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To explore how Girdin/GIV is regulated by cyclic tension and propagates downstream signals to affect cell
proliferation and migration. Human osteoblast-like MG-63 cells were exposed to cyclic tension force at
4000 pstrain and 0.5 Hz for 6 h, produced by a four-point bending system. Cyclic tension force upre-
gulated Girdin and Akt expression and phosphorylation in cultured MG-63 cells. Girdin and Akt each
promoted the phosphorylation of the other under stimulated tension. In vitro MTT and transwell assays
showed that Girdin and Akt are required for cell proliferation and migration during cellular quiescence.
Moreover, STAT3 was determined to be essential for Girdin expression under stimulated tension force in
the physiological condition, as well as for osteoblast proliferation and migration during quiescence.
These findings suggest that the STAT3/Girdin/Akt pathway activates in osteoblasts in response to me-
chanical stimulation and may play a significant role in triggering osteoblast proliferation and migration
during orthodontic treatment.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

When loading a mechanical force onto teeth during orthodontic
treatment, the alveolar bone is continuously remodeled. Osteo-
clasts resorb old bone on the side of pressure and osteoblasts form
new bone on the side of tension. The current evidence suggests that
during the process of force-induced bone remodeling, the cyto-
skeleton (comprised of actin filaments, microtubules, and inter-
mediate filaments) can undergo complex deformation and
biochemical change upon mechanical stimulation and convert
mechanical signals into chemical signals. These signals subse-
quently regulate cell differentiation, proliferation, migration, and
other cell phenotypes [1,2]. A host of molecules have been found to
be involved in the signal transduction mechanism, like phospha-
tidylinositol 3-kinase (PI3K), Jun amino-terminal kinases [3], and
cytoskeleton-related proteins, such as integrin-f and focal
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adhesion kinase [4]. Although significant progress has been made
in recent years, our knowledge of mechanical signal transduction
network remains far from complete.

Girders of actin filaments (Girdin) [5], also known as Ga-inter-
acting vesicle-associated protein (GIV) [6], Akt-phoshorylation
enhancer (APE) [7], or Hook-related protein 1 (HkRP1) [8], was
first reported by four laboratories in 2005. Girdin is located in human
chromosome 2p16.1 and encodes a large, 1870-amino acid protein
with a predicted molecular mass of ~220—250 kDa [9]. Girdin is
comprised of an a-helical coiled-coil domain (~1122 amino acids) in
its middle conformation and a flanked N-terminal domain (~253
amino acids), as well as a C-terminal domain [9] (~495 amino acids).
Girdin can crosslink with actin [5], linking actin filaments via the C-
terminal half of its CT domain. In cortical cytoplasm, Girdin simul-
taneously associates with the plasma membrane via the N-terminal
half of its CT domain [5]. These properties make Girdin an active
participant in actin cytoskeletal remodeling during cell mobility. In
addition, Girdin can activate Akt through two PI3K-dependent
mechanisms [7,10]. Previous studies indicated that Girdin regu-
lates diverse cell biological processes. It promotes transendothelial
permeability [ 11], postnatal development of the dentate gyrus [12],
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epithelial wound healing [13], macrophage chemotaxis [14], auto-
phagy [15], tumor angiogenesis [16], cell proliferation [7], cell
migration [5,17] and cancer invasion and metastasis [18].

Because of the close relationship between Girdin and the actin
cytoskeleton (an essential mediator in mechanical signal trans-
duction [1,2]), and the fact that Girdin can directly and indirectly
activate the PI3K/Akt pathway (which has been shown to be acti-
vated in mechanical signal transduction [7,10]), here we hypothe-
size a new cell biological process for Girdin. We propose that Girdin
is an active participant of mechanical signal transduction in the cell.

In this study, we examined the expression and interaction of
Girdin and Akt in osteoblast-like cells under cyclic tensile stimu-
lation. We then investigated the effects of Girdin and Akt proteins
on osteoblast-like cell proliferation and migration by observing the
behavior of the Girdin or Akt-depleted cells in MTT proliferation
assays and transwell migration assays. Recent studies have identi-
fied that Girdin is a direct target of transcription factor signal
transducer and activator of transcription-3 (STAT3) [13], so we also
tested the expression of STAT3 under cyclic tensile stimulation and
examined the effects of STAT3 deletion on the stretch-induced
expression and activation of Girdin.

