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Extracellular signal-regulated kinase 5 (ERK5) is a member of the mitogen-activated protein kinase
(MAPK) family and is activated by its upstream kinase, MAPK kinase 5 (MEK5), which is a member of the
MEK family. Although the role of MEK5 has been investigated in several fields, little is known about its
role in osteoblastic differentiation. In this study, we have demonstrated the role of MEK5 in osteoblastic
differentiation in mouse preosteoblastic MC3T3-E1 cells and bone marrow stromal ST2 cells.
MEKS o o We found that treatment with BIX02189, an inhibitor of MEKS5, increased alkaline phosphatase (ALP)
Osteoblastic differentiation .. . . . .
MEK5 inhibition activity and the gene expression of ALP, osteocalcin (OCN) and osterix, as well as it enhanced the
MEKS5 inhibitor calcification of the extracellular matrix. Moreover, osteoblastic cell proliferation decreased at a con-
centration of greater than 0.5 pM. In addition, knockdown of MEKS5 using siRNA induced an increase in
ALP activity and in the gene expression of ALP, OCN, and osterix. In contrast, overexpression of wild-type
MEKS5 decreased ALP activity and attenuated osteoblastic differentiation markers including ALP, OCN and
osterix, but promoted cell proliferation. In summary, our results indicated that MEK5 suppressed the
osteoblastic differentiation, but promoted osteoblastic cell proliferation. These results implied that MEK5
may play a pivotal role in cell signaling to modulate the differentiation and proliferation of osteoblasts.

Keywords:

Thus, inhibition of MEK5 signaling in osteoblasts may be of potential use in the treatment of

0steoporosis.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Extracellular signal-regulated kinase 5 (ERK5) is a member of
the mitogen-activated protein kinase (MAPK) family and is acti-
vated by MAPK kinase 5 (MEK5), which is a member of the MEK
family [1]. The principal downstream target of MEK5 is ERK5, which
is also known as MAPK7 or big MAP kinase 1(BMK1) [2]. Because
ERKS5 is the only known substrate of MEKS5, all effects of MEK5 have
been attributed to its ability to activate ERK5 [3].

The MEK5-ERK5 pathway is one of the lesser studied mem-
bers among the MAPK family. This pathway has been implicated
in cell survival, antiapoptotic signaling, angiogenesis, cell
motility, differentiation and cell proliferation [4—6]. However,
still much remains to be learnt regarding the potential activators
of this pathway and the several intermediary molecules involved
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in signaling both the upstream and downstream activation of
MEK5-ERKS.

MEKS5-ERK5 is over-expressed or constitutively active in a
number of cancers, such as prostate cancer and breast cancer, in
comparison with the expression of the pathway in healthy cells
[7,8]. On the other hand, the MEK5-ERKS5 signaling pathway has
been implicated in neurotrophin-mediated protective effects on
apoptosis by serum withdrawal in neurons [9,10]. It has also been
reported that MEK5-ERKS5 is involved in cardiac hypertrophy [11]
and cell fusion during skeletal muscle differentiation [12].

Our previous work demonstrated the functions of two other
members of the MEK family, MEK1 and MEK?2 in osteoblast differ-
entiation. MEK1 could act as a positive modulator for the osteoblast
differentiation, whereas MEK2 could act as a negative modulator
[13,14].

These findings suggested a potential role of MEK5 in the
osteoblastic differentiation. Thus far, this role has not been well
elucidated, and no report has explained functions of MEK5 in
osteoblasts.
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In this study, we examined the functions of MEK5 on osteo-
blastic differentiation and proliferation in mesenchymal cell lines.

