life
Technologies), seeded into T75 flasks (Corning) at a density
of 1x10° cells/cm?, and incubated at 37°C in a humidified
atmosphere with 5% CO,/95% air. MSCs from passage 3 or 4
were used for flow cytometry analysis. The antibodies were
as follows: PerCP-cy5.5-CD45, FITC-CD31, FITC-CD34,
FITC-CD73, FITC-CD44, and PE-CD90 (BD Bioscience). Ex-
panded cultures of the MSC were analyzed for chondro-
genic, osteogenic, and adipogenic differentiation in vitro to
determine multipotency in accordance with standard con-
ditions, as described previously [24].

Plasmid construction and lentiviral transfection

Rat Agpl gene (GenBank number: NM_012778.1) was am-
plified from rat bone marrow MSC cDNA, cloned into pLenti-
MCS-DsRed vector between EcoRI and Sall sites. For Aqpl and
FAK depleted experiments, Aqpl-shRNA, FAK-shRNA, and
scramble control were designed following a previous report
[25] and cloned into the plentiLox3.7 vector. The corresponding
sequences were Aqgpl-shRNA 5-CTTCTCAAACCACTGG
ATT-3, Scramble-shRNA 5-ACTTGCCATACATGACTCT-3,
B catenin-shRNA 5-GCCAGGTGGTCGTTAATAAA-3’, and
FAK-shRNA 5-CTGTAGCATAGAGTCAGA-3". Lentivirus
carrying the above vectors was produced in the 293FT cell line
by transient transfection with the calcium phosphate transfec-
tion method, as described previously [7]. Cell supernatants
containing lentiviral particles were collected after transfection
for 48 and 72, filtered through a 0.45 membrane (Millipore),
and subjected to further concentration by using a PEG-it Virus
Precipitation kit (System Biosciences) following the manufac-
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turer’s instructions. MSCs were immortalized by lentiviral
transduction of Simian virus 40 plasmid and a single colony
was selected and amplified for the following experiments. For
transduction, 1x10° MSCs were seeded into a six-well plate
and incubated with lentiviruses together with 8 ug/mL poly-
brene in the incubator for 24h. Stable transfected MSC lines
were then established in the presence of blasticidin (10 pg/mL)
for 2 weeks. The expression of Aqpl in transfected stable cell
lines was examined by using quantitative polymerase chain
reaction (PCR) and western blot. To trace their fates in vivo,
Aqpl-transfected MSCs and -DsRed MSCs were further labeled
with the green fluorescent protein (GFP) gene by lentiviral
transfection, as described above.

Quantitative PCR assays

RNA was extracted by using the PureLink RNA Mini Kit
(Ambion), and contaminated genomic DNA was eliminated
with DNAasel treatment (Invitrogen). The first-strand cDNA
was synthesized by M-MLV reverse transcriptase (Promega).
Quantitative PCR of Aqp1 was performed by using SYBR green
PCR master mix (Applied Biosystems), and the primers were
as follows: Aqpl-forward: 5-GCTCACCCGCAACTTCTCA-3’
and Agpl-reverse: 5-CCTCTATTTGGGCTTCATCTCC-3". B
catenin-forward: 5-CGAGGACTCAATACCATTC C-3" and B
catenin-reverse: 5-AGCCGTTTCTTGTAGTCCTG-3".The cor-
rect size of the amplified products was checked by electro-
phoresis.

Western blot

Western blot examination was carried out, as described
previously [7]. In brief, cells at the confluence were scraped and
lysed in the RIPA buffer (Invitrogen). The total protein con-
centration was quantified by the BCA method (Pierce). Equal
amount of proteins were run on 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
then transferred from the gel into the PVDF membrane. After
blocking in 5% milk, the membranes were incubated with
primary antibodies overnight at 4°C. After being washed three
times with the TBST buffer, the membranes were then incu-
bated with secondary antibodies conjugated with horseradish
peroxidase for 1h at room temperature. Proteins were visual-
ized with enhanced chemiluminescence (Pierce). The following
primary antibodies were used: Aqp1 (1:1,000; Santa Cruz), -
catenin (1:3,000; BD Biosciences)) GAPDH (1:1,000; Santa
Cruz), B-actin (1:1,000; Santa Cruz), p-FAK (Y397, Cell Sig-
naling Technology), and FAK (1:1,000; Santa Cruz).