2. Materials and methods
2.1. Antibodies and reagents

Anti-Girdin (1:2000) and anti-phosphor-Ser-1417  Girdin
(1:2000) were provided by Abcam, Inc. (Cambridge, MA, USA).
Anti-Akt2 (1:2000), anti-phosphor-Ser-474 Akt2 (1:2000), anti-
STAT3 (1:500), anti-phosphor-Tyr-705 STAT3 (1:500), and anti-
GAPDH (1:3000) were from Signalway Antibody (Pearland, TX,
USA). Horseradish peroxidase-conjugated secondary antibody
(1:10,000) were provided by Santa Cruz Biotechnology Inc. (Wal-
tham, MA, USA). Sigma (St. Louis, MO, USA) supplied «-MEM, and
polybrene. Fetal bovine serum (FBS) and Trizol reagent were from
Gibco-BRL Corp. (Grand Island, NY, USA).

2.2. Cell culture

The human osteoblast-like MG-63 cell line was purchased from
ATCC (ATCC number: CRL1427, Rockville, MD, USA). MG-63 cells
were cultured in o-MEM supplemented with 10% FBS, 100U/mL
penicillin, 100 pg/mL streptomycin, and 50 pg/mL ascorbic acid and
were maintained in a humidified 37 °C incubator under 5% CO,. The
culture medium was changed once every three days throughout the
experiment. After reaching 80% confluence, cells were detached
and seeded into the force-loading plate at a density of 1 x 10° cells/
cm?. The force-loading plates were made as described previously
[19].

2.3. RNA interference

The siRNA-mediated knockdown of Girdin and Akt was per-
formed using previously described methods [5]. Briefly, the tar-
geted sequences that effectively mediated the silencing of the
expression of Girdin are as follows (only sense sequences are
shown): 5'-AACCAGGTCATGCTCCAAATT-3' (nucleotides 145—165,
Girdin siRNA [A]) and 5'-AAGAAGGCTTAGGCAGGAATT-3’ (nucleo-
tides 780—800, Girdin siRNA [B]). The 21-nucleotide synthetic du-
plexes were prepared by Qiagen. The siRNAs specific to human Akt2
and STAT3 were purchased from Qiagen. MG-63 cells were trans-
fected with either 20 nM of three siRNAs or a 21-nucleotide irrel-
evant RNA (Qiagen) as a control for 48 h, using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer's protocol. To
achieve a good knockdown of the target, clones in which the

expressions of Girdin, Akt2 and STAT3 were effectively suppressed
(suppression > 50% of protein, as measured by Western blot) were
selected and used for further study.

2.4. Cyclic tension stimulation

The Forcel Four-Point Bending Strength Device (West China
College of Stomatology, Sichuan University, number of national
patents of RP China: CN2534576 and CN1425905) was obtained
commercially and used to apply mechanical tension to osteoblasts
[19,20] (Fig. 1A and B). Herein, we plated MG-63 cells on force-
loading plates and subjected them to cyclic uniaxial tension stim-
ulation at 4000 pstrain and 0.5 Hz for 6 h by the four-point bending
system. In the control groups, cells were cultured on similar plates
and maintained in the same incubator without tensile loading. The
operations were repeated in triplicate.

2.5. Western blot analysis

After cells were harvested, we extracted the protein and assayed
it quantitatively using Bradford method. Protein extracts were
separated on 10% SDS-polyacrylamide gels, followed by electro-
transference onto polyvinylidene difluoride (PVDF) membranes
(Roche Diagnostic, Germany). Membranes were probed with the
primary antibody overnight at 4 °C. After incubation with a
horseradish peroxidase-conjugated secondary antibody for 1 h at
37 °C, the immunoreactive bands were visualized by enhanced
chemiluminescence (ECL, Amersham Pharmacia Biotech). Phos-
phorylated Girdin (p-Girdin), Akt (p-Akt), and STAT3 (p-STAT3)
were detected, and then, the PVDF membranes were stripped with
eluent containing 99% B-mercaptoethanol, 10% SDS, and 1 M
Tris—HCI (pH 6.7). A second hybridization was carried out to detect
the levels of Girdin, Akt, STAT3 and GAPDH. Western blot images
were quantified by using the Gel-Pro Analyzer software.

2.6. MTT cell proliferation assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) cell proliferation assay (Invitrogen) was performed
according to the manufacturer's instructions. Therein, 2 x 10° to
6 x 10> cells were plated per well of a 96-well plate in full culture
medium. To label the cells, MTT solution was added to the culture
medium at a final concentration of 1.2 mM and incubation was

Fig. 1. Schematic representation of the Forcel Four-Point Bending Strength Device.
A) Forcel Four-Point Bending Strength Device (West China College of Stomatology,
Sichuan University, number of national patents of RP China: CN2534576 and
CN1425905). This system can provide cyclic uniaxial tensile strain on adherent cell
in vitro. Boxed area in panel A is enlarged in panel B. B) Tensile stress application.
Therein, the force-loading plate and MG-63 cells upon it are deformed as load is
applied to the plates.
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continued for another 4 h. Dimethylsulfoxide was added and
readings were taken on a plate reader at 490 nm. Readings were
taken at specific time points (24, 48, and 72 h) after plating the
cells.

