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Abstract Bone cells respond to various mechanical

stimuli including fluid shear stress (FSS) in vitro. Induction

of cyclooxygenase-2 (COX-2) is thought to be important

for the anabolic effects of mechanical loading. Recently,

extracellular-signal-regulated kinase 5 (ERK5) has been

found to be involved in multiple cellular processes. How-

ever, the relationship between ERK5 and the induction of

COX-2 is still unknown. Here, we investigated the poten-

tial involvement of ERK5 in the response of pre-os-

teoblastic MC3T3-E1 cells upon FSS. MC3T3-E1 cells

were subjected to 12 dyn/cm2 FSS. Then, we established a

ERK5 small interfering RNA (siRNA) transfected cell line

using the MC3T3-E1 cells. After the successful transfec-

tion confirmed by real-time reverse transcription-poly-

merase chain reaction and Western blotting, the expression

of COX-2, cAMP response element-binding protein

(CREB), and nuclear factor kappa B cells (NF-jB) were
assayed for downstream effectors of activated ERK5 under

FSS by Western blotting. Our results showed that FSS

could stimulate COX-2 activity, and induce the phospho-

rylation of ERK5, CREB, and NF-jB. When the MC3T3-

E1 cells were transfected using siRNA before exposure to

FSS, COX-2 activity was suppressed, and the phosphory-

lation of CREB and NF-jB was significantly

downregulated. In summary, we demonstrated that ERK5

pathway is essential in the induction of COX-2 gene.

Keywords Fluid shear stress � Osteoblast � Extracellular-
signal-regulated kinase 5 (ERK5) � Cyclooxygenase-2
(COX-2) � Transcription factors

Introduction

The skeleton is continuously remodeled throughout the

lifetime of an individual, and mechanical loading of the

skeleton is crucial for maintaining bone mass and strength

[1]. Reduced mechanical loading by long-term bed rest or

microgravity conditions in space has been shown to cause

significant bone loss and mineral changes, whereas in-

creased loading promotes bone formation [2]. As a major

factor for affecting bone cell metabolism [3], fluid shear

stress (FSS) activates various signal transduction pathways

and initiates an anabolic response in osteoblasts, leading to

increased cell proliferation and differentiation [4].

The mitogen-activated protein kinase (MAPK) family is

one of the cellular signal pathways responding to distinct ex-

tracellular stimuli such as growth factors, oxidative stresses,

and mechanical stimulation [5, 6]. The classical mammalian

MAPK pathways consist of extracellular signal-regulated ki-

nase (ERK), c-JunNterminal kinase (JNK), and p38 pathways.

These members of the MAPK family have been implicated in

the regulation of osteoblastic cell proliferation and differen-

tiation [7, 8]. ERK5 is a newmember of theMAPK family that

is activated by the upstream MEK5 kinase in response to dif-

ferent growth factors andcellular stressors [9], and is associated

with a diverse range of cellular processes including cellular

proliferation [10], migration [11], and differentiation [12].
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Prostaglandin E2 (PGE2) plays an important role in

bone formation [13] and are known to be involved in

bone’s adaptive response to FSS [14]. The limiting enzyme

in the conversion of membrane-released arachidonic acid

to PGE2 is cyclooxygenase 2 (COX-2) [15]. COX-2 is the

major isozyme responsible for production of PGE2 re-

sponse to mechanical loading in bone [16]. Studies [17, 18]

have shown that COX-2 are rapidly released in response to

mechanical loading, and a selective inhibitor to COX-2 can

block mechanically induced bone formation in vivo [16].

In vitro, a number of signaling pathways have been re-

ported to be involved in the induction of COX-2 by FSS in

osteoblastic cells, such as ERK1/2 signalling pathway [6].

Further, some transcription factors including cAMP

regulatory element-binding protein (CREB) [19] and nu-

clear factor kappa B (NF-jB) [20] also play an important

role in the COX-2 upregulation.

Our previous work [21] has showed that FSS sig-

nificantly induced ERK5 phosphorylation through the re-

organization of the cytoskeleton and phosphorylated ERK5

will translocated to the nucleus to regulate gene expression.