2. Materials and methods
2.1. Cell culture

Mouse preosteoblastic MC3T3-E1 cells and bone marrow
stromal ST2 cells were obtained from Riken Cell Bank (Tsukuba,
Japan). MC3T3-E1 cells were cultured in ¢-minimal essential me-
dium (o-MEM; Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS; Hyclone, Road Logan, UT, USA) as the
growth medium at 37 °C under a humidified 5% CO, atmosphere.
ST2 cells were cultured for cell growth in RPMI 1640 (Invitrogen)
containing 10% FBS. For each assay, the growth medium was
replaced and supplemented with 0.2 mM ascorbic acid (Sigma-
—Aldrich, St. Louis, MO, USA) and 4 mM f-glycerophosphate
(Sigma—Aldrich), which was the differentiation medium. For all
assays using ST2 cells, the differentiation medium was added with
50 ng/ml recombinant human BMP-2 (rhBMP-2; osteopharma,
Osaka, Japan). The medium was renewed every 3 days.

2.2. Proliferation assay

MC3T3-E1 cells and ST2 cells were cultured in 96-well plates at
2.0 x 10% cells/cm? in the differentiation medium. Cell proliferation
was assessed using the Premix WST-1 cell proliferation assay sys-
tem (Takara Bio, Inc., Otsy, Japan) according to the manufacturer's
instructions. This assay was performed every 24 h for 3 days.

2.3. Alkaline phosphatase (ALP) staining and activity

Cells were seeded in 24-well plates at 2.0 x 10* cells/cm?. After a
24 h incubation in the growth medium, cells were treated with
BIX02189, MEKS5 inhibitor (Selleck, Houston, TX, USA), in the dif-
ferentiation medium for 3 days.

For ALP staining, cells were washed with phosphate-buffered
saline (PBS) (Sigma—Aldrich) and fixed for 15 min with 10%
formalin at room temperature. After fixation, the cells were incu-
bated with the ProtoBlot II AP System with Stabilized Substrate
(Promega, Madison, WI, USA) for 1 h at room temperature.

For measurement of ALP activity, cells were washed twice with
PBS and lysed in mammalian protein extraction reagent (M-PER;
Pierce, Rockford, IL, USA) according to the manufacturer's protocol.
ALP activity was assayed using p-nitrophenylphosphate as a sub-
strate in an Alkaline Phosphatase Test Wako (Wako Pure Chemicals
Industries, Ltd., Osaka, Japan). The protein content was measured
using a bicinchoninic acid (BCA) protein assay kit (Pierce).

2.4. Alizarin Red S staining

MC3T3-E1 cells were cultured for 28 days on 24-well plates in
the differentiation medium. The cells were subsequently washed
twice with PBS, fixed in 10% formalin for 10 min, and stained with
Alizarin Red S (Sigma—Aldrich) at pH 6.3 for 1 h. Following staining,
the Alizarin Red S solution was discarded and cells washed three
times with distilled water. Bound Alizarin Red was dissolved in
200 pl of 100 mM hexadecylpyridium chloride (Sigma—Aldrich).
The absorbance of the supernatant was measured at 570 nm.

2.5. Quantitative real-time polymerase chain reaction (PCR)
Total RNA was extracted from cells using RNeasy Mini Kit

(Qiagen, Diisseldorf, Germany). First-strand cDNA was synthesized
by reverse transcription PCR using SuperScript Il RNase H-reverse

transcriptase (Life Technologies Japan, Tokyo, Japan). Each cDNA
was measured using quantitative real-time PCR of a Light Cycler
system (Roche Applied Science, Basel, Switzerland). The SYBR
Green assay using a Quantitect SYBR Green PCR Kit (Qiagen), in
which each cDNA sample was evaluated in triplicate 20-ul re-
actions, was used for all target transcripts. Expression values were
normalized to GAPDH. The following primers were used;

ALP (forward primer 5-AATCGGAACAACCTGACTGACC-3';
reverse primer 5'-TCCTTCCAGCAAGAAGAA-3'),

Osteocalcin (forward primer 5-CTCACTCTGCTGGCCCTG-3';
reverse primer 5-CCGTAGATGCGTTTGTAGGC-3'),

Osterix (forward primer 5'-AGGCACAAAGAAGCCATAC-3';
reverse primer 5-AATGAGTGAGGGAAGGGT-3),

Runx2 (forward primer 5-GCTTGATGACTCTAAACCTA-3';
reverse primer 5-AAAAAGGGCCCAGTTCTGAA-3'), and

GAPDH (forward primer 5-TGAACGGGAAGCTCACTGG-3;
reverse primer 5-TCCACCACCCTGTTGCTGTA-3').

