L)

Check for
updates

ea

BIOMOLECULES
& THERAPEUTICS

Original Article
Biomol Ther 25(4), 354-361(2017)

Role of TAZ in Lysophosphatidic Acid-Induced Migration and
Proliferation of Human Adipose-Derived Mesenchymal Stem Cells

Won Min Mo"*, Yang Woo Kwon'", Il Ho Jang®®, Eun Jung Choi', Sang Mo Kwon' and Jae Ho Kim"**

'Department of Physiology, Pusan National University School of Medicine, Yangsan 50612,

2Department of Oral Biochemistry and Molecular Biology, Pusan National University School of Dentistry, Yangsan 50612,
3SBK21 PLUS Project, Pusan National University School of Dentistry, Yangsan 50612,

‘Research Institute of Convergence Biomedical Science and Technology, Pusan National University Yangsan Hospital,

Yangsan 50612, Republic of Korea

Abstract

Transcriptional co-activator with a PDZ-binding motif (TAZ) is an important factor in lysophosphatidic acid (LPA)-induced promo-
tion of migration and proliferation of human mesenchymal stem cells (MSCs). The expression of TAZ significantly increased at 6 h
after LPA treatment, and TAZ knockdown inhibited the LPA-induced migration and proliferation of MSCs. In addition, embryonic
fibroblasts from TAZ knockout mice exhibited the reduction in LPA-induced migration and proliferation. The LPA1 receptor inhibitor
Ki16425 blocked LPA responses in MSCs. Although TAZ knockdown or knockout did not reduce LPA-induced phosphorylation of
ERK and AKT, the MEK inhibitor U0126 or the ROCK inhibitor Y27632 blocked LPA-induced TAZ expression along with the reduc-
tion in the proliferation and migration of MSCs. Our data suggest that TAZ is an important mediator of LPA signaling in MSCs in

the downstream of MEK and ROCK signaling.
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INTRODUCTION

Human mesenchymal stem cells (MSCs) are multipotent
stem cells that can be isolated from a variety of tissues, in-
cluding adipose tissues, bone marrow, umbilical cord blood,
and other fetal tissues (Murphy et al., 2013). MSCs possess
the ability of self-renewal, long-term viability, and the potential
to differentiate into diverse cell types (e.g., adipocytes, osteo-
blasts, chondrocytes, and myogenic lineages) (Lindroos et al.,
2011). MSCs exhibit immunomodulatory responses to inflam-
matory molecules through complex feedback mechanisms in-
volving various immune cells (Aggarwal and Pittenger, 2005;
lyer and Rojas, 2008). In addition, MSCs have the ability to
rescue cells from apoptosis induced by hypoxia, mechanical
damage, radiation, or chemicals (Cselenyak et al., 2010; Li
et al., 2010a). Therefore, MSCs are valuable resources in re-
generative medicine, and it is important to increase the sur-
vival time of MSCs following transplantation to maximize their
therapeutic efficacy.

Lysophosphatidic acid (LPA) is a naturally present lipid

implicated in oncogenesis, cell proliferation, migration, and
survival (van Meeteren and Moolenaar, 2007). LPA-induced
signals are primarily mediated through three closely related
G protein-coupled receptors referred to as LPA1, LPA2, and
LPAS3 (also known as EDG2, EDG4, and EDG7) (Anliker and
Chun, 2004). LPA-induced activation of LPA receptors led to
stimulate diverse signaling pathways involving Ras, ERK, and
phosphoinositide 3-kinase (PI3K) (Frankel and Mills, 1996;
Hu et al., 2005). Accumulating evidence suggests that LPA
promotes the proliferation and survival of MSCs (Chen et al.,
2008; Liu et al., 2009; Li et al., 2010b; Binder et al., 2014);
however, the signaling mechanism associated with LPA-in-
duced survival has not been elucidated in human MSCs.

