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MiR-375 inhibits the hepatocyte growth factor-elicited migration
of mesenchymal stem cells by downregulating Akt signaling
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Abstract Themigration of mesenchymal stem cells (MSCs) is
critical for their use in cell-based therapies. Accumulating evi-
dence suggests that microRNAs are important regulators of
MSC migration. Here, we report that the expression of miR-
375 was downregulated in MSCs treated with hepatocyte
growth factor (HGF), which strongly stimulates the migration
of these cells. Overexpression of miR-375 decreased the
transfilter migration and the migration velocity of MSCs trig-
gered by HGF. In our efforts to determine the mechanism by
whichmiR-375 affectsMSCmigration, we found that miR-375
significantly inhibited the activation of Akt by downregulating
its phosphorylation at T308 and S473, but had no effect on the

activity of mitogen-activated protein kinases. Further, we
showed that 3’phosphoinositide-dependent protein kinase-1
(PDK1), an upstream kinase necessary for full activation of
Akt, was negatively regulated by miR-375 at the protein level.
Moreover, miR-375 suppressed the phosphorylation of focal
adhesion kinase (FAK) and paxillin, two important regulators
of focal adhesion (FA) assembly and turnover, and decreased
the number of FAs at cell periphery. Taken together, our results
demonstrate that miR-375 inhibits HGF-elicited migration of
MSCs through downregulating the expression of PDK1 and
suppressing the activation of Akt, as well as influencing the
tyrosine phosphorylation of FAK and paxillin and FA periphery
distribution.
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Introduction

Mesenchymal stem cells (MSCs) are multipotent adult stem
cells that can be easily isolated and cultured in vitro. They can
be differentiated into mesodermal lineages, such as
chondrocytes, osteocytes and adipocytes, and nonmesodermal
lineages, for example, neuronal cells and hepatocytes (Bianco
et al. 2001; Cho et al. 2005; Dezawa et al. 2004; Luk et al.
2005; Stock et al. 2010). The versatility, easy availability, low
immunogenicity, immunomodulatory function and lack of
ethical controversy make MSCs excellent candidates for cell
replacement therapies to treat a wide variety of clinical pathol-
ogies (Abdallah and Kassem 2008; Murphy et al. 2013).

MSCs are usually administered by intravenous or artery in-
fusion, intraperitoneal injection, or by placement of cells near
the lesion site (El-Hossary et al. 2016; English et al. 2010;
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Kwon et al. 2014; Marconi et al. 2012; Parr et al. 2007; Wang
et al. 2016). Therefore, migration of MSCs toward the patho-
logical sites is essential for their clinical use. Growth factors and
chemokines released from tissues around pathology, such as
hepatocyte growth factor (HGF) and vascular endothelial
growth factor (VEGF), stimulate the migration of MSCs to
the pathological sites (Forte et al. 2006; Ponte et al. 2007;
Schenk et al. 2007; Sordi et al. 2005). Multiple signaling path-
ways, including the phosphatidylinositol 3-kinase (PI3K)/Akt,
and mitogen-activated protein kinase (MAPK) signaling path-
ways (Ryu et al. 2010; Xu et al. 2014; Zheng et al. 2013), are
involved in the regulation of MSC migration. Much is still
unknown, however, about the detailed mechanisms that regu-
late the migration of MSCs upstream or downstream of the
PI3K/Akt and MAPK signaling pathways.

Recent studies have demonstrated that microRNAs
(miRNAs) can act upstream of signaling pathways to regulate
cell migration, invasion or metastasis (Huang and He 2010).
MiRNAs, the evolutionarily conserved noncoding small RNA
molecules typically of 19–23 nucleotides, are considered as
master regulators of almost all aspects of cell biology because
miRNAs can simultaneously regulate the expression of hun-
dreds or even thousands of mRNA targets (Im and Kenny
2012). They usually act through binding to the 3’untranslated
region (3’UTR) of target mRNAs by incomplete complemen-
tation with their 5’end seed region, leading to translational sup-
pression or degradation of target mRNAs (Im and Kenny
2012). Recently, miR-1, miR-206 and miR-34a have been re-
ported to inhibit rhabdomyosarcoma and hepatocellular carci-
noma cell (HCC) migration by targeting the HGF receptor c-
Met and decreasing the phosphorylation of extracellular signal-
related protein kinase 1/2 (ERK1/2) (Li et al. 2009; Yan et al.
2009); miR-21, miR-221 and miR-222 promote HCC migra-
tion and invasion by targeting phosphatase and tensin homolog
deleted on chromosome ten (PTEN) and increasing Akt activity
(Garofalo et al. 2009;Meng et al. 2007).MiR-335 andmiR-10b
have been reported to affect MSC migration by targeting
RUNX2 and E-cadherin, respectively (Tome et al. 2011;
Zhang et al. 2013). However, it is largely unknown how
miRNAs regulate the migration of MSCs or about their inter-
actions with PI3K/Akt and MAPK signaling pathways in reg-
ulating MSC migration. To gain further insight into this, we
performed microarray assays to find miRNAs that differentially
expressed in MSCs upon stimulation with HGF, the well-
known chemoattractant that strongly induces MSC migration
(Forte et al. 2006; Zheng et al. 2013). We hypothesized that
miRNAs that are significantly downregulated or upregulated by
HGFmay be essential regulators of MSC locomotive response.
In this study, we report that miR-375, one HGF-downregulated
miRNA, inhibits the migration of MSCs elicited by HGF
through suppressing Akt signaling. Decreased FAK and
paxillin phosphorylation and FA periphery distribution might
also contribute to the inhibition ofMSCmigration by miR-375.