2.6. Western blotting

Cells were rapidly lysed on ice using Cell Lysis Buffer (Cell
Signaling Technology, Beverly, MA, USA) containing protease and
phosphatase inhibitors. The lysates were centrifuged at 13,000 rpm
for 20 min at 4 °C and the supernatants were used for the elec-
trophoretic separations, following protein quantitation using BCA
protein assay. Western blotting was performed using antibodies
against ERK5 (Sigma—Aldrich), phospho-p42/44 MAPK (Thr202/
Tyr204) (Cell Signaling Technology), p42/44 MAPK (Cell Signaling
Technology), MEK1 (Cell Signaling Technology), MEK2 (Cell
Signaling Technology), and MEK5 (Santa Cruz Biotechnology, Inc.,
Austin, TX, USA). To control protein loading, blots were also treated
with B actin antibody (Cell Signaling Technology).

2.7. MEK5 knockdown by RNA interference

MC3T3-E1 cells and ST2 cells were transfected with small
interfering RNA (siRNA) using Lipofectamine RNAIMAX (Invi-
trogen) according to the reverse transfection method in the man-
ufacturer's protocol.

Two different sets of MEK5 siRNA oligos were purchased from
Qiagen for MEK5 knockdown.

Cells transfected with siRNA were seeded in 24-well plates at a
1.0 x 10% cells/cm?. They were incubated for 48 h and expression of
MEK1, MEK2, and MEK5 was determined using western blotting.
For assays of ALP staining, ALP activity, and quantitative real-time
PCR of osteoblastic marker genes, the medium was subsequently
replaced with the differentiation medium, and the cells were
incubated for 3 days before use in experiments.

2.8. MEKS5 overexpression by infection with adenovirus vectors

Adenovirus expressing MEK5 and [-galactosidase were pur-
chased from Cell Biolabs, Inc. (San Diego, CA, USA). Each recombi-
nant adenovirus was plaque purified, expanded, and tittered in 293
cells (Riken Cell Bank). MC3T3-E1 cells were infected and 2 days
later, the medium was replaced with differentiation medium for
each assay.

2.9. Statistical analysis
All data are expressed as means + standard deviation (SD).

A minimum of 3 independent experiments were performed for
each assay. Statistical analysis was performed using a two-sided
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unpaired Student's t-test or analysis of variance (ANOVA) for mul-
tiple comparisons. Differences between experimental groups were
considered significant for p values <0.05.

3. Results

3.1. Inhibition of ERK5 phosphorylation and proliferation of MC3T3-
E1 preosteoblastic cells by MEK5 inhibitor BIX02189

Before evaluating the functions of MEKS5 in osteoblastic cells,
the effect of a MEK5 inhibitor BIX02189 on the phosphorylation of
ERKS5, a substrate of MEK5, was determined in MC3T3-E1 cells
using Western blotting (Fig. 1A). We confirmed two bands, phos-
phorylated and nonphosphorylated ERK5 (Fig. 1A, upper lane),
which was consistent with previous reports. Treatment with
BIX02189 decreased the level of ERK5 phosphorylation in a dose-
dependent manner (Fig. 1A, upper lane). No effects on phosphor-
ylation of ERK1/2 were concurrently observed (Fig. 1A, middle two
lanes).