2.7. Transwell migration assays

MG-63 cells (5 x 10* cells) were plated in the top chambers of
Transwell® plates (BD Biosciences; pore diameter = 8 pm) in full
culture medium minus EGF and were allowed to migrate
downwards, towards medium supplemented with 20 ng/mL EGF,
over a period of 24 h. At the end of the assay, cells in the top
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chamber were removed and the cells at the bottom of the filter
were fixed with 100% ethanol for 10 min and stained with 0.1%
crystal violet solution for 30 min. The dye was eluted using 33%
acetic acid, and crystal violet absorbance was measured at
590 nm.

2.8. Statistical analysis

Experiments were repeated at least three times and results were
expressed as mean + standard deviation. Statistical significance
between various conditions was evaluated with Student's t-test.
P < 0.05 was considered significant.
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Fig. 2. Cyclic tension force upregulates Girdin and Akt expression and phosphorylation in human osteoblasts. A) MG-63 cells were transfected with Scr control siRNA (lanes 1,
2) and Girdin siRNA (lanes 3, 4) for 48 h. Then, cells were exposed to either tension force stimulation at 4000 pstrain and 0.5 Hz for 6 h by the four-point bending system (lanes 2, 4)
or maintained in the same incubator without the tensile loading (lanes 1, 3). Finally, whole-cell lysates were analyzed for the indicated proteins by immunoblotting. B) MG-63 cells
were transfected with Scr control siRNA (lanes 1, 2) and Akt siRNA (lanes 3, 4), then treated as above A. Whole-cell lysates were analyzed for the indicated proteins by immu-
noblotting. Changes in p-STAT3 and STAT3 levels caused by Girdin or Akt siRNA are described in Section 3.3. Assays were repeated at least in triplicate and gave similar results.

Results were expressed as mean (column) + standard deviation (error bar), *P < 0.05.
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3. Results

3.1. Cyclic tension force upregulates Girdin and Akt expression and
phosphorylation in human osteoblasts

MG-63 cells were subjected to cyclic tension force at 4000
pstrain and 0.5 Hz. After 6 h, the protein expression levels of Girdin
and Akt (relative to protein expression level of GAPDH) were
increased by ~2.1- and 1.6-fold, respectively (Fig. 2A and B). Phos-
phorylation levels of Girdin and Akt (relative to the intensity level
of the same protein) were increased ~1.6- and 1.5-fold, respectively,
upon cyclic tension stimulation (Fig. 2A and B).

To determine the endogenous interaction between Girdin and
Akt in osteoblasts under cyclic tension force, we performed RNA
interference to suppress Girdin (Fig. 2A) or Akt (Fig. 2B) expression.
Although the total Akt or Girdin level did not change significantly
after Girdin or Akt knockdown, knockdown of Girdin attenuated
the base-level and tension force-induced phosphorylation of Akt
(Fig. 2A), and knockdown of Akt inhibited the base-level and ten-
sion force-induced phosphorylation of Girdin (Fig. 2B). Taken
together, these data indicate that cyclic tension force is able to
upregulate Girdin and Akt expression and phosphorylation in hu-
man osteoblasts, and that these two proteins can promote the
phosphorylation of each other during quiescence and under con-
ditions of tension stimulation.

3.2. Girdin and Akt are required for osteoblast proliferation and
migration in quiescence

We next investigated the function of Girdin and Akt in quiescent
osteoblasts by observing the behavior of Girdin- or Akt-depleted
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cells in MTT proliferation assays and transwell migration assays.
We found that the Girdin- (Fig. 3A) or Akt-depleted (Fig. 3C) cells
had significantly lower levels of proliferation compared to scram-
bled control siRNA-treated cells. In transwell migration assays,
Girdin- (Fig. 3B) or Akt-depleted (Fig. 3D) cells also migrated less
than the scrambled control siRNA-treated cells. Taken together,
Girdin and Akt are essential for osteoblast proliferation and
migration.