Materials and methods

Culture and characterization of MSCs

The isolation, cultivation and characterization of MSCs were
performed as previously described (Zheng et al. 2013). In
brief, primary rat bone marrow-derived MSCs were isolated
from the total bone marrow of femurs and tibias of 4- to 5-
week-oldmale Sprague-Dawley rats (100–150 g) and cultured
in the standard medium composed of low-glucose Dulbecco’s
modified Eagle’s medium (L-DMEM; Gibco), supplemented
with 10% fetal bovine serum (FBS; Gibco), 2 mM L-gluta-
mine, 100 units/ml penicillin, and 100 μg/ml streptomycin.
Cells were incubated in 5% CO2 at 37 °C and the media were
replaced first at 24 h, then every 3 days. Non-adherent cells
were removed by changing the culture media. MSCs at 80–
90% confluence were dissociated with 0.25% trypsin-EDTA
solution (Sigma) and subcultured at a ratio of 1:2. All animal
experiments were conducted in accordance with the guide-
lines for animal use approved by Soochow University
Veterinary Authority. Immunophenotypic characterization of
MSCs was evaluated through direct or indirect immunofluo-
rescence with CD34-fluorescein isothiocyanate (FITC),
CD45-FITC, CD29-FITC, CD90-FITC, and CD106-PE
(1:200; Cedarlane). MSCs at 80–90% confluence were sub-
mitted for differentiation evaluation. Osteogenic differentia-
tion was tested by the calcium cobalt method to identify the
alkaline phosphatase after maintenance for 30 days with in-
ductionmedium [L-DMEM supplementedwith 10% newborn
calf serum (NC; Gibco), 100 nM dexamethasone, 10 mM so-
dium β-glycerophosphate, and 0.05 mM L-ascorbic acid 2-
phosphate (Sigma)], which was replaced every 3–4 days.
Adipogenic differentiation was tested for lipid accumulation
by oil red O staining after incubation for 6 days with induction
medium [high-glucose Dulbecco’s modified Eagle’s medium
(H-DMEM; Gibco), supplemented with 10% NCS, 1 mM
dexamethasone, 10 mg/ml insulin, 0.2 mM indomethacin,
and 0.5 mM 3-isobutyl-1-methyl-xanthine (Sigma)] and then
9 days with maintenance medium (H-DMEM, 0.01 mg/ml
insulin, and 10% NCS). MSCs at passages 4–10 were used
for experiments. At approximately 60–70% confluence, cells
were infected with recombinant adenovirus to overexpress
miR-375.

Generation of recombinant adenoviral vector

Overexpression of miR-375 was achieved by infecting MSCs
with Ad-375, a recombinant adenovirus containing the miR-
375 precursor sequence, or with Ad, an adenovirus with no
inserted miRNA precursor sequence. as control. To generate
the recombinant adenoviral vectors expressing miR-375 (Ad-
375), a fragment containing the miR-375 hairpin sequence
flanked by 250 bp upstream and 250 bp downstream of the
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genomic sequence was amplified by PCR from rat genomic
DNA with primers containing BglIIand XhoI: 5′-TACA
GATCTCGGCAGCTCAGAGTCTG -3′ and 5′-AACT
CGAGGCAGAAACTCCGTGGCG-3′. The fragment was
inserted into the shuttle vector pAdTrack-CMV (Stratagene),
then transferred to the AdEasy-1 plasmid through homolo-
gous recombination, and finally packaged in QBI-HEK293A
cells (Stratagene) to generate viruses. The control virus (Ad)
was derived from the same vector system. Both Ad and Ad-
375 carry the green fluorescent protein (GFP), which can be
observed in MSCs after 24–36 h infection. The viruses were
titered, and MSCs were infected at a multiplicity of infection
(MOI) of 150.

Analysis of miRNA and mRNA expression

Expression of miR-375 and its target 3’phosphoinositide-de-
pendent protein kinase-1 (PDK1) transcript was analyzed by
quantitative PCR (qPCR). Total RNA was extracted with
TRIzol (Invitrogen) and treated with RQ1 RNase-free
DNase (Promega). cDNA was generated with RevertAid
First Strand cDNA Synthesis Kits (Thermo Scientific) using
specific stem-loop RT primers for miRNAs (RiboBio) and
Oligo(dT)18 primer (Thermo Scientific) for mRNAs. Real-
time PCR was by a Bio-Rad CFX96 system using SsoFast
EvaGrean Supermix (Bio-Rad). Specific Bulge-Loop forward
and reverse primers (RiboBio) were used to amplify miR-375
and snU6. Specific primers for PDK1 were 5′-AAGG
GTACGGGCCTCTCAAA-3′ (forward) and 5′-GGGA
GTGGGAAGAGGAGGAT-3′ (reverse), and for GAPDH
were 5′-TGACAACTTTGGCATCGTGG-3′ (forward) and
5′-TACTTGGCAGGTTTCTCCAGG-3′ (reverse). Data were
calculated with Bio-Rad CFX manager software v.2.1 by the
ΔΔCT method (Livak and Schmittgen 2001) and expressed
as relative quantities after snU6 or GAPDH normalization.

Western blot analysis

Western blot analysis was performed as previously described
(Zheng et al. 2013). Briefly, after serum-starvation for 30 min,
MSCs were treated with 50 ng/ml HGF (PeproTech) or L-
DMEM for the indicated time, then exposed to liquid nitrogen
and lysed with a protein extraction reagent (25 mM Tris-HCl,
pH 7.2, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 1 mM EDTA, 0.1% sodium dodecyl sulfate
(SDS), 1% phenylmethylsulfonyl fluoride, and 1 mM
NaVO3). Lysates were centrifuged at 12,000 rpm and 4 °C
for 10 min to remove cell debris. The supernatants were trans-
ferred to fresh tubes, and protein concentrations were deter-
mined by BCA assay kit (Applygen). Identical amounts of
protein lysates were separated using 10% SDS-PAGE gels
and transferred to a 0.45-mm nitrocellulose membrane
(Millipore) at a constant 2.5 mA/cm2 for 30 min using a