Fig. 1B shows the results of the proliferation assay, wherein
MC3T3-E1 cells treated with varying concentrations of BIX02189 in
a dose-dependent manner reduced their proliferation on days 1-3.
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Fig. 1. Effects of MEKS5 inhibitor BIX02189 on phosphorylation of ERK5 and prolifer-
ation of MC3T3-E1 cells. (A) Phosphorylation levels of ERK5, downstream kinase of
MEKS5, and other ERK family, ERK1/2 by the treatment with BIX02189 in a dose-
dependent fashion. B-Actin was used as the internal control. (B) Proliferation of
MC3T3-E1 cells by the treatment with increasing concentrations of BIX02189. Data are
means + SD of 3 independent experiments performed in duplicate (*P < 0.05;
**P < 0.001; ***P < 0.001.).

These data indicated that BIX02189 inhibited MEK5-ERK5
signaling pathway without affecting the MEK1/2-ERK1/2 pathway
and suggested that inhibition of the MEK5-ERK5 pathway
decreased the proliferation of osteoblastic cells.

3.2. Promotive effects of MEK5 inhibitor BIX02189 on osteoblastic
differentiation of MC3T3-E1 cells

To confirm the functions of MEK5 on osteoblastic differentia-
tion, the effects of BIX02189 on osteoblastic differentiation in
MC3T3-E1 preosteoblastic cells were investigated. Treatment
with BIX02189 induced strong ALP staining (Fig. 2A, lower panel)
and ALP activity (Fig. 2A, upper graph) in a dose-dependent
manner. Furthermore, Alizarin Red S staining indicated that
BIX02189 promoted the mineralization of extracellular matrix
(ECM) (Fig. 2B, lower panel) and Fig. 2B upper graph showed a
dose-dependent increase of mineralization. Quantitative real-
time PCR revealed an accelerated dose-dependent mRNA
expression of the osteoblastic differentiation markers, including
ALP, OCN, and osterix by MEK5 inhibitor (Fig. 2C). On the other
hand, the expression of transcription factor Runx2 was not
affected by the treatment with inhibitor (Fig. 2C).

These results suggested that MEK5-ERKS5 signaling may have a
suppressive effect on osteoblastic differentiation in MC3T3-E1
cells.

3.3. Promotive effects of MEK5 knockdown on the osteoblastic
differentiation of MC3T3-E1 cells

To further confirm the function of MEKS5 in osteoblastic differ-
entiation of MC3T3-E1 cells, we investigated biological changes in
cell differentiation following MEK5 knockdown using an RNA
interference method. First, low-level MEK5 expression was
observed at 48 h after transfection with two different MEK5 siRNAs
(Fig. 3A, upper lane). In contrast, expression of the proteins, MEK1
and MEK2 were not affected by MEK5 siRNA (Fig. 3A, middle two
lanes). ALP activity and staining were increased by MEK5 knock-
down using both siRNAs (Fig. 3B). Similar to the effects observed for
MEKS5 inhibitor BIX02189, MEK5 knockdown led to the accelerated
mRNA expression of ALP, OCN, and osterix but did not significantly
affected the mRNA expression of Runx2 in the quantitative real-
time PCR assay (Fig. 3C).

These data support the results achieved with BIX02189 experi-
ments in MC3T3-E1 cells.

3.4. Inhibitory effects of adenoviral MEK5 overexpression on the
osteoblastic differentiation of MC3T3-E1 cells

To further elucidate the involvement of MEK5 in osteoblastic
differentiation, we performed adenoviral overexpression of MEK5
in MC3T3-E1 cells. After confirming overexpression of MEK5
without altering MEK1 and MEK2 protein expression levels
(Fig. 4A), the ALP activity and staining were analyzed. Fig. 4B shows
weak ALP staining (lower panel) and low ALP activity (upper graph)
in cells overexpressing MEK5. Yielding results opposite to those
obtained with RNAi experiments, MEK5 overexpression decreased
mRNA expression of osteoblastic differentiation markers including
ALP, OCN, and osterix (Fig. 4B).

These results indicated that the MEK5 signaling pathway may
suppress osteoblastic differentiation.