Co-immunoprecipitation

Cells at the confluence were washed in ice-cold phosphate-
buffered saline (PBS), scraped, and resuspended with 1mL of
lysis buffer containing 20 mM Tris-HCI (pH 8), 137 mM NaCl,
10% glycerol, 1% Nonidet P-40, and 2mM EDTA. Cell lysate
was precleared by incubation with 50 uL protein G-agorose
slurry (Invitrogen) for 1h at 4°C. After a brief centrifuge
(2min at 14,000 g at 4°C), the supernatant was incubated with
a 1-ug Aqgpl (Santa Cruz) antibody and IgG (Epitomics, Inc.)
overnight at 4°C, and then 50 pL of protein G-agarose slurry
for 4h. The immunoprecipitated samples were recovered after
centrifugation, washed 3x for 2min at 14,000 g at 4°C, each
with a lysing buffer. The immunoprecipitated samples were
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boiled for 5min and resuspended with 2x Laemmli buffer
(4% SDS, 10% 2-mercaptoehtanol, 20% glycerol, 0.004% bro-
mophenol blue, and 0.125M Tris-HCI) for SDS-PAGE exam-
ination, as described previously.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 20 min at
room temperature. After washing with PBS, the cells were
permeated with 0.1% Triton X-100 for 10 min and blocked
with 5% bovine serum albumin (BSA) for 30min at room
temperature. Then, the cells were incubated with primary
antibodies Agpl (1:100; Santa Cruz) and FAK (1:100; Santa
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Cruz) overnight at 4°C. After washing with PBS, the cells
were incubated with Fluorescein anti-mouse IgG (1:200;
Vector Laboratories) and Texas Anti-goat IgG (1:200; Vector
Laboratories) for 1h at room temperature. Nuclear counter-
staining was performed with a DAPI vectashield mounting
medium (Vector Laboratories). Immunostaining was ob-
served under an Olympus FV1000 confocal microscope.

Rat tibia fracture model and MSC administration

The rat tibia fracture model was established as previously
reported [26]. SD rats (n=10) were used in this study and
placed randomly into two groups. Under general anesthesia,
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FIG. 1. CD markers expression of mesenchymal stem cells (MSCs) and establishment of the stable aquaporin 1 (Agp1) over-
expressed and depleted MSCs cell line. MSCs from passage 3 or 4 were stained with PerCP-cy5.5-CD45, FITC-CD31, FITC-CD34,

FITC-CD?73, FITC-CD44, and PE-CD90 antibodies and detected by flow cytometry (A, red). Isotyp:

e IgG was used as a negative

control (green) to gate positive part of CD45 (2%), CD31(1.5%), CD34 (2%), CD73 (80%), Cd44 (95%), and CD90 (95%) (P2). The
immortalized MSCs were transduced with green fluorescent protein (GFP) labeling Aqp1-shRNA and control scramble-shRNA
lentiviral vector (B), showing that the stable cell lines were established with high transfection efficiency. The expression of Aqpl
after transduction was quantified with real-time polymerase chain reaction (PCR) (C, n=3) and western blot (D) confirming the
results. Aqpl overexpressing MSC lines were established by lentiviral transfection carrying Aqpl coding sequence (E). The
expression of Agpl after transduction was quantified with real-time PCR (F, n=3) and western blot (G). Scale bar: 100 um. All
error bars represent SEM (*P <0.05). Color images available online at www. liebertpub.com/scd
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soft tissues were carefully dissected and a transverse os-
teotomy was performed with a ring cutter type saw at the
midshaft of the tibia, which was fixed internally with a 21G
needle. Fracture quality and position were assessed and con-
firmed by a digital X-ray machine (Faxitron Bioptics). Two
days following fracture, 1x10° cells (Aqp1-MSCs and DsRed-
MSCs) in 1mL saline were injected through the tail vein into
the fractured rats. All animals were terminated 5 days after the
cell administration and the fractured tibia samples as well as
other internal organs were harvested, prepared, and embed-
ded in paraffin for further examinations.