The Hippo signaling pathway is a well-conserved pathway
that regulates cellular growth, and it is also involved in stem
cell function, regeneration, and tumor suppression (Halder
and Johnson, 2011; Ramos and Camargo, 2012). Moreover,
the Hippo pathway negatively regulates the downstream
mediator Yes-associated protein (YAP) as well as the tran-
scriptional co-activator with a PDZ binding motif (TAZ), which
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are two homologous transcriptional co-activators (Hong and
Guan, 2012). Active YAP and TAZ stimulate cellular prolifera-
tion and prevent cell death (Overholtzer et al., 2006; Chan
et al., 2008). When the Hippo pathway is activated, YAP and
TAZ are phosphorylated, exported from the nucleus, and sub-
jected to degradation by the proteasome (Hao et al., 2008; Liu
et al., 2010). Recently, LPA has been shown to regulate YAP
and TAZ activity through G protein-coupled receptors and Rho
GTPases to induce gene expression, cell migration, and pro-
liferation (Yu et al., 2012). In addition, ERK1/2 and PI3K have
been shown to be involved in promoting cell survival through
the Hippo pathway (Chen et al., 2008). A careful analysis of
Hippo signaling will provide an opportunity to increase the
therapeutic efficacy of stem cells in the development of novel
forms of regenerative medicine.

In the present study, we investigated the effects of LPA on
human MSC migration and proliferation and clarified the role
of TAZ in the LPA-induced cellular responses. In addition, we
explored the signaling mechanisms associated with the LPA-
induced activation of TAZ and cellular responses.

MATERIALS AND METHODS

Materials

o-Minimum essential medium (a-MEM), Hank’s balanced
salt solution (HBSS), trypsin, fetal bovine serum, and Lipo-
fectamine reagent were purchased from Invitrogen (Carlsbad,
CA, USA). 1-Oleoyl-sn-glycero-3-phosphate (LPA), U0126,
and Y27632 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Antibodies for TAZ, YAP, p-YAP, ERK, p-ERK, AKT,
p-AKT, p38, p-p38, JNK, and p-JNK were obtained from Cell
Signaling Technology (Beverly, MA, USA). Anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was purchased
from EMD Millipore (Billerica, MA, USA).

Cell culture

Subcutaneous adipose tissue was obtained from elective
surgeries with patient consent as approved by the Institu-
tion Review Board of Pusan National University Hospital (H-
2008-116; Pusan, Korea). To isolate human MSCs, the adi-
pose tissues were washed at least three times using sterile
phosphate-buffered saline and treated with an equal volume
of collagenase type | suspension (1 g/L of HBSS buffer with
1% bovine serum albumin) for 60 min at 37°C with intermit-
tent shaking. The floating adipocytes were separated from the
stromal-vascular fraction by centrifugation at 300 g for 5 min.
The cell pellet was resuspended in a-MEM supplemented with
10% FBS, 100 U/mL penicillin, and 100 ug/mL streptomycin,
after which the cells were plated in tissue culture dishes at
3500 cells/cm?. The primary MSCs were cultured for 4-5 days
until they reached confluence and were defined as passage
“0.” The passage number of MSCs used in these experiments
was between three and 10. Mouse embryonic fibroblasts
(MEF) derived from WT and TAZ KO mice were maintained in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum.

Western blotting

Serum-starved MSCs were treated with appropriate condi-
tions, washed with ice-cold phosphate-buffered saline, and
then lysed in lysis buffer (20 mM Tris-HCI, 1 mM EGTA, 1 mM
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EDTA, 10 mM NacCl, 0.1 mM phenylmethylsulfonyl fluoride, 1
mM Na;VO,, 30 mM sodium pyrophosphate, 25 mM B-glycerol
phosphate, and 1% Triton X-100, pH 7.4). The cell lysates
were centrifuged for 15 min at 4°C, and the supernatants
were used for immunoblotting. The lysates were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred onto a nitrocellulose membrane, and then stained
with 0.1% Ponceau S solution (Sigma-Aldrich). After blocking
with 5% nonfat milk, the membranes were immunoblotted with
various antibodies overnight, and the bound antibodies were
visualized with horseradish peroxidase-conjugated secondary
antibodies using the enhanced chemiluminescence Western
blotting system (ECL, Amersham Biosciences, Little Chalfont,
UK).