However, whether ERK5 was involved in effects of me-

chanical loading on COX-2 gene expression was unknown.

In this study, we characterized FSS-induced COX-2 ex-

pression in MC3T3-E1 osteoblastic cells and investigated

the role of ERK5 signaling in induction of COX-2 under

FSS. Furthermore, we also explored whether CREB and

NF-jB, as the promoter of COX-2, are mediated by ERK5

signalling pathway.

Materials and methods

Materials and antibodies

Cell culture reagents, culture dishes, and flasks were pur-

chased from Life Technologies (Carlsbad, CA, USA) and

Sigma (St. Louis, MO, USA). Rabbit anti-phospho-ERK5

(Thr218/Tyr 220) (1: 1000), rabbit anti-pCREB (Ser133)

(1: 800), rabbit anti-p-NF-jB-p65 (S536) (1: 750), and

rabbit anti-ERK5 (1: 800) were purchased from Cell Sig-

naling Technology (Beverly, MA, USA). Rabbit anti-COX-

2 antibody (1: 1000) was purchased from Abcam (Cam-

bridge, UK). Rabbit anti-b-actin (1: 800) monoclonal an-

tibody was purchased from Sigma. All secondary

antibodies were purchased from Invitrogen (Paisley, UK).

Other chemicals of the highest purity were obtained from

Sigma and Millipore (Benford, MA, USA).

Cell culture

Cells from the MC3T3-E1 mouse osteoblastic cell line

were obtained from the Chinese Academy of Medical

Sciences. The cells were grown on Dulbecco’s Modified

Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) con-

taining 10 % fetal bovine serum (FBS), 100 U/ml penicillin

G and 100 U/ml streptomycin, and were maintained in a

5 % CO2 humidified environment at 37 �C. Before being

subjected to FSS, cells were seeded onto type I collagen-

coated (200 lg/ml) glass cover slips (20 9 50 mm) at a

density of 4000 cells/cm2. Cell medium was changed every

3 days. The cells were serum-starved for 24 h in DMEM/

F-12 without FBS before FSS experiment.

Transfection with small interfering RNA (siRNA)

MC3T3-E1 cells were transfected with siRNA against

ERK5 or CREB and non-silencing siRNA (Santa Cruz

Biotechnology, CA, United States) constructs using the

commercial transfection reagent (Santa Cruz Biotechnology,

CA, United States) according to the manufacturer’s in-

structions. Following transfection, cells were incubated at

37 �C in a CO2 incubator for 48 h before being harvested for

the assays described below. To assess the specific effect of

ERK5 siRNA on silencing ERK5 expression, the protein

levels of ERK5 and ERK1/2 were detected by Western

blotting analysis 48 h post-transfection.

FSS experiment

FSS experiment was conducted as described previously

[21, 22]. Cells were subjected to 12 dynes/cm2 FSS for

45 min in the presence or absence of siRNA ERK5. The

flow system was maintained at 37 �C, and was filled with

25 ml of serum free medium that was aerated with 5 %

CO2/95 % air.

Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from the culture of MC3T3 cells

using the RNAiso plus reagent (TaKaRa Biotechnology Co,

Dalian, China) and then reverse transcribed into compli-

mentary DNA (cDNA) by the PrimescriptTM reverse tran-

scription Master Mix (TaKaRa Biotechnology Co, Dalian,

China) according to the manufacturer’s instructions. Reverse

transcription reaction was performed at 37�C for 15 min

followed by 85 �C for 5 s. The primers used in the PCR

reactions are provided in Table 1. Quantitative RT-PCR was

performed by the Applied Biosystems 7500/7500 Fast Real-

Time PCR Software (Applied Biosystems, CA, Unite States)

using the SYBR� Premix Ex TaqTMII(TaKaRa Biotech-

nology Co., Dalian, China). The qRT-PCR was conducted at

95 �C for 30 s, then by 40 cycles of 95 �C for 5 s and 60 �C
for 34 s. Relative quantity of mRNA level was performed by

using comparative CT method (44CT) with b-actin as in-

ternal reference.
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Western blot analysis

After each treatment, the cells were washed with cold PBS

twice and lysed on ice with RIPA buffer (Beyotime

Biotechnology, Haimen, China) including proteinase and

phosphatase inhibitors supplemented with 1 mmol/l PMSF.