3.3. STAT3 is required for Girdin expression and osteoblast
proliferation and migration

A recent study identified Girdin as a direct target of STAT3 [13].
Here, we investigated whether STAT3 is required for the upregu-
lation of Girdin by cyclic tension-force stimulation. We found that
tension-force stimulation upregulated the expression levels of
STAT3 and Girdin, and increased the level of p-Girdin (Fig. 4A).
Furthermore, knockdown of STAT3 reduced the base-level and
force-induced expression levels of Girdin, but did not obviously
influence the phosphorylation level of Girdin (Fig. 4A). In contrast,
although knockdown of Girdin did not influence the expression of
STAT3, the p-STAT3 level was significantly reduced under condi-
tions of quiescence or tension stimulation (Fig. 2A). Knockdown of
Akt did not obviously influence the expression or phosphorylation
of STAT3 (Fig. 2B).

Next, we investigated whether STAT3 is also required for oste-
oblast proliferation and migration. Indeed, MTT proliferation assays
showed that MG-63 cells transfected with siRNA against STAT3
have an impaired proliferation phenotype compared with cells
transfected with control siRNA (Fig. 4B). In addition, in transwell
migration assays, STAT3 siRNA-treated MG-63 cells migrated
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Fig. 3. Girdin and Akt are required for osteoblast proliferation and migration. A) Knockdown of Girdin attenuates osteoblast proliferation. We introduced Girdin siRNA and
control siRNA into MG-63 cells, and then the total number of cells in the culture media at three observation points (24 h, 48 h, and 72 h after plating) was counted and expressed as
fold changes in proliferation. B) Knockdown of Girdin impairs osteoblast migration. MG-63 cells treated with Girdin siRNA or control siRNA were plated in the top chamber of
Transwell® migration plates in the absence of EGF and were allowed to migrate overnight towards medium supplemented with EGF in the lower chamber. The total number of cells
in the lower chamber after 12 h was counted and expressed as the percent of cells analyzed. C) Knockdown of Akt attenuates osteoblast proliferation. To compare the proliferation
phenotype of control and Akt siRNA cells, the MTT proliferation assays were performed as in A. D) Knockdown of Akt impairs osteoblast migration. To compare the migration
phenotype of control and Akt siRNA cells, transwell migration assays were used as in B. The results are expressed as mean (column) + standard deviation (error bar) of repre-
sentative experiments out of at least n = 3. *P < 0.05: Girdin or Akt siRNA vs. Control siRNA.
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poorly compared with control siRNA-treated ones (Fig. 4C).
Therefore, STAT3 is essential for Girdin expression in both quies-
cence and under tension force, and is required for osteoblast pro-
liferation and migration.

4. Discussion

The main findings of the present study are: (1) that cyclic tensile
force induces Girdin expression and phosphorylation in human
osteoblast-like MG-63 cells (Fig. 2) and (2) depletion of Girdin by
siRNA inhibits proliferation and migration of MG-63 cells (Fig. 3A
and B). This is the first report investigating the change in and role of
Girdin in MG-63 cells in response to cyclic tension force. A similar
study reported that Gipie, a Girdin protein family member, is
upregulated by mechanical stimulation and plays a protective role
in the endoplasmic reticulum stress response in endothelial cells
[21]. Others have reported that Girdin is phosphorylated on S1416
by Akt after the addition of growth factors (epithelial growth factor
[5,22], insulin-like growth factor [18], vascular endothelial growth
factor [16] and insulin [7,14,15,17]), whereas total Girdin levels do
not change significantly under these conditions. In resting state
cells, Takahashi et al. found that Girdin cross-links actin filaments,
forms actin bundles diffusely in cytoplasm, and anchors these
bundles to phosphatidylinositol 4-phosphate [PI(4)P] and phos-
phatidylinositol 3-phosphate [PI(3)P] in the plasma membrane at
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the cortical region of cells [5,9]. They also demonstrated that, in
migrating cells induced by epithelial growth factor, the phosphor-
ylation of Girdin at S1416 by Akt attenuates its affinity to PI(4)P and
PI(3)P, but does not affect its affinity to actin filaments [5]. These
studies were used to conclude that the changes in the affinity of
Girdin to lipids cause it to detach from lipid-rich membranes (e.g.,
endoplasmic reticulum), move to the leading edge, and cross-link
newly generated short actin filaments to facilitate lamellar pro-
trusion and cell migration [9]. These previous results, combined
with our findings in osteoblasts, lead us to propose that the upre-
gulation and subsequent phosphorylation of Girdin in osteoblasts
by cyclic tension force may directly contribute to actin cytoskeletal
remodeling, which may subsequently trigger cell migration.
Therefore, Girdin upregulation and phosphorylation are important
events in the movement and manipulation of teeth by orthodontic
practices.