Migration assay

MSCs migration assay was performed using disposable 96-
well chemotaxis chamber (Neuro Probe, Inc., Gaithersburg,
MD, USA). MSCs were harvested using 0.05% trypsin con-
taining 0.02% EDTA and suspended in a-MEM at a concen-
tration of 1x10* cells/mL. A membrane filter with 8 um pores
of the chemotaxis chamber was pre-coated with 20 ng/mL rat-
tail collagen at room temperature. Aliquots (50 uL/well) of the
MSC suspension were loaded into the upper chambers, and
LPA was placed in the lower chamber. To investigate the sig-
naling pathways involved in LPA-induced migration, the cells
were pre-incubated with various pharmacological inhibitors
for 15 min before loading. MSCs were transfected with empty
vector (p.CMV-flag vector) or TAZ overexpression vector (TAZ-
flag overexpression construct). After incubation of the cells
with LPA in the absence or presence of the inhibitors for 12 h
at 37°C, the filters were disassembled and the upper surface
of each filter was scraped free of cells by wiping it with a cot-
ton swab. The numbers of cells that had migrated to the lower
surfaces of each filter were determined by counting the cells
in four random places under the microscope (Leica DE/DM
IRB, Leica Microsystems AG, Wetzlar, Germany) after stain-
ing with Hoechst 33342 (Thermo Fisher Scientific, Waltham,
MA, USA).

Cell proliferation assay

MSCs were seeded in a 24-well culture plate at a density of
1x10* cells/well and were cultured for 24 h in normal growth
medium; MSCs were then washed twice with HBSS. After be-
ing serum-starved for 12 h and treated with LPA for the in-
dicated number of days, the cell numbers were determined
using a trypan blue inclusion assay.

Transfection of small interfering RNA (siRNA)

siRNA duplexes were synthesized and purified by Sam-
chully Pharm. Co. Ltd. (Siheung, Korea) as follows: TAZ, 5'
AGGAACAAACGUUGACUUATT-3" (sense) and 5-UAAGU-
CAACGUUUGUUCCUTT-3" (antisense). Nonspecific control
siRNA (D-001206-13-05) was purchased from Dharmacon,
Inc (Chicago, IL, USA). MSCs were seeded on 60-mm dishes
at 70% confluence, and they were then transfected with siR-
NAs using the Lipofectamine Plus™ reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The
Lipofectamine Plus™ reagent was incubated with OPTI-MEM
for 15 min, and the respective siRNAs were then added to the
mixtures. After an incubation period of 15 min at room tem-
perature, the mixtures were diluted with serum-free medium
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Fig. 1. Effects of LPA on hippo signaling and the requirement of TAZ for LPA-induced cellular responses in MSCs. (A) The time course of
LPA-induced TAZ, YAP, and p-YAP expression is shown. MSCs were treated with serum-free medium containing 10 mM LPA or vehicles
for the indicated amount of time. The expression levels of TAZ, YAP, p-YAP, and GAPDH were determined using Western blotting. (B)
MSCs were treated with various doses of LPA for 1 h and 6 h. The expression levels of TAZ, YAP, p-YAP, and GAPDH were determined
using Western blotting. (C) Migration of MSCs in response to various concentrations of LPA after 12 h incubation was measured using the
chemotaxis chamber. Data indicate mean + SD. *p<0.05 (n=8). (D) The effect of LPA on MSC proliferation is shown. The number of cells
were counted and compared with those of the control cells. MSCs exhibited increased LPA-induced proliferation for 3 days. MSCs exhibited
increased LPA-induced proliferation for 3 days. The cellular proliferation rate was determined by the cell count using a trypan blue inclu-
sion assay. Data indicate mean + SD. *p<0.05 (n=6). (E) siRNA-mediated silencing of LPA-induced TAZ expression is shown. MSCs were
transfected with control siRNA and a pool of siRNA against TAZ. The expression levels of TAZ and GAPDH were determined using Western
blotting. (F) Knockdown of TAZ abrogates LPA (1 uM)-stimulated migration in MSCs. Data indicate mean + SD. *p<0.05 (n=8). (G) TAZ is
required for the LPA-induced cellular proliferation of MSCs. Control and TAZ knockdown-MSCs were treated with LPA (10 uM) for 3 days,

followed by cell counting using a trypan blue inclusion assay. Data indicate mean + SD. *p<0.05 (n=6).