The lysates were centrifuged at 12,000 rpm for 10 min at

4 �C, and the supernatants were collected. The protein

concentration was measured by BCA protein assay system

(Beyotime Biotechnology, Haimen, China). The cell lysate

and sample buffer were mixed and then boiled for 5 min.

Equal amounts of protein (30–40 ug) were separated by

8–12 % SDS/PAGE and transferred onto PVDF membranes

(Millipore). The membranes were blocked in TBST (Tris-

buffered saline with 0.1 % Tween-20) and 5 % non-fat dried

milk for 2 h at room temperature and incubated with ap-

propriate primary antibodies for 2–4 h at 37 �C. After being
washed with TBST for three times, the membrane was in-

cubated with horseradish peroxidase (HRP)-conjugated

secondary antibody and HRP-conjugated antibiotin antibody

for 1.5 h at a room temperature. The protein bands were

detected using the Super Signal West Pico Chemilumines-

cent Substrate (Thermo Fisher Scientific Inc., Rockford, IL,

United States) and imaged using a VersaDoc Imaging Sys-

tem (Bio-Rad Laboratories Co., Ltd. Hercules, CA, United

States). Densitometric analysis was performed using Quan-

tity One Software v4.62 (BioRad Laboratories Co., Ltd.

Hercules, CA, United States) and the results were presented

as the mean of three independent experiments.

Statistical analysis

All data were presented as the mean ± SD of each group.

Statistical analyses were performed using a one-way ana-

lysis of variance followed by the Bonferroni correction.

P\ 0.05 was considered to be significant.

Results

FSS induces phosphorylation of ERK5

and expression of COX-2 gene in MC3T3-E1

osteoblastic cells

We sought to determine whether ERK5 and COX-2 are

activated by FSS in our experimental system. After

MC3TC-EI cells were subjected to 12 dyn/cm2 FSS for

0–60 min, the phosphorylation of ERK5 and the expression

of COX-2 were significantly elicited. We found that ERK5

phosphorylation was markedly (P\ 0.05) increased at

15 min and reached a peak at 45 min (Fig. 1) while the

change of ERK5 was not detected (Fig. 1). Similar to

ERK5 phosphorylation, the expression of COX-2 was also

markedly upregulated under FSS and reached peak within

45 min (Fig. 1). Besides, we also investigated the expres-

sion of COX-2 mRNA when MC3TC-EI cells were sub-

jected to 12 dyn/cm2 FSS for 0–60 min; the results were

similar with findings by Western blotting.

Effects of ERK5 siRNA on ERK5 gene

ERK5 siRNA was successfully transfected into MC3TC-EI

cells (Fig. 2A). Compared with a control siRNA or trans-

fection agent alone, transfection of ERK5 siRNA at 48 h

significantly reduced the expression of ERK5 gene in

mRNA level (to 25.81 ± 8.90 %, P\ 0.05, Fig. 2B) and

protein level (to 20.01 ± 4.85 %, P\ 0.05, Fig. 2C, D),

while ERK5 siRNA had no effect on ERK1/2 protein level

(Fig. 2C, D).

ERK5 is essential in FSS-induced COX-2 expression

To investigate the role of ERK5 in the induction of COX-2

by FSS, we examined the expression of COX-2 in each

group under FSS for 45 min. The results revealed that the

expression of COX-2 gene (1.8 fold, P\ 0.05, Fig. 3A, B)

was significantly increased upon FSS for 45 min. When

osteoblasts were incubated with ERK5 siRNA before ex-

posure to FSS, the induction of COX-2 (to

34.69 ? 7.89 %, P\ 0.05, Fig. 3A, B) was all sig-

nificantly decreased, compared with FSS group.