Moreover, given the key role of osteoblasts in bone remodeling,
their proliferation is considered an important marker of bone
growth. Previous studies have reported that Girdin knockdown
results in a reduction of DNA synthesis in HepG2 cells, with a cor-
responding decrease in Akt phosphorylation and activity [7]. These
findings were supported by our conclusion that Girdin is required
for MG-63 cell proliferation (Fig. 3A). The role of Girdin in regu-
lating cell proliferation may be attributed to its ability to activate
the PI3K/Akt pathway [10,17], which is well known to mediate cell
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Fig. 4. STAT3 is required for Girdin expression and osteoblast proliferation and migration. A) MG-63 cells were transfected with Scr control siRNA (lanes 1, 2) and STAT3 siRNA
(lanes 3, 4). Then the cells were exposed to either tension force stimulation at 4000 pstrain and 0.5 Hz for 6 h by the four-point bending system (lanes 2, 4) or maintained in the
same incubator without the tensile loading (lanes 1, 3). Finally, whole-cell lysates were analyzed for the indicated proteins by immunoblotting. B) Knockdown of STAT3 attenuates
osteoblast proliferation. To compare the proliferation phenotype of control and STAT3 siRNA cells, the MTT proliferation assays were performed as in Fig. 3A. C) Knockdown of Girdin
impairs osteoblast migration. To compare the migration phenotype of control and STAT3 siRNA cells, transwell migration assays were used as in Fig. 3B. The results are expressed as
mean (column) + standard deviation (error bar) of representative experiments out of at least n = 3. *P < 0.05.



498 J.-T. Hu et al. / Biochemical and Biophysical Research Communications 464 (2015) 493—499

proliferation [7,23,24]. Recent studies showed that this pathway is
activated in MG-63 cells under tension force [3].

Until now, there have been two generally accepted PI3K-
dependent mechanisms for how Girdin enhances Akt phosphory-
lation. First, Girdin interacts with and activates Gai3 through its
GEF motif [17]. The activation of Gai3 mediates the dissociation of
GBy from Girdin-Gai3 complexes. Gy, in turn, directly activates
the catalytic p110 subunit of PI3K, and then activates downstream
Akt signaling [14,25]. Recent studies showed that Girdin can be
phosphorylated by receptor tyrosine kinases at Y1764 and Y1798,
and can directly interact with the regulatory p85 subunit of PI3K,
thereby activating PI3K-dependent Akt signaling [10].

However, other authors found that the exogenously induced
expression of both Girdin and Akt inhibits cell proliferation and
induces apoptosis in COS-7 and Hela cells [7], which was not
observed in our research. This finding suggests that the role of
Girdin in cell proliferation might be far more complex and, indeed,
might be cell- and/or tissue-specific. Another study of the Girdin
protein structure found that its C-terminal guanine nucleotide ex-
change factor (GEF) motif is required to enhance migration
(motogenic) and suppress proliferation (mitogenic) pathways [22].
In the absence of GEF (e.g., in some cancers due to the alternative
splicing of Girdin pre-mRNA), the remaining N-terminal Girdin
residues are sufficient to propagate proliferation pathways [22].

We found that STAT3 is required for the expression of Girdin in
MG-63 cells at the resting state or under cyclic tension force (Fig. 4),
in line with Ghosh et al., who concluded that STAT3 is the tran-
scription factor of Girdin [13]. In that study, overexpression (or
knockdown) of STAT3 in HeLa cells increased (or decreased) the
mRNA and protein expression levels of Girdin. STAT3 also immu-
noprecipitated with the Girdin promoter, most obviously at 6 h after
induction of migration by a wound scratch. Interestingly, Ghosh
et al. found that Girdin enhances STAT3 activation through its GEF
motif, and forms a positive feedback loop that regulates Girdin's
own expression [13]. These changes may explain, at least in part,
the increased p-STAT3 level under tension-force stimulation. Of
note, depletion of STAT3 did not completely abolish Girdin tran-
scription, also observed by Ghosh et al. [13], suggesting that there
may be other transcription factors and cofactor complexes that
effectively and efficiently fine-tune Girdin expression.

We demonstrated that (1) cyclic tension force upregulates Gir-
din and Akt expression and phosphorylation in cultured human
osteoblast-like MG-63 cells, and (2) these two proteins can pro-
mote the phosphorylation of each other after tension stimulation.
(3) In vitro MTT and transwell assays showed that Girdin and Akt
are required for cell proliferation and migration. (4) Moreover, for
the first time, STAT3 was found to be essential for Girdin expression
after application of the tension forces under physiological condi-
tions, as well as required for osteoblast proliferation and migration.
These findings suggest that the STAT3/Girdin/Akt pathway activates
in osteoblasts in response to mechanical stimulation, and may play
a significant role in triggering cell proliferation and migration
during orthodontic treatment.
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