and added to each well. The final concentration of siRNAs in
each well was 100 nM. After incubating MSCs in serum-free
medium containing siRNAs for 4 h, the cells were cultured in
growth medium for 24 h, and the expression levels of TAZ and
GAPDH were assessed.

Reverse transcription-polymerase chain reaction (RT-PCR)
The total RNA was extracted from MSCs using TRIzol re-
agent (Sigma-Aldrich), and the subsequent synthesis of cyclic
DNA (Thermo Reverse Transcriptase, NanoHelix, Daejeon,
Korea) was carried out according to the manufacturers’ proto-
cols. Real-time quantitative reverse-transcription polymerase
chain reaction (RT-PCR) was performed using a Real-Time
PCR system (ABI 7500) with SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturers’ instructions. The following primer sequences
were used: 5-CTGCAATGTGGATGAGATGG-3' (sense) and
5'-TCATTGAAGAGGGGGATCAG-3' (antisense) for TAZ.

Luciferase reporter assay

MSCs were plated in 12-well culture plates at a density of
3%10° cells per well and transfected at 16 h after cell seeding
using Lipofectamine/Lipofectamine Plus reagents (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
The transfection mixtures contained 400 ng of YAP/TAZ-re-
sponsive reporrt construct (8xGTIIC-luciferase, #34615, Ad-
dgene, Cambridge, MA, USA) and 10 ng of internal control
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plasmid (pCMV-RL vector containing Renilla luciferase, Pro-
mega, Madison, WI, USA). At 24 h after transfection, cells
were pretreated with 10 uM Ki16425 for 15 min, and then
treated with 10 uM LPA for 6 h. After LPA treatment, cells
were harvested and centrifuged at 2000xg for 3 min at 4°C,
followed by determination of the luciferase activity using the
Dual-Luciferase Reporter Assay System (Promega) and VIC-
TORS3 (Perkin Elmer, Waltham, MA, USA).

Statistical analysis

Results of multiple observations were presented as mean +
SD. For multivariate data analysis, group differences were as-
sessed with one-way or two-way ANOVA, followed by Schef-
fé’s post hoc test.

RESULTS

LPA treatment regulates hippo signaling and promotes
the migration and proliferation of MSCs

To explore whether LPA could modulate Hippo signaling in
MSCs, human adipose tissue-derived MSCs were treated with
LPA, and analyzed the expression and phosphorylation levels
of TAZ and YAP. As shown in Fig. 1A, the expression levels
of TAZ increased at 3 h following LPA treatment and exhib-
ited a further increase at 6 h. The LPA-induced increase of
YAP expression were less potent than that of TAZ expression;
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Fig. 2. Role of TAZ in LPA-induced migration and proliferation of MEFs. (A) Wild-type MEFs (control) and TAZ-knockout MEFs (TAZ-KO)
were treated with the various concentrations of LPA for 12 h, followed by a chemotactic migration assay. Data indicate mean + SD. *p<0.05
(n=8). (B) Inhibition of LPA-induced proliferation in the TAZ-knockout MEFs is shown. Wild-type MEFs (control) and TAZ-knockout MEFs
(TAZ-KO) were treated with vehicles or LPA (10 uM) for 3 days. The number of cells were counted and compared with those of the control
cells. TAZ-knockout MEFs exhibited decreased LPA-induced proliferation for 3 days. The cellular proliferation rate was determined via cell
counting using trypan blue inclusion assay. Data indicate mean + SD. *p<0.05 (n=6). (C) Time-course of LPA-induced TAZ expression is
shown. Wild-type MEFs (control) and TAZ-knockout MEFs (TAZ-KO) were treated with vehicle or LPA (10 uM) for the indicated periods. The

expression levels of TAZ and GAPDH were determined using Western blotting.