4. Discussion

The MEK5-ERK5 signaling pathway has been implicated in
the regulation of a variety of cellular processes, including
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Fig. 2. Promotive effects of BIX02189 on osteoblastic differentiation of preosteoblastic MC3T3-E1 cells. (A) ALP staining and activity of MC3T3-E1 cells treated with BIX02189 for 3
days. (B) Alizarin Red S solution and calcium content quantified in the cellular matrix of MC3T3-E1 cells by the treatment with BIX02189 in the differentiation medium for 28 days.
(C) mRNA expression of the osteoblast-related genes: ALP, OCN, Runx2, and osterix by quantitative real-time PCR analysis. The expression of each gene was normalized to GAPDH
expression. Data are means + SD of 3 independent experiments performed in duplicate (*P < 0.05; **P < 0.001; ***P < 0.001.).

proliferation, transformation, survival, and differentiation
[2,6,15]. More specifically, mice harboring a null mutation for erk5
gene died around gestational day 10, because of severe cardio-
vascular defects, prior to the onset of embryonic skeletogenesis
[16,17]. Although much experimental work has been performed
for elucidating the MEK5-ERK5 pathway and its associated
cellular processes, a role of this signaling cascade in osteoblastic
differentiation has not yet been reported.

The role of MEK1/2-ERK1/2 signaling pathway in osteoblastic
differentiation has been extensively investigated. Several in-
vestigators have reported that ERK1/2 activation is required for
osteoblastic differentiation [18], whereas others have demonstrated

that ERK1/2 activation inhibits osteoblastic differentiation [13,19].
Our previous studies have reported that osteoblastic differentiation
is promoted by MEK1/2 inhibition [13]. In addition, our results
suggested that the roles of MEK1 and MEK2 in the osteoblastic dif-
ferentiation may be different [14]. Recent studies involving other
cells have revealed different features of the MEK5-ERK5 pathway
compared with MEK1/2-ERK1/2 pathway. Moreover, MEK5-ERK5
plays a key role in cardiovascular development and neural differ-
entiation [2,20]. On the basis of prior studies, we focused on a po-
tential role for MEK5-ERKS5 in the osteoblastic differentiation.

To the best of our knowledge, the present study has been the
first to demonstrate novel functions of MEK5 in osteoblastic
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Fig. 3. Acceleration of osteoblastic differentiation of MC3T3-E1 cells by MEK5 Knockdown. (A) Protein expression levels of MEK5, MEK1, and MEK2 by MEK5 knockdown in MC3T3-
E1 cells following transfection with control or two MEK5 siRNAs. The cells transfected with siRNA were cultured for 48 h B-Actin was used as the internal control. (B) ALP staining
and activity of MC3T3-E1 cells transfected with siRNAs. The cells transfected with siRNA were incubated for 48 h, following which the medium was changed to the differentiation
medium. The cells were subsequently incubated for 3 days to evaluate osteoblastic differentiation. (C) mRNA expression of the osteoblast-related genes: ALP, OCN, Runx2, and
osterix by quantitative real-time PCR analysis. The expression of each gene was normalized against GAPDH expression. Data are means + SD of 3 independent experiments

performed in duplicate (*P < 0.05; **P < 0.001; ***P < 0.001.).

differentiation and the results of our analysis can be summarized
in two principal findings.

First, MEKS5 inhibition promoted the osteoblastic differentia-
tion as demonstrated by an increase in ALP activity, ECM calcifi-
cation, and mRNA expression of ALP, OCN, and osterix in
preosteoblastic MC3T3-E1 cells. Another mesenchymal cell line
ST2 are more primitive than MC3T3-E1 cells and they are known
to differentiate into osteoblast-like cells in a differentiation me-
dium in a manner similar to that of MC3T3-E1 cells [21]. Treat-
ment of ST2 cells with BIX02189 increased ALP activity, with
maximum activity observed at a concentration of 0.5 pM rather
than that of 1.0 uM, which was the concentration that resulted in

maximum activation in MC3T3-E1 cells (Supplemental data). In
addition, MEK5 knockdown increased ALP, OCN, and osterix gene
expression in MC3T3-E1 cells. Furthermore, proliferation of
MC3T3-E1 cells decreased following treatment with high con-
centrations of the MEK5 inhibitor, suggesting that inhibition of
MEKS5 suppressed proliferation, while promoting the differentia-
tion of osteoblasts.