Trans-Blot SD Semi-Dry electrophoretic Transfer Cell (Bio-
Rad). After blocking with 5% nonfat milk in TBST (100 mM
Tris-HCl, pH 7.4, 150 mM NaCl, with 0.1% Tween-20), the
membrane was precipitated with primary Abs for phospho- or
nonphospho-protein kinases overnight at 4 °C. Membranes
were then washed three times (10 min each) with TBST, and
incubated with the appropriate horseradish peroxidase-linked
secondary antibodies for 1 h at room temperature. Beta-actin
on the same membrane served as the loading control. Primary
antibodies (Abs) for phospho- or nonphospho-kinases [rabbit
mAb antiphospho-ERK1/2 (Thr202/Tyr204), rabbit mAb an-
ti-ERK1/2, rabbit mAb antiphospho-Akt (Thr308, Ser473),
rabbit mAb anti-Akt, rabbit mAb antiphospho-SAPK/JNK
(Thr183/Tyr185), rabbit mAb anti-SAPK/JNK, rabbit mAb
antiphospho-p38MAPK (Thr180/Tyr182), rabbit mAb anti-
p38MAPK, rabbit mAb antiphospho-FAK (Tyr397), rabbit
mAb anti-FAK; Cell Signaling Technologies; rabbit Ab
antiphospho-paxillin (Tyr118) and rabbit Ab anti-paxillin;
Santa Cruz Biotechnology] were used at 1:1000 dilution.
Appropriate horseradish peroxidase-linked secondary anti-
bodies (Cell Signaling Technologies) were used at 1:2000
dilution. Antigen-antibody complexes were visualized by en-
hanced chemiluminescence (Biological Industries). Proteins
of quite distinct molecular weight, p38MAPK together with
ERK1/2 and SAPK/JNK, Akt together with paxillin, and
FAK, were separately probed by cutting the nitrocellulose
membrane according to the protein molecular weight marker.
After detection of phospho-proteins, the membranes were in-
cubated in Stripping Solution (Applygen Technologies) for
30 min at room temperature to strip off the first set of protein
probes. After washing three times (10 min each) with TBST,
the stripped blots were blocked and re-probed with the second
set of primary and secondary antibodies for detection of
nonphospho-proteins. Densitometry analysis was performed
by gel image analysis software (ImageJ; NIH) and the relative
intensity of phospho- to total protein was calculated. Data
shown are the averages of three different experiments.

Boyden chamber migration assay

Transfilter migration of MSCs toward HGF was studied using
a 48-well modified Boyden chamber (Neuro Probe). After
48 h infection of Ad-375 or Ad, MSCs were starved with
serum-free medium for 30 min, then digested with 0.25%
trypsin-EDTA and resuspended with L-DMEM and adjusted
to 8 × 105 cells/ml. A single-cell suspension of 50 μl was
seeded into the upper chamber of each well on a poly-L-
lysine (Sigma)-precoated polyvinylpyrrolidone-free polycar-
bonate membranes (8 μm pore size; Osmonics), and 30 μl
medium with or without 50 ng/ml HGF (PeproTech) was
placed in the lower chamber. Cells were incubated at 37 °C
in a 5% CO2 humidified incubator for 5 h. After incubation,
the chamber was disassembled, the upper side of the filter was
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wiped off, and cells attached to the lower side were fixed with
4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS), pH 7.2, then stained for 30 min in 0.1% cresyl violet
and counted at ×200 magnification in all fields of each well
(each condition was run in six wells in each assay).

Migration velocity and efficiency of forward migration

The individual cell migration behavior, including migration
velocity and migration efficiency, was studied by direct re-
cording of the migration trace with a Dunn chamber under a
Leica DMI 6000 B microscope equipped with a CO2 supply,
temperature thermostat and a time-lapse video system, as pre-
viously described (Zheng et al. 2013). The Dunn chamber is
made from a Helber bacteria counting chamber by grinding a
circular well in the central platform to leave a 1-mm-wide
annular bridge between the inner and the outer wells. It has
been established that chemoattractants added to the outer well
of the device will diffuse across the bridge to the inner well of
the chamber and form a linear steady gradient. This apparatus
allows for the direct monitoring of cell locomotion and the
analysis of migration speed, turning behavior, and persistency
of migration. The outer well of the Dunn chamber was filled
with L-DMEM containing 50 ng/ml HGF and the concentric
inner well of the Dunn chamber contained only L-DMEM.
MSCs cultured on coverslips and infected with Ad-375 or
Ad for 48 h were inverted onto a Dunn chamber, and recorded
every 5 min using a ×10 objective of a Leica DMI 6000 B
microscope for a period of 4 h at 37 °C. Migration traces of at
least 50 sparsely distributed cells were manually tracked using
ImageJ software. Migration velocity for each time-lapse inter-
val (5 min) was calculated, and the mean velocity was derived
for the recorded 4-h period. Forward migration index (FMI),
an indicator of the efficiency of forward migration or migra-
tion persistency, was calculated as the ratio of forward prog-
ress (net distance progressed in the direction of HGF concen-
tration) to total path length (total distance the cell traveled
through the field).

BrdU staining

The effect of miR-375 on the proliferation of MSCs in the
presence of HGF was tested by a BrdU (5-bromo-2-
deoxyuridine) incorporation assay. After infection with Ad-
375 or Ad for 48 h, MSCs were incorporated with 3 μg/ml
BrdU (Sigma) for 24 h and treated with 50 ng/ml HGF for 5 h.
Then, cells were fixed in cold 4% paraformaldehyde and
stained with BrdU Flow Kits (BD Biosciences) according to
the manufacturer’s instructions. The proportion of BrdU-
positive cells among GFP-expressing cells was quantified.
More than 500 cells were counted per experiment and exper-
iments were performed in triplicate.

Flow cytometry detection of cell apoptosis and death

Cell apoptosis and death were detected by double staining of
Alexa Flour 647-conjugated Annexin-Vand propidium iodide
(PI; Biouniquer, BU-AP0103).MSCs infected with Ad or Ad-
375 for 48 h were trypsinized, centrifuged at 1000g for 5 min,
washed twice with cold PBS, and processed according to the
manufacturer’s instructions. Ten thousand cells per sample
were acquired with a FACS flow cytometer (FACScan). Cell
fluorescence was analyzed with flow cytometry using the Cell
Quest Pro software (Beckman Coulter). Each experiment was
performed in triplicates and repeated independently three
times.