however, the phosphorylation of YAP decreased at 1 h after
LPA treatment. To confirm these results, we next examined the
dose-dependent effect of LPA on the expression levels of TAZ
and YAP. At 1 h following LPA treatment, the expression level
of neither TAZ nor YAP was not significantly affected, whereas
the phosphorylation of YAP decreased with increasing doses
of LPA. At 6 h after LPA treatment, the expression levels of
TAZ and YAP increased in a dose-dependent manner in re-
sponse to LPA. However, the phosphorylation levels of YAP
was not significantly affected by LPA treatment at 6 h (Fig.
1B). These results suggest that LPA treatment regulates hippo
signaling and thus stimulates the expression of the effector
molecules of hippo signaling, TAZ and YAP.

To determine the effect of LPA on the cellular responses, we
examined the effects of LPA on the migration and proliferation
of MSCs. As shown in Fig. 1C, LPA promoted the migration of
MSCs with a maximal effect at 0.1 uM. In addition, LPA treat-
ment significantly increased the proliferation of MSCs (Fig.
1D). To investigate the role of TAZ in LPA-induced migration
and proliferation, we evaluated the effects of small interfer-
ing RNA (siRNA)-mediated knockdown of TAZ on migration
and proliferation of MSCs. LPA-induced expression of TAZ
was completely abrogated by transfection with TAZ-targeting
siRNA (Fig. 1E). Furthermore, knockdown of TAZ markedly
inhibited the LPA-induced migration and proliferation of MSCs
(Fig. 1F, 1G). These results suggest the involvement of TAZ in
LPA-induced migration and proliferation of MSCs.

TAZ knockout MEFs exhibit decreased cellular responses
to LPA treatment

To verify whether TAZ is involved in LPA-induced cellular
responses, we examined the effects of LPA on cell migration
and proliferation in TAZ knockout and wild type MEFs. As
shown in Fig. 2A, LPA treatment led to the increase of migra-
tion of wild type MEFs with a maximum stimulation at 0.1 pM.
However, the LPA-induced migration was greatly attenuated
in TAZ-knockout MEFs. When the proliferation of MEFs was
analyzed, TAZ-knockout MEFs showed a significant decrease
in LPA-stimulated proliferation (Fig. 2B).

To investigate the effects of LPA on Hippo signaling in
MEFs, the expression of TAZ, YAP and the phosphorylation

of YAP were analyzed in TAZ-knockout MEFs in comparison
with the control MEFs. As shown in Fig. 2C, the expression
levels of TAZ and YAP increased 6 h after LPA treatment
and the phosphorylation of YAP decreased 1 h following LPA
treatment in the control MEFs. TAZ-knockout MEFs did not
express TAZ in the absence or presence of LPA, whereas the
expression of YAP increased at 6 h after LPA treatment. Taken
together, these results suggest that TAZ plays a key role in
LPA-induced migration and proliferation of MEFs.

LPART1 is required for the LPA-induced regulation of hippo
signaling and cellular responses in MSCs