Transcription factors CREB and NF-jB in the role

of ERK5-COX-2 pathway under FSS

Previous studies [19, 23] have confirmed that the COX-2

promoter included CREB and NF-jB, which are important

for the induction of COX-2 under FSS in osteoblast. To

evaluate the involvement of the ERK5 signaling pathway

in the FSS-induced CREB and NF-jB, we explored the

expression of p-CREB and p-NF-jB after each treatment.

As shown in Fig. 4, compared with control group, FSS

Table 1 Primer sequences used

for the real-time polymerase

chain reaction analysis

Primer Sense (50-30) Anti-sense (50-30)

ERK5 CCTGAAGCCTACTGTGCCCTATG CCGAAGCAGCTGGTACAGGAA

COX-2 CTGGAACTGGAACATGGACTCACTCAGTTTG AGGCCTTTGCCACTGCTTGTA

b-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
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Fig. 1 Serum-starved cells

were subjected to FSS for the

times indicated. The expression

of ERK5, COX-2 and the

phosphorylation of ERK5 were

detected by Western blot

(A) and the COX-2 mRNA was

tested using RT-PCR (B).
*P\ 0.05 versus control

Fig. 2 Verification of

successful transfection and

knockdown of ERK5 (A). Cells
were transfected with 60 nM

ERK5-specific siRNA, 60 nM

non-silencing siRNA or left

untransfected. Cells were lysed

48 h after transfection, RT-PCR

and Western blot illustrates the

effect of ERK5 siRNA on the

expression of ERK5 (B, C,
D) and ERK1/2 (C, D) in
osteoblastic cells. *P\ 0.05

versus control group and non-

silence siRNA group

Fig. 3 Effects of ERK5 siRNA on

FSS induction of COX-2 mRNA

and protein level in MC3T3-E1

cells. Western blot analysis was

performed for COX-2, p-ERK5

and b-actin (A). Cells were
subjected to FSS (12 dynes/cm2)

with and without 10 nM ERK5

siRNA for 45 min. B for

quantification of COX-2 and

p-ERK5, versus b-actin, data were
presented as mean ± SD from at

least three independent

experiments. *P\ 0.05 versus

control, *P\ 0.05 versus control

group, #P\ 0.05 versus control

group, **P\ 0.05 versus FSS

group
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could significantly upregulated the phosphorylation of

CREB (11.6 fold, P\ 0.05) and NF-jB (2.34 fold,

P\ 0.05). Compared with FSS group, knockdown of

ERK5 by siRNA in osteoblasts before exposure to FSS

completely attenuated the phosphorylation of CREB (to

31.56 ? 9.23 %, P\ 0.05) and NF-jB (28.64 ? 8.92 %,

P\ 0.05) (Fig. 4A, B).

Then, we investigated the role of CREB and NF-jB in

the induction of COX-2 under FSS. As shown in Fig. 4,

compared with FSS group, knockdown of CREB by siRNA

or inhibit the NF-jB phosphorylation by PDTC in os-

teoblasts before exposure to FSS completely attenuated the

expression of COX-2 gene (Fig. 4C, D).

Discussion

Although regulation of the COX-2 gene has been extensively

investigated in osteoblast under FSS, little is known about

whether ERK5, a novel MAPK family is involved in the in-

duction of COX-2. Here, we discovered that in MC3T3-E1

osteoblastic cells, ERK5 is activated under FSS and ERK5

siRNA mediated the expression of COX-2 gene under FSS.

Furthermore, we found for the first time that the transcription

factors CREB and NF-jB, all known to participate in the

regulation of COX-2 gene, are regulated by ERK5.

ERK5 is activated by its only upstream kinase, MAPK

kinase (MEK) 5, which substrates only ERK5 [24]. MEK5/

ERK5 signalling pathway has been associated with a di-

verse range of cellular processes including cellular prolif-

eration, migration, survival, and angiogenesis. Deletion of

ERK5 or MEK5 genes in mice showed that the ERK5 is

essential for normal cardiovascular development [25], and

MEK5/ERK5 pathway has also been implicated in neu-

ronal survival [26] and differentiation [27]. Furthermore,

ERK5 appears to mediate the actions of oncogenes in some

cancers, including breast cancer [28] and osteosarcoma

[29]. Kim et al. [29] reported that a ERK5 was distinctly

overexpressed in osteosarcoma cell and the expression of

ERK5 regulates the invasion of osteosarcoma cells by in-

ducing MMP-9 expression. Nevertheless, the physiological

functions of ERK5 in the osteoblast have been poorly

studied.