Immunocytochemistry and FA analysis

After 48 h infection of Ad-375 or Ad, MSCs were serum-
starved for 30 min and stimulated with 50 ng/ml HGF for 0,
5, 15, 30, or 60 min. Cells were fixed in cold 4% paraformal-
dehyde in 0.1 M PBS (pH 7.2) overnight, washed three times
with PBS (5 min) and incubated with primary rabbit polyclon-
al Ab against paxillin (Santa Cruz Biotechnology) diluted in
PBS/0.02% NaN3/3% bovine serum albumin (BSA)/0.2%
Triton X-100 at 1:50. After incubation with primary Abs over-
night at 4 °C, cells were washed with PBS three times for
10 min each before secondary antibody application. Cy3-
conjugated goat anti-rabbit Ab (Proteintech) was diluted in
PBS/0.02% NaN3/3% BSA/0.2% Triton X-100 at 1:200 and
applied to cells for 1 h at room temperature in the dark.
Fluorescence was examined with a Leica DMI 6000 B micro-
scope. Controls treated with nonspecific mouse IgM or sec-
ondary Abs alone showed no staining.

The numbers of FAs at the cell periphery and center were
counted and FA length was measured using NIH ImageJ soft-
ware from at least 15 cells as previously described (Wang et al.
2015). The number of FAs at the periphery and center were
counted and the ratio of FAs at the periphery to the total was
calculated to assess the effect of miR-375 on FA distribution
in response to HGF treatment. The ratios of FAs of <1 μm, 1–
2 μm, 2–3 μm and >3 μm to total FAs were calculated to
evaluate the effect of miR-375 on FA length in response to
HGF stimulation.

Statistical analysis

Data are presented as the mean ± standard error of the mean
(SEM). Statistical analysis was performed with Student’s t test
or the one-way analysis of variance (ANOVA) followed by
Bonferroni–Dunn or Tamhane’s T2 multiple comparisons test
using SPSS software. Student’s t test was used for comparison
between control and miR-375-overexpressing cells and
ANOVA was used for comparison among control and miR-
375-overexpressing cells treated with or without HGF for
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different time intervals. Differences were considered statisti-
cally significant when P < 0.05.

Results

The isolation, cultivation and characterization of rat bone
marrow-derived MSCs were performed as previously de-
scribed (Zheng et al. 2013). The MSCs we obtained were
typically fibroblast-like or long spindle-shaped and readily
expressed CD29, CD90, and CD106 but not CD34 and
CD45. Upon appropriate osteogenic and adipogenic induc-
tion, MSCs could differentiate into osteoblasts and adipocytes
in vitro, which is consistent with previous reports
(Chamberlain et al. 2007; Pittenger et al. 1999).

MiR-375 is significantly downregulated in MSCs
stimulated with HGF

Emerging evidence indicates that miRNAs play an important
role in cell migration by directly regulating extracellular matrix
(ECM) remodeling, cell adhesion, and intracellular signalings
(Huang and He 2010). To investigate the role of miRNAs in
MSC migration, we have previously performed microarray
analysis to identify miRNAs that differentially expressed upon
HGF treatment, and found 26 miRNAs differentially expressed
(Zhu et al. 2016). Among these miRNAs, miR-375 was specif-
ically selected for functional study in light of its known inhib-
itory roles in chondrogenic progenitor cell migration (Song
et al. 2013) and a variety of cancer cell metastasis (Kinoshita
et al. 2012; Kong et al. 2012). Using stem-loop RT-qPCR we
confirmed the downregulated expression of miR-375 in MSCs
treated with 50 ng/ml HGF for 30min to 12 h (P < 0.05; Fig. 1).
The results suggest that miR-375 might be involved in regulat-
ing the migration of MSCs in response to HGF.

MiR-375 inhibits HGF-elicited migration of MSCs

To assess the influence of miR-375 on cell migration, we
tested the transfilter migration of MSCs toward HGF using a
Boyden chamber. Compared with control cells that exhibit
chemotactic migration toward HGF, overexpression of miR-
375 in MSCs by infection of adenovirus containing miR-375
precursor sequence (Ad-375), which resulted in a significantly
higher expression (Fig. 2a), led to a significantly decreased
number of cells that migrated toward HGF (Fig. 2b, b'). No
effects of miR-375 on MSC proliferation and apoptosis were
observed by BrdU incorporation (Fig. 2c, c') and flow cytom-
etry detection (Fig. 2d, d'), respectively. These results demon-
strate that miR-375 inhibits the transfilter migration of MSCs
toward HGF.

MiR-375 influences migration velocity of MSCs
in response to HGF

Studies from the Boyden chamber prove that overexpression
of miR-375 inhibits the transfilter migration of MSCs toward
HGF. However, using a Boyden chamber, it is impossible to
visualize the migratory behavior in response to HGF and de-
tail the migratory responses. To directly observe the migratory
behavior of MSCs, we used time-lapse video microscopy
coupled with the direct-viewing Dunn chamber, which allows
one to track the movement of cells and characterize cell mi-
gration in response to HGF by migration velocity and the
forward migration index (Fig. 3a–b'). We first investigated
the effect of miR-375 on cell random migration, where both
the outer well and the inner well of the Dunn chamber contain
only L-DMEM. Results showed that neither the migration
velocity nor FMI was affected by miR-375 (Fig. 3c, c'), im-
plying that miR-375 are not involved in the randommigration
of MSCs.

We next analyzed the effect of miR-375 on migration be-
havior ofMSCs in response to HGF by filling the outer well of
the Dunn chamber with L-DMEM containing 50 ng/ml HGF
and the inner well with L-DMEM only. MSCs grown on cov-
erslips were inverted on the chamber and cell migration was
recorded for 4 h. Results showed that migration velocity of
miR-375-overexpressing MSCs was significantly lower than
that of control cells (Fig. 3d), whereas no difference of FMI
was detected (Fig. 3d'), suggesting that miR-375 inhibits the
motility, but not the efficiency of cell migration in response to
HGF.