We next attempted to determine whether LPA receptors
(LPARs) are necessary for the LPA-induced molecular and
cellular responses of MSCs. The expression of seven differ-
ent LPARs (LPAR1-7) in MSCs was tested using RT-PCR,
and the results showed that LPAR1 was the most abundantly
expressed in MSCs (Fig. 3A). To investigate the involvement
of LPAR1 in mediating LPA-induced cellular response, the ef-
fects of Ki16425, an inhibitor of LPAR1 and LPAR3 (Ohta et
al., 2003), on the LPA-induced TAZ expression and cellular
responses. As shown in Fig. 3B, LPA treatment increased
the expression of TAZ. However, pretreatment of MSCs with
Ki16425 abrogated the LPA-induced TAZ expression. To in-
vestigate whether LPA could regulate hippo signaling, we
examined the effects of LPA on the YAP/TAZ-responsive re-
porter activities in MSCs. Cells were transfected with a re-
porter construct of YAP/TAZ-responsive synthetic promoter
driving luciferase expression (8xGTIIC-luciferase), followed
by measurement of luciferase activities after LPA treatment.
As shown in Fig. 3C, LPA treatment increased YAP/TAZ-de-
pendent reporter activity, whereas blockade of LPA signaling
by Ki16425 significantly attenuated the LPA-induced promoter
activity. When cellular chemotactic migration was analyzed,
blockade of LPA signaling by Ki16425 significantly inhibited
LPA-induced migration of MSCs (Fig. 3D). We next tested the
effect of Ki16425 on the LPA-induced proliferation of MSCs.
The LPA-induced proliferation of MSCs was abrogated by pre-
treatment with Ki16425 (Fig. 3E). These results suggest that
LPAR1 plays a role in the LPA-induced expression of TAZ and
cellular responses in MSCs.
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Fig. 3. Involvement of LPAR1 in the LPA-induced migration and
proliferation of MSCs. (A) The expression level of the LPA recep-
tors was determined using RT-PCR. (B) MSCs were treated with
vehicle control or Ki16425 (10 uM), LPAR1 and 3 inhibitor, followed
by Western blotting analysis with indicated antibodies (left panel).
Quantification of TAZ expression normalized by GAPDH expres-
sion is shown (right panel). Data indicate mean + SD. *p<0.05 (n=4).
(C) YAP/TAZ-responsive reporter (8xGTIIC-luciferase) activities in
MSCs after treatment of LPA (10 uM) in the presence or absence
of 10 uM Ki16425 are shown. Data indicate mean + SD. *p<0.05
(n=4). (D) The inhibitory effect of Ki16425 (10 uM) on LPA-induced
(1 uM) MSC migration is shown. Data indicate mean + SD. *p<0.05
(n=8). (E) The inhibitory effect of Ki16425 (10 uM) on LPA-induced
(10 uM) MSC proliferation is shown. The cell proliferation rate was
determined by cell count using a trypan blue inclusion assay. Data
indicate mean + SD. *p<0.05 (n=6).

MEK and ROCK signaling are involved the LPA-regulated
hippo signaling and cellular responses

ERK and AKT are major signal transduction molecules in-
volved in various cellular responses, including cell death, cell
survival, proliferation, and migration (Chen et al., 2008; Li et
al., 2010b). When MSCs were treated with LPA, the phos-
phorylation of ERK, JNK, and AKT were detected at 5 min
after LPA treatment (Fig. 4A). Unlike ERK, JNK, or AKT, the
phosphorylation of p38 was not affected by LPA treatment.
Therefore, we next examined whether TAZ had an effect on
LPA-induced activation of ERK, AKT, and JNK. siRNA-medi-
ated silencing of TAZ expression had no significant effects on
the LPA-induced phosphorylation of ERK, AKT, and JNK (Fig.
4B). To confirm these results, we next examined the effects
of LPA on the phosphorylation levels of the protein kinases
in TAZ-knockout MEFs. Knockout of TAZ had no significant
effects on the LPA-induced phosphorylation of ERK, JNK, and
AKT at the early time points (5 min) with the sustained phos-
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phorylation of JNK and AKT at the later time points (Fig. 4C).
These results suggest that TAZ is not required for the activa-
tion of LPA-induced activation of ERK, AKT, and JNK.

We investigated the signaling pathways implicated in the
LPA-induced modulation of hippo signaling and cellular re-
sponses. When AKT signaling was blocked by the PI3K inhibi-
tor, LY294002, there was no significant effect on the increase
of TAZ expression 6 h after LPA treatment (data not shown).
Because Rho GTPase has been reported to be involved in
LPA-regulated Hippo signaling (Yu et al., 2012), we tested the
effects of not only the MEK inhibitor U0126 but also the ROCK
inhibitor Y27632 on LPA-regulated hippo signaling and cellular
responses. When MSCs were treated with the U0126 MEK
inhibitor or Y27632 in combination with LPA, both U0126 and
Y27632 had no effect on the LPA-induced de-phosphorylation
of YAP after 1 h treatment. The LPA-stimulated protein levels
of TAZ were not affected by treatment with U0126 or Y27632
treatment at 1 h; however, the TAZ expression was attenuated
by the treatment of U0126 or Y27632 after 6 h treatment (Fig.
4D). Consistently, LPA-induced mRNA levels of TAZ were also
inhibited by treatment with U0126 or Y27632 (Fig. 4E). Inter-
estingly, the LPA-induced decrease of YAP phosphorylation
was not restored at 6 h in the presence of U0126 or Y27632
(Fig. 4D), suggesting a key role of ERK and ROCK in the
phosphorylation of YAP. Taken together, these results propose
that both ERK and ROCK are involved in the LPA-induced ex-
pression of TAZ through activation of gene transcription.