Immunohistochemistry

Rat tibiae were fixed in 4% paraformaldehyde and dec-
alcified in 9% formic acid for 4 weeks. After gradient dehy-
dration in ethanol, the samples were embedded in paraffin.
Sections were selected randomly for GFP staining from both
groups. Briefly, sections were deparaffinized and antigen
retrieval was done by immersing sections into 10mM of
citrate buffer at 70°C for 20 min. Blocked in 5% goat serum
and 1% BSA for 30min, sections were incubated with the
rabbit anti-GFP antibody (1:100; Santa Cruz) overnight at
4°C. After being washed with PBS for three times, samples
were incubated with the goat anti-rabbit antibody (1:100;
Santa Cruz) for 30min. Then, a signal was developed by
incubating with DAB (Dako) for 1 min and observed under a
microscope.

Cell migration assay

For transwell assay, cells (4x10* cells/cm?) were inocu-
lated into the upper layer of a transwell insert (BD Falcon) in
a serum-free medium with 10% FBS containing the medium
at the bottom layer. After incubating for 10h at 37°C, MSCs
at the upper layer of the membrane were scraped and MSCs
at the lower layer were stained with 0.05% crystal violet and
photographed under a microscope. A number of cells were
quantified in the randomly selected fields. For wound heal-
ing assay, confluent MSCs were scraped by a yellow plastic
pipette tip. The width of the wound area was measured in
triplicate wells under an inverse phase-contrast microscope.

Statistical analysis

Values are presented for each group as mean+SEM. The
Student’s t-test and one-way ANOVA were used for compar-
ison of the mean values between different groups. P-value was
calculated with SPSS16.0, and P<0.05 was considered to be
statistically significant.

Results

Establishment of stable Aqp1 depleted
and overexpressing MSCs

MSCs were isolated from rat femur marrow and charac-
terized by using flow cytometry analyses of CD45 (2%),
CD31 (1.5%), CD34 (2%), CD73 (80%), Cd44 (95%), and CD90
(95%) (Fig. 1A), which were further verified by trilineage
differentiation assay. Considering the limited passage number
of normal MSCs and the variation of different batches of MSCs,
we chose to use the immortalized MSCs by transfection of
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TABLE 1. TRYPAN BLUE STAINING RESULTS
of VARIOUs MSCs

Trypan blue

Positive Negative Percentage (%)

Aqp1-MSCs 0 248 0.2
232
277
251
186 0.3
165
172
157
23 0
24
13

DsRed-MSCs

Agpl-sh MSCs

Scramble MSCs

OO0 ODODODODORFROORNOD

MSC, mesenchymal stem cell; Aqpl, aquaporin 1.

SV40, as described previously [27,28]. These immortalized
MSCs had a similar cell surface marker expression pattern
and a trilineage differentiation potential. All the following
experiments were carried out by using immortalized rat
MSCs. We delivered Aqpl-specific ShRNA and Aqpl coding
sequence by lentiviral transfection into MSCs and developed
stable Agpl-depleted MSCs and Aqpl overexpressing cell
lines designed as Aqp1-shRNA MSCs with Scramble-shRNA
MSCs as control and Aqpl-MSCs with DsRed-MSCs as
control, respectively. The transfection efficiency of trans-
duction was high without any apparent effects on cell death
and morphology change (Fig. 1B, E). The cell vitality of
MSCs was not affected by transfection treatment (Table 1).
Aqgp1l shRNA transduction depleted the expression of Aqpl
both in the mRNA and protein levels (Fig. 1C, D). Similarly,
Agpl1 transduction highly regulated the expression of Aqpl
both in the mRNA and protein levels (Fig. 1F, G). The ex-
pression status of Aqpl did not change after successive
passages. We also found that depletion or overexpression of
Agp1 had no effect on MSC trilineage differentiation (Sup-
plementary Fig. S1; Supplementary Data are available online
at www.liebertpub.com/scd).