MiR-375 influences phosphorylation of Akt in MSCs

We previously demonstrated that PI3K/Akt and MAPK sig-
naling pathways mediate the HGF-induced migration of
MSCs (Zheng et al. 2013). To explore the molecular mecha-
nism underlying the inhibition of HGF-elicited migration of

Fig. 1 HGF stimulation decreases the expression of miR-375 in MSCs.
MSCswere treated with 50 ng/ml HGF for the indicated times. Stem-loop
RT-qPCR was performed to quantify the expression of miR-375. Values
are normalized with U6 snRNA and expressed as a percentage of control
value, that is, the normalized expression value of MSCs in serum-free
medium without HGF. Data represent the mean ± SEM from four inde-
pendent experiments. *P < 0.05, compared with the control value
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Fig. 2 Overexpression of miR-375 inhibits the transfilter migration of
MSCs toward HGF. a Expression of miR-375 in MSCs infected with Ad
or Ad-375 for 48 h by stem-loop RT-qPCR. Values are normalized with
U6 snRNA and expressed as a percentage of the value in MSCs without
adenovirus infection. b, b' Transfilter migration of MSCs infected with
Ad or Ad-375. Images are representative of migratory cells/field on the
membrane underside, scale bar 100 μm (b). Values are normalized with
Ad-infected MSCs without HGF. Data represent the mean ± SEM from
four independent experiments. *P < 0.05 (b'). c, c' MiR-375 does not
affect the proliferation of MSCs despite the presence or absence of HGF.

Shown are representative images of BrdU-positive (red) MSCs (c, scale
bar 100 μm) and the average number of BrdU-positive cells from three
independent experiments (c'). d, d'MiR-375 has no effect on the apopto-
sis of MSCs. MSCs infected with Ad or Ad-375 for 48 h were processed
for flow cytometry analysis of apoptotic and dead cells after staining with
Annexin V-Alexa Flour 647/PI according to the manufacturer’s instruc-
tion. Cells in late stages of apoptosis were Annexin V/PI-positive (d). The
percentage of apoptotic and dead cells in control and miR-375 overex-
pressing MSCs were calculated. Data shown are mean ± SEM from three
independent experiments (d')
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MSCs bymiR-375, we investigated its effect on the phosphor-
ylation of Akt and three major groups of MAPKs: ERK1/2,
SAPK/JNK, and p38MAPK.

As shown in Fig. 4, overexpression of miR-375 significant-
ly lowered the phosphorylation of Akt at Ser473 (S473-P) and
Thr308 (T308-P), but showed no effect on the phosphoryla-
tion of ERK1/2, p38MAPK and SAPK/JNK (Fig. 4a, a').

Upon HGF treatment for 30 min, Akt phosphorylation at
S473 but not T308 was partially rescued in miR-375-
overexpressing cells, whereas the phosphorylation of
ERK1/2, p38MAPK and SAPK/JNK remained unchanged
(Fig. 4b, b').

Considering that the activation of Akt and MAPKs in
MSCs varies over time upon HGF treatment (Zheng et al.

Fig. 3 Effects of miR-375 on the
migration velocity (μm/min) and
the forward migration index
(FMI) of MSCs. a Schematic
representation of the Dunn cham-
ber with the overlying coverslip,
showing the position of the inner
well, bridge, and outer well. b, b'
Migration tracks of four repre-
sentative cells of Ad- or Ad-375-
infected MSCs in the presence of
HGF on the bridge of Dunn
chamber, the starting point for
each cell is the intersection be-
tween the X- and Y-axes (0, 0),
and the source of HGF (50 ng/ml)
is at the top of the Y-axes. c, c'The
migration velocity and FMI of
MSCs without HGF stimulation.
d, d' The migration velocity and
FMI ofMSCs in response to HGF
stimulation. Coverslips with cells
infected with Ad or Ad-375 for
48 h were incubated with L-
DMEM for 30 min, and then
inverted on to the Dunn chamber
and the cells were observed for a
period of 4 h. Migration velocity
was calculated for each time-lapse
interval (5 min), and the mean
velocity was derived for a period
of 4 h. FMI was calculated as the
ratio of the most direct distance
the cell progressed to the total
path length. Data shown are
mean ± SEM from four indepen-
dent experiments, and each ex-
periment at least 50 cells from
varied conditions were analyzed.
*P < 0.05 compared with control
cells that infected with Ad
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2013), to further elucidate the effect of miR-375 on Akt and
MAPKs signaling pathways, MSCs were exposed to 50 ng/ml
HGF for different times and the relative phosphorylation levels
of Akt, ERK1/2, p38MAPK and SAPK/JNK were analyzed.
As shown in Fig. 4c, c', upon exposure to HGF, Akt phosphor-
ylation at S473 increased, peaking from 30 min to about 1 h in
control cells and from 15 to about 30 min in miR-375-
overexpressing cells, then decreased to basal levels at 5 h in
both groups. Yet, the overall level of S473-P in miR-375-
overexpressing cells remained lower than that in control cells
(P < 0.05). Phosphorylation of Akt at T308 also increased with
HGF treatment from 15 min to 1 h in control cells, while in
miR-375-overexpressing cells, T308-P remained at much low-
er levels with no significant variation uponHGF treatment (Fig.
4c, c''). The phosphorylation levels of p38MAPK in response to
HGF stimulation were comparable in control and in miR-375-
overexpressing cells (Fig. 4c, c'''), and similar results were ob-
tained in ERK1/2 and SAPK/JNK (data not shown).

Taken together, we conclude that the phosphorylation of
Akt, but not MAPKs, is regulated by miR-375, suggesting
that Akt signaling pathway is involved in the impact of miR-
375 on HGF-elicited migration.

MiR-375 downregulates PDK1 expression in MSCs

PDK1 phosphorylates Akt at T308 and allows for its full ac-
tivation (Alessi et al. 1997). Decreased phosphorylation of
Akt in miR-375-overexpressing MSCs led us to investigate
whether PDK1 is involved in this process. Using the miRNA
target prediction tool TargetScan, we found that PDK1 is a
putative target of miR-375 (Fig. 5a). Moreover, PDK1 has
been demonstrated by El Ouaamari et al. (2008) as a direct
target of miR-375 in rat pancreatic β-cells using the dual-
luciferase reporter assay system. Consistently, in this study,
we found that overexpression of miR-375 in MSCs downreg-
ulated the expression of PDK1 for about 20% at mRNA level
(Fig. 5b) and for about 60% at protein level (Fig. 5c, c').