We next analyzed the effect of the inhibition of MEK or
ROCK signaling on LPA-induced cell migration and prolifera-
tion. Inhibition of MEK or ROCK abrogated the LPA-induced
migration of MSCs (Fig. 4F). Moreover, inhibition of MEK or
ROCK completely blocked the LPA-induced proliferation of
MSCs (Fig 4G). These results suggest that MEK and ROCK
signaling play an important role in mediating LPA-induced mi-
gration and proliferation of MSCs.

To further clarify whether TAZ plays a role in LPA-induced
cell migration, TAZ was transiently overexpressed in MSCs,
followed by treatment with LPA in the absence or presence of
U0216 and Y27632. As shown in Fig. 4H, inhibition of MEK
or ROCK reduced LPA-induced migration of MSCs. However,
overexpression of TAZ abrogated the inhibition of LPA-in-
duced migration of MSCs by treatment with U0126 or Y27632.
These results suggest that LPA treatment stimulates migration
of MSCs through mechanisms involving ERK- and ROCK-
dependent TAZ expression.

DISCUSSION

In the present study, we demonstrated LPA stimulated mi-
gration and proliferation of human MSCs by activating TAZ
expression. The effects of LPA on cellular responses on MSCs
significantly reduced by LPAR1 blockade. Furthermore, MEK
or ROCK inhibition in MSCs decreased LPA-induced TAZ ex-
pression, migration, and proliferation. Recently, MSCs have
gained considerable interest because the transplantation of
MSCs has shown significant therapeutic potential in regen-
erating and repopulating injured tissues (Orlic et al., 2001;
Mangi et al., 2003). Although MSCs are the ideal resource in
regenerative medicine because they can be readily obtained
for autologous transplantation, the largest hurdle is the loss
of MSCs following transplantation due to cell death presum-
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treated with LPA (10 uM) for the indicated times and subjected to Western blotting analysis. The expression level of the indicated antibodies
and GAPDH were determined using Western blotting. (D) The effect of U0126 and Y-27632 on LPA-induced TAZ, YAP, and p-YAP expres-
sions are shown. MSCs were treated with vehicle control, U0126 (10 uM) or Y-27632 (10 uM), followed by stimulation with LPA (10 uM) for
the indicated times. The expression levels of TAZ, YAP, p-YAP, and GAPDH were determined by Western blotting analysis. (E) Real-time
PCR analysis revealed the mRNA expression levels of TAZ in MSCs. MSCs were pretreated with U0126 (10 uM) and Y-27632 (10 uM),
followed by treatment with LPA (10 uM) for 6 h. (F) The effect of U0126 (10 uM) and Y-27632 (10 uM) on LPA-induced (1 uM) migration of
MSCs. Data indicate mean + SD. *p<0.05 (n=8). (G) The effect of U0126 (10 uM) and Y-27632 (10 uM) on the LPA-induced (10 uM) cel-
lular proliferation of MSCs. The cellular proliferation rate was determined by cell counting using a trypan blue inclusion assay. Data indicate
mean + SD. *p<0.05 (n=6). (H) TAZ overexpression reversed the inhibitory effect of U0126 (10 uM) or Y27632 (10 uM) on LPA-induced (1
uM) MSCs migration. Data indicate mean * SD. *p<0.05 (n=8).
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ably induced by the ischemic environment into which MSCs
are introduced (Geng, 2003). LPA is a natural phospholipid,
which has been found to accumulate following various patho-
logic conditions including acute myocardial infarction, fibro-
sis, and cancer (Chen et al., 2003; Willier et al., 2013; Tang
et al., 2014). In addition, LPA plays a substantial modulatory
role in the cellular responses such as proliferation, survival,
differentiation, and maintenance of stem cells and progeni-
tor cells (Pebay et al., 2007). LPA has recently been reported
to reduce the apoptosis of MSCs under hypoxic conditions
(Chen et al., 2008; Liu et al., 2009; Li et al., 2010b; Binder et
al., 2014). Moreover, LPA enhanced the migration of resident
MSCs through the B-catenin signaling pathway (Badri and
Lama, 2012). These reports support the conclusion of the cur-
rent study, in which LPA promotes MSCs migration and prolif-
eration. Our results may provide a novel application of LPA in
enhancing the therapeutic potential of MSCs for the develop-
ment of regenerative medicine.