Aqp1 augments MSC migration in vitro

To assess the role of Aqpl in MSC migration, we exam-
ined the effect of Aqp1 depletion on MSC migration in vitro.
To exclude the effect of proliferation of MSCs on migration,
we detected the proliferation rate of Aqp1-MSCs and Aqpl-
sh MSCs and did not found any significant differences
(Supplementary Fig. S2). MSC migration was evaluated by
transwell assay. Migrated MSCs from a lower layer of
membrane were fixed and stained. MSCs from randomly
selected fields were calculated, and the number of Aqgpl-
shRNA MSCs in the lower layers of membrane was signifi-
cantly less compared with the control group (Fig. 2A). In
addition, wound healing assay was also performed by
scraping the confluent cell layer. After 8h, the distances
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FIG. 2. Migration assays of Aqpl depleted and overexpressed MSCs. Migrated Aqpl depleted (A) and overexpressed (B)
MSCs from transwell membrane were shown by crystal violet staining (purple) and quantified (n=5), there was significantly
more Aqpl MSCs that migrated across the membrane. Wound healing of Aqp1 depleted (C) and overexpressed (D) MSCs were
observed and quantified under contrast microscope. Black and blue lines indicated start and end (8h) positions of MSCs after
scraping. Transwell migration assays were also performed by using the rat MSCs from primary culture after transfection of
Agpl and Aqpl-shRNA (E). Migrating MSCs from bottom lower of the membrane were stained with crystal violet (purple) and
quantified (F). Overexpressing Aqpl in MSCs has significantly enhanced their cell migration ability in vitro. Scale bar: 100 pm.
All error bars represent SEM (**P <0.01, ***P <0.001). Color images available online at www liebertpub.com/scd

between the wound edges in the Aqpl-shRNA MSCs were
significantly wider than those of the control cells (Fig. 2C).
Transwell assay indicated that overexpression of Aqpl in-
creased the number of transmembrane MSCs compared to
the control group (Fig. 2B). Consistent with the transwell
results, the distances between the wound edges in the Aqp1-
MSCs were significantly smaller than those of the control
group (Fig. 2D). Furthermore, we examined the migration
ability of MSCs from primary culture after overexpression
and knockdown of Aqp1 by transwell assay. The number of
transmembrane MSCs was quantified, as described above.

As expected, a higher number of MSCs migrated across the
membrane after overexpressing Aqpl, whereas a lower
number of MSCs migrated across the membrane after si-
lencing Aqpl (Fig. 2E, F). Taken together, the data revealed
that Aqpl enhanced the MSC migration ability in vitro.

Aqp1 facilitates MSCs migrating to bone
fracture site

To test the effect of Aqpl on MSC migration in vivo, we
administrated GFP-labeled Aqp1-MSCs into rats with a tibial
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Immunohistochemistry of administrated MSCs at the fracture site. X-ray images depicted tibial fracture after surgery

(left, A) and 5 days later (right, A). There was only soft callus in the fracture gap at 5 days after fracture and GFP-positive cells
were seen at the boxed areas, showing more GFP cells in the Aqp1-MSC group (A). The percentage of GFP-positive cells was
quantified by the ratio of brown cells (GFP positive) to whole cells (blue cells plus brown cells) autoselected by software Image-Pro
Plus 6.0 in the randomly selected fields, showing that there was significantly more GFP-MSCs in the Aqp1 MSC group (B, n=5).
Scale bar: 50 um. All error bars represent SEM (**P <0.01). Color images available online at www liebertpub.com/scd

fracture and observed the fate of the MSCs. The established
tibial fracture model was confirmed by an X-ray image (Fig.
3A). MSCs were administered into fractured rats at 2 days
following fracture (osteotomy surgery) through their tail
veins. After 5 days, all animals were terminated and the
fractured tibiae harvested and prepared for paraffin histology.
The GFP-positive cells at the fracture site were detected by
using immunohistochemistry and quantified by using imag-
ing software. We found that most of MSCs resided in the
lungs, and GFP-positive MSCs were not seen in the contra-
lateral tibia (Supplementary Fig. S3). Nevertheless, a large
number of MSCs were found at the cartilaginous tissues at the
fracture site (Fig. 3A). The percentage of GFP-positive cells at
the fracture site was calculated and compared between the
Aqp1-MSC and DsRed-MSC groups, and there were signifi-
cantly higher GFP-positive cells in the Aqpl-MSC-treated
group than in the DsRed-MSC-treated group (Fig. 3B).

p-Catenin is involved in Aqp1-mediated
migration of MSCs

To explore the underlying mechanism of Aqpl in MSC
migration, we examined the expression of B-catenin both in
the Aqpl-shRNA MSCs and the Aqp1-MSCs. Depletion of
Aqpl in MSCs led to the degradation of B-catenin (Fig. 4A).