Consistent with our observation that HGF significantly
downregulates the expression of endogenous miR-375 in

MSCs (Fig. 1), as much as a 2.6-fold decrease of miR-375
expression was observed in Ad-375-infected MSCs up to 12 h
uponHGF treatment (Fig. 5e), which, in turn, might rescue the
expression of PDK1 decreased by exogenous miR-375.
Indeed, western blot analysis revealed an elevated protein lev-
el of PDK1 in MSCs overexpressing miR-375 after HGF
treatment for 30 min to 1 h (Fig. 5d, d'), and this partial ele-
vation of PDK1 might contribute to the slight increase of Akt
phosphorylation at T308 in these cells (Fig. 4c, c'').

MiR-375 affects the length and distribution of focal
adhesions in MSCs

During migration, a cell continuously forms focal adhesions
(FAs) to grasp the substrate at the cell front to generate traction
forces for movement, and detaches from the substrate by dis-
assembly of FAs at the rear part so as to move the body for-
ward. Akt has been proved to promote fibroblast migration
through promoting the disassembly of FAs (Higuchi et al.
2013). We thus investigated whether miR-375 affects the for-
mation and distribution of FAs in MSCs.

After stimulation with HGF for different times, cells were
immunostained with antibodies against paxillin to indicate
FAs (Fig. 6a). The length of FAs was measured and the num-
ber of FAs at the cell periphery and center were counted. We
divided the FAs into four groups according to the length:
<1 μm, 1–2 μm, 2–3 μm, and >3 μm,as FAs of different
length exhibit different dynamic behavior of disassembly
and maturation (Parsons et al. 2010). The number of FAs
belonging to a length group versus total number of FAs was
calculated to describe the ratio of FAs of different length. FAs
<1.0 μm were the predominant whether or not miR-375 was
overexpressed (Fig. 6b, b'). Upon HGF treatment, the ratio of
FAs of length 1–2 μm significantly increased in control cells
(P < 0.05; Fig. 6b); by contrast, inMSCs overexpressingmiR-
375 HGF treatment just increased the ratio of FAs that were
less than 1 μm at 15 min (Fig. 6b'). These results suggest that
miR-375 influences the length of FAs in response to HGF.

The ratio of FAs at the cell periphery to total number of FAs
was calculated to describe the FA distribution. HGF treatment
for 5–15 min significantly increased the ratio of FAs at the
periphery in both control and miR-375-overexpressing cells.
However, the overall ratio of peripheral FAs in miR-375-
overexpressing cells remained lower than control cells at all
HGF treatment times except 5 min (P < 0.05; Fig. 6c). These
results indicate that miR-375 inhibits the peripheral distribution
of FAs.

MiR-375 influences the phosphorylation of FAK
and paxillin in MSCs

Adhesion organization and dynamics are regulated by tyrosine
phosphorylation of FA proteins, focal adhesion kinase (FAK)

�Fig. 4 MiR-375 inhibits the activation of Akt but not MAPKs. a, a' The
phosphorylation of Akt and MAPKs in MSCs infected with Ad-375 or
Ad before HGF treatment. b, b' The phosphorylation of Akt andMAPKs
inMSCs infected with Ad-375 or Ad after HGF stimulation for 30min. c,
c', c'', c''' The phosphorylation of Akt and p38MAPK in MSCs infected
with Ad-375 or Ad upon HGF treatment for indicated times. Cells were
infected with Ad-375 or Ad for 48 h, and serum-starved for 30min before
stimulation with 50 ng/ml HGF or with medium only for the indicated
times. Total protein extracts were analyzed by western blot using antibod-
ies against the active phosphorylated forms or the total proteins. Equal
loading of proteins were checked by β-actin. Relative level of phospho-
to total protein was calculated by densitometry of immunoreactive bands
using ImageJ software. Shown are representative results of three indepen-
dent experiments, and data presented are mean ± SEM. *P < 0.05 vs. Ad
without HGF, #P < 0.05 vs. Ad-375 without HGF
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Fig. 5 MiR-375 downregulates the expression of PDK1 in MSCs. a
Schematic illustration of the miR-375-binding sites in the 3’UTR of
PDK1 mRNA. b PDK1 mRNA expression in MSCs infected with Ad-
375 or Ad by RT-qPCR analysis. Expression was normalized with
GAPDH mRNA levels and expressed as a percentage of Ad-infected
cells. Data presented are mean ± SEM from three independent experi-
ments. c, c'Western blot analysis of the protein levels of PDK1 in MSCs
infected with Ad-375 or Ad. Cells were incubated with L-DMEM or L-
DMEM containing 50 ng/ml HGF for 30 min after starvation for 30 min.
d, d' Effects of miR-375 and HGF treatment on the protein level of PDK1
in MSCs. Cells infected with Ad-375 or Ad for 48 h were incubated with