LPA is a glycerophospholipid known to regulate the Hippo-
YAP pathway, which is involved in controlling organ size, re-
generation, tumorigenesis, and stem cell function (Yu et al.,
2012; Johnson and Halder, 2014). Moreover, both YAP and
TAZ are transcriptional co-activators and regarded as func-
tionally redundant because of high homology and a shared
regulation mechanism (Varelas, 2014); however, accumulat-
ing evidence also indicates that there are divergent functions
of YAP and TAZ (Cordenonsi et al., 2011). Multiple post-trans-
lational modifications, mainly phosphorylation, control the lo-
calization and activity of YAP and TAZ. The functions of YAP
and TAZ are often context-dependent, and the events that
distinctly regulate YAP or TAZ have been poorly explained to
date. We observed a strong induction of TAZ expression at
6 h after LPA treatment in MSCs. Although YAP expression
also increased following LPA stimulation, de-phosphorylation,
which is required for the activation of YAP, was not observed
at 6 h. Moreover, treatment with the MEK or ROCK inhibitor
decreased YAP phosphorylation in response to LPA stimula-
tion, which inhibited LPA-induced cellular responses as the
net result. Because the knockdown or knockout of TAZ alone
was sufficient to block LPA-induced cellular proliferation and
migration, YAP did not exhibit redundancy in the absence of
TAZ. These results suggest that in LPA-induced responses of
MSCs, TAZ and YAP may have an additive effect to rapidly
induce cellular responses or have distinct roles.

The extensive death of MSCs following transplantation re-
mains a major obstacle to the success of MCS-based treat-
ment for tissue repair. In previous reports, LPA has been
shown to inhibit hypoxia and serum deprivation-induced apop-
tosis of MSCs, which was found to be dependent on both
ERK1/2 and PI3K/AKT signaling (Chen et al., 2008). In ad-
dition, p38 activation was inhibited by LPA for antagonizing
hypoxia and serum deprivation-induced apoptosis and was in-
dependent of PIBK/AKT pathway (Li et al., 2010b). We treated
MSCs with LPA under normoxic conditions without changing
the media and observed that LPA stimulation did not decrease
the phosphorylation of p38. Moreover, inhibition of PI3K by
LY294002 did not stably block the LPA-induced increase of
TAZ expression (data not shown). However, the effect of LPA
was blocked by the inhibition of MEK with U0126 or ROCK
with Y27632. These results suggest that LPA may use differ-
ent pathways when promoting the proliferation and the migra-
tion of MSCs under normoxic conditions, which is the common
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culture condition for expanding and maintaining MSCs prior to
transplantation.

In summary, we observed that LPA stimulation increases
the expression of TAZ in MSCs, as well as the proliferation
and migration of MSCs. A knockdown or knockout of TAZ
demonstrated that TAZ is necessary for LPA-induced cellular
responses. Furthermore, MEK and ROCK are also involved in
LPA-induced molecular and cellular responses. Our findings
may provide a novel opportunity for intervention through the
preparation of MSCs for successful treatment in the field of
regenerative medicine.
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