A Agp1-shRNA  Scramble-shRNA
B-Catenin g
g2
-
L]
& &
B DsRed Agpt * &
3 .
p-Catenin “ “ $i
[.-§
=
B-actin E "
o £y

To address whether Aqp1 could contribute to the stability of
B-catenin, we overexpressed Aqpl in MSCs and found that
the overexpression of Aqpl could upregulate the expression
of B-catenin (Fig. 4B). This regulation was restricted at the
protein level, because the overexpression of Aqpl had no
effects on the mRNA level of B-catenin (Supplementary Fig.
S4). Furthermore, we demonstrated that Aqpl was co-im-
munoprecipitated with B-catenin, which implied that their
physical interaction is likely beneficial for B-catenin stability
(Fig. 4C and Supplementary Fig. S5A). The migration ability
was similar in both Aqpl-MSCs and DsRed-MSCs when
depleted pB-catenin, indicating that other compensative
pathways may exist (Supplementary Fig. S6).

Aqp1 regulates migration of MSCs through
FAK not CXCR4

In addition to B-catenin, we also tested other pivotal reg-
ulators of cell migration such as FAK and CXCR4. The FAK
level instead of CXCR4 increased when Aqpl was over-
expressed, while the phosphorylation of FAK was unde-
tectable (Supplementary Fig. S7). The depletion of Aqp1 led
to the degradation of FAK rather than CXCR4 (Fig. 5A, B).
This meant that Aqpl regulated the expression of FAK in-
stead of CXCR4. To further explore the relationship between

FIG. 4. Aqpl affects expression of
e B-catenin. Western blot showed the
expression of B-catenin of in Aqpl

16 IgS_Aqpt depleted (A) and overexpressing
FAK (B) MSCs. The level of B-catenin

1B g-catenin . was quantified by software Image].
hetic g Cell lysate was immunoprecipi-

Agp1 __. tated with the Agpl antibody and

blotted with B-catenin, focal adhe-
sion kinase (FAK), and Aqpl anti-
bodies (C). All error bars represent
SEM (**P <0.001).
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Agpl and FAK, we traced their location in cells by labeling
with a fluorescent antibody and we demonstrated that Aqp1
was colocalized with FAK (Fig. 5C), which was further
confirmed by co-immunoprecipitation assay (Fig. 4C and
Supplementary Fig. S5B).
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FIG. 6. Transwell analysis of Aqp1-MSCs after depletion of
FAK. Migrating MSCs were assessed by transwell and
quantified, the data showed that the deletion of FAK ex-
pression in MSCs diminished cell migration ability. FAK
gene expression was silenced in Aqpl-MSCs by lentiviral
transfection. All error bars represent SEM (n=5, *P<0.05,
**P<0.01, ns, none significance).

Depletion of FAK abolished Aqp1 effects
on MSC migration

To discover whether FAK was indispensable for Aqpl
mediating MSC migration, we silenced FAK expression in the
Aqgp1-MSCs by introducing lentiviral FAK-shRNA. The mi-
gration of MSCs was examined by the transwell method. The
overexpression of Aqpl enhanced MSC migration, whereas
the depletion of FAK dramatically reduced the migration
ability of DsRed-MSCs and Aqp1-MSCs, which implies that
the depletion of FAK in Aqp1-MSCs counteracted Aqp1 en-
hancing effects on MSC migration. The migration ability had
no significant difference between DsRed-MSCs and Aqpl-
MSCs after silencing the expression of FAK, which further
demonstrated that FAK was downstream of Aqp1 (Fig. 6).

Discussion

This study reports that Aqpl promotes MSC migration
by upregulating the expression of B-catenin and FAK. After
administrating it to rats, the Aqp1-MSCs migrated much
more efficiently into the fracture sites. Furthermore, our
study also reveals that Aqpl interacts with FAK and f-
catenin directly.

As one of the water channel molecules, Aqp1 is involved
in endothelial cell migration and cancer invasion [29]. In our
study, we reported that Apql contributed to MSC migration.
The overexpression of Aqpl accelerated MSC movement,
whereas silencing Aqpl reduced its migration ability.
Moreover, we designed to test the migration capacity in vivo
by administrating the Apql-MSCs into tibia fracture rats.
Previous studies have shown that MSCs were recruited
systemically in bone fracture healing [30] and that both
systemic and local MSC administration enhanced fracture
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healing [31,32]. Based on these studies, we evaluated the
migration ability of MSCs by comparing the quantity of ex-
ogenous MSCs at the fracture site. The results showed sig-
nificantly more MSCs at the fracture site in the Aqp1-MSC-
treated group, thus suggesting that Aqp1-MSCs have en-
hanced tropism toward wounded tissue areas in vivo.