L-DMEMor L-DMEMcontaining 50 ng/ml HGF for different times after
30 min starvation. Total cell lysates were resolved in SDS-PAGE, and
immunoprecipitated with antibody against PDK1. β-actin served as a
loading control. The level of PDK1 was measured by densitometry of
immunoreactive bands using ImageJ software. Shown are representative
results of three independent experiments, data presented aremean ± SEM.
*P < 0.05 vs. Ad. e HGF decreases the expression of miR-375 in MSCs
infected with Ad-375. Expression of miR-375 was normalized with U6
snRNA and expressed as a percentage of Ad-infected cells without HGF
treatment. Data presented are mean ± SEM from three independent ex-
periments. *P < 0.05 vs Ad-375 without HGF
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and paxillin, especially at Tyr397 of FAK (Y397-FAK) and
Tyr118 of paxillin (Y118-paxillin) (Deramaudt et al. 2014;
Hamadi et al. 2005; Zaidel-Bar et al. 2007). We subsequently
investigated whether they are involved in the miR-375-
suppressed motility of MSCs. The results showed that phos-
phorylation levels of Y397-FAK (Y397-P) and Y118-paxillin
(Y118-P) were significantly lowered in MSCs overexpressing
miR-375 (Fig. 7a–b'). HGF treatment for 15–30min enhanced
the level of Y397-P and Y118-P in both control and miR-375-
overexpressing cells (Fig. 7c–c''); however, Y397-P and
Y118-P in miR-375-overexpressing cells remained at much
lower levels than in control cells upon HGF treatment (Fig.
7c–c''), reminiscent of the downregulation of Y397-P and
Y118-P by miR-375 (Fig. 7a–b'). These results demonstrate
that miR-375 inhibits the phosphorylation of Y397-FAK and
Y118-paxillin, which might contribute to the changed lengths
and decreased peripheral distribution of FAs in miR-375-
overexpressing cells compared with control cells, thereby
leading to the impaired migration.

Discussion

Cell migration is an essential process that occurs both physi-
ologically and pathologically. Accumulating evidence demon-
strates that miRNAs are important regulators of cell migration
(Huang and He 2010). Dysregulation of miRNA abundance is
closely linked with migration-related diseases, for example,
tumor and cancer invasiveness and metastasis (Baranwal and
Alahari 2010). However, miRNA’s effects on the migration of
MSCs remain largely unknown. Using microarrays, we found
26 differentially expressed miRNAs in MSCs treated with
HGF (Zhu et al. 2016). Two upregulated miRNAs, miR-26b
and miR-221, were found to promote MSC migration by
targeting PTEN and activating Akt and FAK signaling path-
ways (Zhu et al. 2016). In this study, we report that one HGF-
downregulated miRNA, miR-375, is also involved in regulat-
ing HGF-elicited migration of MSCs in a way different from
miR-26b and miR-221.

Using a Boyden chamber, we verified that overexpression
of miR-375, achieved by infecting MSCs with Ad-375, a re-
combinant adenovirus containing the miR-375 precursor se-
quence, significantly impaired HGF-elicited migration (Fig.
2b, b'). Time-lapse video microscopy revealed that miR-375
had little effect on the migration velocity and persistency
when HGF were not in the assay system (Fig. 3c, c'), but
significantly attenuated the migration velocity when 50 ng/
ml HGF was in the outer well of the Dunn chamber (Fig.
3d). These results suggest that miR-375 participates in the
regulation of HGF-elicited migration of MSCs.

Growth factors, such as HGF and VEGF, stimulate cell
migration by activating numerous elements of signaling trans-
duction (Forte et al. 2006; Higuchi et al. 2013; Ponte et al.

2007; Xu et al. 2014). Our previous data reveal that PI3K/Akt
and MAPK signalings are involved in the regulation of MSC
migration toward HGF (Zheng et al. 2013). We found that
overexpression of miR-375 had little effect on the phosphor-
ylation of ERK1/2, p38MAPK, and SAPK/JNK, but strongly
decreased the phosphorylation of Akt at both T308 and S473
(Fig. 4). Thus, it seems unlikely that MAPK signaling medi-
ates the influence of miR-375 on MSC migration.
Consistently, there is evidence showing that miR-375 sup-
presses pancreatic carcinoma cell growth through the Akt
rather than the MAPK signaling pathway (Zhou et al. 2014).

Maximal activation of Akt requires its phosphorylation at
both T308 and S473, which is catalyzed by PDK1 (Alessi
et al. 1997), and mTORC2 (Sarbassov et al. 2005).
Phosphorylation defect of either residue will decrease the ac-
tivity of Akt (Alessi et al. 1997; Mora et al. 2003, 2005;
Sarbassov et al. 2005; Williams et al. 2000). PDK1 has been
demonstrated to be a direct target of miR-375 in rat pancreatic
β-cells (El Ouaamari et al. 2008). Consistently, we found that
overexpression of miR-375 significantly downregulated the
expression of PDK1 (Fig. 5c–d'), thereby leading to decreased
phosphorylation of Akt (Fig. 4). Exposure to HGF significant-
ly decreased the level of miR-375 in MSCs both endogenous-
ly (Fig. 1) and exogenously (Fig. 5e), but increased the protein
level of PDK1 (Fig. 5c–d') and, slightly, the phosphorylation
level of Akt at T308 (Fig. 4c, c''). However, the overall levels
of PDK1 (Fig. 5c–d') and Akt phosphorylation at T308 (Fig.
4b, b', c, c'') in miR-375-overexpressing cells remained lower
than those in control cells, suggesting that miR-375 inhibits
the HGF-induced Akt activation by downregulating the ex-
pression of PDK1. There is evidence showing that a deficien-
cy of PDK1 results in a complete depletion of Akt phosphor-
ylation at T308 and an increase of phosphorylation at S473 in
embryonic stem cells, cardiac muscle and liver cells (Mora
et al. 2003, 2005; Williams et al. 2000). However, we ob-
served that downregulation of Akt phosphorylation at T308
by miR-375-depleted PDK1 expression was accompanied by
decreased Akt phosphorylation at S473 in MSCs (Figs. 4, 5).
This discrepancy might be attributable to other targets of miR-
375 that regulate the phosphorylation of Akt at S473. Indeed,
consistent with our results, recent studies have shown that
miR-375 inhibits Akt phosphorylation at S473 in MSCs by
directly targeting DEPTOR, an endogenous mTOR inhibitor
(Chen et al. 2017; Peterson et al. 2009).