In contrast, overexpression of MEK5 decreased ALP activity
and reduced the mRNA expression of osteoblastic markers and
transcription factors (ALP, OCN and osterix), as well as ECM
calcification in MC3T3-E1 cells. Furthermore, overexpression of
MEKS5 promoted proliferation of this cell lines.
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time PCR analysis. The expression of each gene was normalized against GAPDH expression. Data are means + SD of 3 independent experiments performed in duplicate (*P < 0.05;

**p < 0.001.).

In summary, these results suggested that MEK5 had a sup-
pressive effect on the osteoblastic differentiation, which is not
dependent on cell-type.

With regard to mechanisms for promotion of osteoblastic
differentiation by MEKS5 inhibition, inhibition of this pathway
appears to stimulate osteoblastic differentiation via osterix-
dependent mechanisms. Osterix may function downstream of
Runx2 during osteoblastic differentiation [22]. On the other
hand, another study found that Runx2 was not involved in in-
duction of osterix [23]. It has also been reported that osterix
controls osteoblast differentiation, in part, via a Runx2-
independent mechanism [24]. In our present study, expression
of Runx2 mRNA was not influenced by inhibition of MEK5. In
addition, Runx2 reporter assay may be necessary to reveal the
dependency of Runx2-osterix axis.

In a recent study, it has been reported that in MC3T3-E1 cells,
fluid shear stress stimulated ERK5 phosphorylation and osteo-
blastic differentiation, and this differentiation was down-regulated
by the treatment with BIX02189, the MEK5-ERKS5 inhibitor. In that
study, it was concluded that the MEK5-ERK5 pathway mediates
osteoblastic differentiation promoted by fluid shear stress [25].
However, this is not consistent with our results, although we used
the same cell line and reagents. We found that the inhibitor
suppressed not only the phosphorylation of ERK5 but also sup-
pressed the phosphorylation of ERK1/2 on using a high dose of the
inhibitor (more than 2 uM) (data not shown). Because a high dose
(10 uM) of the inhibitor was used in that study, we speculated that
the ERK1/2 pathway also could mediate in their experiments. In
the present study, we used the inhibitor within the concentration,
which selectively suppresses MEK5-ERK5 pathway. In addition,
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we obtained consistent results from the experiments of selective
knockdown and overexpression of MEKS5.

Understanding of the MEK5 pathway relative to other MAP ki-
nases may also help in tailoring appropriate drug treatments for
many cancers. Current studies suggest that there may be some
redundancies and cross-talk among members of the MAP kinase
family [5,26—29]. Future studies or re-examination of existing data
using newer pathway-specific inhibitors may help to elucidate the
specific signaling role of MEK5-ERKS5 in these tissues [2,28]. This
understanding may help with the development of specific treat-
ments and possibly minimize the side effects of future treatments.
Several features of the MEK5-ERK5 pathway may provide a novel
target for future therapeutics. Structurally, the C-terminus of ERK5
is much larger than that of other MAP kinases and contains both
auto-inhibitory and nuclear-shuttling functions [15,30—33]. This
structure lends itself to the development of specific drug targets,
which may not interfere with the functions of other MAP kinases'.
This specificity may allow for targeted therapeutics to inhibit this
pathway, while minimizing the inhibition of other MAP kinases
that may be critical to the survival of healthy cells. Therefore, MEK5
inhibitors could be developed for the treatment of osteoporosis in
patients with and without RA.

In conclusion, the present study indicates that MEK5 sup-
presses osteoblastic differentiation, while it promotes osteoblastic
proliferation. Our study provides new insights into the potential
treatment options for osteoporosis, focusing on osteoblastic dif-
ferentiation in vitro. Thus, inhibition of MEK5 signaling in osteo-
blasts may be of potential use in the treatment of osteoporosis.
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