Utilizing MSC transplantation to enhance fracture healing
has been reported previously, and the MSC retention ability
at the fracture site is essential for enhancing the healing
process [33]. In this study, we chose only one time point,
which was 5 days after fracture (3 days after MSC admin-
istration) to examine the cell migration ability differences
between the Aqpl MSCs and the control MSCs, and we
confirmed that more MSCs migrated to the fracture gap in
the Aqpl MSC group. One can assume that the fracture
healing may be superior in the Aqpl MSC group as more
MSCs were reached in this group. Because the primary aim
of the current study was to test the migration ability of Aqp1
MSCs in vivo, we did not purposely compare the fracture
healing outcome, and this will be a subject for our future
studies. Multiple factors have been identified as regulating
MSC migration, such as CCR1, mi335, HIF-1a, and SDF/
CXCR4 [34-37]. Among these factors, SDF/CXCR4 was an
indispensable universal pathway to regulate the migration of
many cell types, as has been studied and reported previously
in MSCs [38-40]. In this study, we demonstrated that Aqpl
could regulate MSC migration independently of the SDF-1/
CXCR4 pathway, indicating that Aqpl may be a new and
previously unknown factor controlling the MSC migration
capacity.

The role of Agpl on cell migration is poorly understood.
One study led by Verkman proposed that aquaporins might
provide the major pathway for water entry into lamellipodia
driven by the local osmotic gradient [22]. The alternative
mechanism may be that Aqpl promotes cell migration
through lin7 and B-catenin, which decreases when there is
depletion of Aqp1 in endothelial cells. The treatment of Aqpl
silenced cells with the proteasome inhibitor MG132 en-
hanced the recovery of B-catenin, which implies that a lack of
Aqpl targets the Lin-7/B-catenin complex to proteolytic
degradation [23]. In this study, we found that B-catenin (at
protein levels) was downregulated after silencing Aqpl and
upregulated after overexpressing Aqpl in MSCs, thus im-
plying that Aqpl partially regulates the post-translational
level of B-catenin, because overexpression of Aqpl did not
affect the B-catenin mRNA level. However, the precise rela-
tionship between Aqpl and B-catenin still needs further
study.

We found that Aqp1 also regulated the expression of FAK
that was not known before. FAK binds directly to the in-
tracellular domain of the Pl-integrin subunit [41]. The
mechanism of FAK-dependent cell migration is that FAK
regulates the disassembly of focal adhesions as well as ver-
satile regulators such as Rac, Rho, and N-WASP [42,43]. We
showed that FAK physically interacted and colocalized with
Aqgpl, indicating there may be functional crosstalk of FAK
and Aqgpl in the cell migration process. Our data show that
the overexpression of Aqp1 increased the expression of FAK,
whereas silencing Aqpl decreased the expression of FAK.
The regulation was only seen at the translational level be-
cause the overexpression of Aqpl did not alter the mRNA
level of FAK, suggesting that Aqp1 may enhance the stability
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of FAK. Anchoring at the focal adhesion site, FAK commu-
nicates with many other signal events such as Ras, Src, and
the extracellular signal-regulated kinase-2/mitogen-acti-
vated protein kinase cascade [44]; however, how Aqpl in-
teracts and activates FAK to elicit downstream signal events
still remains largely unknown and warrants future studies.

Conclusions

To summarize, we demonstrated that Aqp1 has a role in
promoting MSC migration. The systemic administration of
Aqpl1-MSCs into a rat fracture model showed that signifi-
cantly more Aqp1-MSCs migrated to the fracture site, sug-
gesting the potential therapeutic use of genetically modified
Aqp1-MSCs in cell therapy. We showed that Aqp1 regulates
the expression of B-catenin, probably by maintaining the
post-translational level of B-catenin. We demonstrated that
Aqgpl exerts its migration enhancer function through mod-
ulating the expression of FAK. In conclusion, our studies
discovered a novel function of Aqpl in enhancing MSC mi-
gration ability without affecting other MSC functions. The
alteration of Aqpl expression may have implications for
enhancing MSC migration in MSC clinical applications.
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