In addition to protein kinase PDK1 and mTORC2, the
phosphorylation of Akt at T308 and S473 is negatively regu-
lated by protein phosphatase 2A (PP2A) and PH domain
leucine-rich repeat protein phosphatase 1 (PHLPP1), respec-
tively (Gao et al. 2005; Millward et al. 1999). Using
TargetScan and miRDB, MiR-375 is predicted to target the
regulatory subunit B alpha of PP2A, which may decrease the
activity of PP2A and thereby increase the phosphorylation of
Akt at T308.MiR-375 has also been shown to target PHLPP1,

Cell Tissue Res (2018) 372:99–114 109



110 Cell Tissue Res (2018) 372:99–114



a negative regulator of Akt phosphorylation at S473 in pros-
tate carcinomas (Hart et al. 2014). However, our results

showed that overexpression of miR-375 leads to the decrease
of Akt phosphorylation at T308 and S473. Altogether, it
seems unlikely that miR-375 acts through phosphatases
PP2A and PHLPP1 to decrease the phosphorylation of Akt
at T308 and S473, thereby regulating the migration of MSCs.

PDK1 has been recognized as a key regulator of cell mi-
gration triggered by growth factors and other extracellular
signals (Gagliardi et al. 2015), and Akt is about the most
important transducer that is required for cell migration down-
stream of PDK1. The results presented here, combined with

Fig. 7 MiR-375 suppresses the
activity of FAK and paxillin. a, a'
Tyrosine phosphorylation of FAK
at 397 (Y397-P) and paxillin at
118 (Y118-P) in MSCs infected
with Ad-375 or Ad before HGF
treatment. b, b' Tyrosine phos-
phorylation of Y397-FAK and
Y118-paxillin in MSCs infected
with Ad-375 or Ad after HGF
stimulation for 30 min. c, c', c''
Tyrosine phosphorylation of
Y397-FAK and Y118-paxillin in
MSCs infected with Ad-375 or
Ad upon HGF treatment for indi-
cated times. Adenovirus infection
andHGF treatment ofMSCs were
the same as described in Fig. 4.
Shown are representative results
of three independent experiments,
data presented are mean ± SEM.
*P < 0.05 vs. Ad without HGF.
#P < 0.05 vs. Ad-375 without
HGF

�Fig. 6 MiR-375 influences the length and distribution of focal adhesions
(FAs) upon HGF treatment. a Representative images of FAs by paxillin
immunostaining in MSCs infected with Ad or Ad-375 and treated with
50 ng/ml HGF for indicated times. Scale bar 25 μm. b, b'Ratio of FAs at
different length in Ad- or Ad-375-infected MSCs. c Ratio of FAs at cell
periphery to total number of FAs in Ad- or Ad-375-infected MSCs.
Values are mean ± SEM from three independent experiments.
*P < 0.05 vs. Ad without HGF. #P < 0.05 vs. Ad-375 without HGF
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our previous findings that another two HGF-upregulated
miRNAs, miR-26b and miR-221, promote MSC migration
by targeting PTEN and activating Akt (Zhu et al. 2016), allow
us to conclude that downregulation of miR-375 and upregu-
lation of miR-26b and miR-221 in response to HGF stimula-
tion coordinate the activation of the Akt signaling pathway
and promote the migration of MSCs. However, the detailed
molecular mechanism downstream of Akt, which directly me-
diates the effects of miR-375, miR-26b and miR-221 onMSC
migration, requires further elucidation.

Coordinate assembly, disassembly and maturation of FAs
are required for persistent cell migration. Nascent adhesions,
initially formed and localized immediately behind the leading
edge, are small and usually undergo rapid turnover, unless
they mature to form typical focal adhesions of approximately
1 μm in diameter in response to tensile stress (Parsons et al.
2010; Zaidel-Bar et al. 2003). Most of these FAs disassemble
upon retraction of the lamella and the remaining mature into
elongated, larger and more stable FAs, usually 3–10 μm long
and localized further within the cell (Parsons et al. 2010;
Zaidel-Bar et al. 2003). Small FAs of approximately 1 μm in
diameter are more dynamic and peripherally distributed and
mediate traction forces required for cell migration, whereas
larger FAs, typically 3–10 μm long and centrally distributed,
mediate cell spreading (Fogh et al. 2014; Parsons et al. 2010).
In this study. we found that overexpression of miR-375 inter-
fered the HGF-induced formation of small FAs (1–2 μm
long), and decreased the number of FAs localized at the pe-
riphery (Fig. 6b, b', c). These results suggest that miR-375
might affect the HGF-induced formation of peripheral small
FAs, thereby leading to the inhibition of cell migration.

Tyrosine phosphorylation of FAK and paxillin has been
proved to regulate FA dynamics (Hamadi et al. 2005;
Zaidel-Bar et al. 2007). Reduced tyrosine phosphorylation of
FAK leads to larger and more stable FAs and slower FA turn-
over (Deramaudt et al. 2011; Ilic et al. 1995; Volberg et al.
2001; Webb et al. 2004). Paxillin phosphorylation at Y118
promotes cell migration, enhancing the formation and turn-
over of adhesions (Zaidel-Bar et al. 2007). In the present
study, miR-375 suppressed the phosphorylation of Y397-
FAK and Y118-paxillin (Fig. 7), which might contribute to
the influence of miR-375 on FAs.

FAK has been typically considered upstream of Akt
through direct binding of PI3K and PTEN (Tamura et al.
1999; Xia et al. 2004). Recent studies have proved that Akt
facilitates tyrosine phosphorylation of FAK by directly bind-
ing and phosphorylating three serine sites of FAK (Tureckova
et al. 2009; Wang and Basson 2011). These results suggest
that mutual regulation or interaction may exist between Akt
and FAK. Their relationship in mediating the miR-375-
inhibited migration of MSCs requires further investigation.

In conclusion (Fig. 8), we demonstrate that miR-375 in-
hibits HGF-elicited migration of MSCs by downregulating
PDK1 and its downstream Akt signaling. Moreover, miR-
375 prevents the peripheral distribution of FAs and decreases
the phosphorylation of Y397-FAK and Y118-paxillin upon
HGF stimulation, whichmight also contribute to the inhibition
of cell migration by miR-375. These results provide novel
insights into the mechanism of cell migration elicited by
HGF, which may benefit the cell-based therapy in the future
bymanipulating the level of miR-375 and improving the hom-
ing capability of transplanted MSCs.
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