In this study, in subjecting MC3T3-E1 cells to 12 dyn/

cm2 FSS, we observed that the ERK5 phosphorylation was

up-regulated after 15 min and levels peaked at 45 min,

which was consistent with our previous work [21, 30].

Similar to other studies [19, 20, 31], the induction of COX-

2 protein by FSS was increased at 15 min and reach peak at

45 min. Previous studies showed that COX-2 induction are

necessary for mechanically induced bone formation [15,

16], and some signalling pathways play an important role

in this process. For instance, Wadhwa et al. [6] demon-

strated that FSS-induced upregulation of COX-2 was

largely mediated by ERK1/2 signaling pathway. Similar to

ERK1/2, ERK5 also has a Thr–Glu–Tyr (TEY) sequence in

Fig. 4 ERK5 regulates

p-CREB and p-NF-jB
expression under FSS. After

various treatments, cells were

lysed and measured by Western

blot (A, C). B and D for

quantification of p-CREB and

p-NF-jB, versus b-actin; data
were presented as mean ± SD

from at least three independent

experiments. *P\ 0.05 versus

control, #P\ 0.05 versus FSS

group, **P\ 0.05 versus

FSS ? CREB siRNA group,
##P\ 0.05 versus

FSS ? PDTC group
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its dual phosphorylation site [9]. It seems reasonable to

suggest that ERK5 may also regulate the expression of

COX-2 gene in osteoblast.

To investigate the role of ERK5 in FSS-induction of

COX-2, we firstly knocked down ERK5 gene with siRNA.

We observed that the expression of EKR5 was markedly

decreased by transfection of ERK5 siRNA (60 nM) at 48 h,

furthermore, the expression of ERK1/2 was not affected in

this process. Then, we examined the role of ERK5 on FSS-

induced COX-2 expression and down-regulation of COX-2

was observed. These data are the first report of a causal

relationship between ERK5 activation and COX-2 ex-

pression induced by FSS.

What are the downstream targets that mediate ERK5

regulation of COX-2 in osteoblast? It was reported that as

the promoter of COX-2, transcription factors including

CREB [19] and NF-jB [20] played crucial roles in the

FSS-induced COX-2 expression in osteoblasts. In os-

teoblastic MC3T3-E1 cells, Ogasawara et al. [19] investi-

gated transcriptional regulatory elements responsible for

the shear stress-induced COX-2 expression, and found that

mutation of sites of CREB decreased in the FSS-induced

COX-2 expression. Chen et al. [20] examined the role of

NF-jB on COX-2 upregulation in osteoblasts in response

to FSS and revealed that NF-jB translocation to the nu-

cleus is essential for the FSS-induced increase in COX-2

expression. However, whether these transcription factors

were mediated by ERK5 in osteoblast were still unknown.

Our data showed that CREB and NF-jB are all activated

when cells were subjecting to FSS for 45 min. Further-

more, inhibition of ERK5 by siRNA before exposure to

FSS reduced the phosphorylation of CREB and NF-jB,
suggesting that these transcription factors may be the

possible downstreams of ERK5 in osteoblast. Besides, we

confirmed that transcription factors CREB and NF-jB
mediated the COX-2 expression under FSS, which was

consistent with previous studies [19, 20].

Conclusions

In summary, we propose that ERK5 is activated under FSS

in osteoblast and that it stimulates expression of COX-2.

Besides, we also first reported that as the promoter of

COX-2, transcription factors CREB and NF-jB are also

activated by ERK5, suggesting that CREB and NF-jB are

the possible downstream kinases of ERK5 in osteoblast.
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