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Background: Sustained Cx43 hemichannel opening is detrimental to bone cells; however, the mechanism underlying the
closure of hemichannels was unknown.
Results: Extracellular prostaglandin E2 released by hemichannels activates MAPK, leading to Cx43 phosphorylation and hemi-
channel closure.
Conclusion: Osteocytic Cx43 hemichannels is regulated by a feedback inhibition mechanism.
Significance: This study uncovers a novel pathway in fine-tuning Cx43 hemichannels in response to mechanical stimulation.

Cx43 hemichannels serve as a portal for the release of prosta-
glandins, a critical process in mediating biological responses of
mechanical loading on bone formation and remodeling. We
have previously observed that fluid flow shear stress (FFSS)
opens hemichannels; however, sustained FFSS results in hemi-
channel closure, as continuous opening of hemichannels is det-
rimental to cell viability and bone remodeling. However, the
mechanism that regulates the closure of the hemichannels is
unknown. Here, we show that activation of p44/42 ERK upon
continuous FFSS leads to Cx43 phosphorylation at Ser279-
Ser282, sites known to be phosphorylated sites by p44/42 MAPK.
Incubation of osteocytic MLO-Y4 cells with conditioned media
(CM) collected after continuous FFSS increased MAPK-depen-
dent phosphorylation of Cx43. CM treatment inhibited hemi-
channel opening and this inhibition was reversed when cells
were pretreated with the MAPK pathway inhibitor. We found
that prostaglandin E2 (PGE2) accumulates in the CM in a time-
dependent manner. Treatment with PGE2 increased phospho-
p44/42 ERK levels and also Cx43 phosphorylation at Ser279-
Ser282 sites. Depletion of PGE2 from CM, and pre-treatment
with a p44/42 ERK pathway-specific inhibitor, resulted in a
complete inhibition of ERK-dependent Cx43 phosphorylation
and attenuated the inhibition of hemichannels by CM and PGE2.
Consistently, the opening of hemichannels by FFSS was blocked
by PGE2 and CM and this blockage was reversed by U0126 and
the CM depleted of PGE2. A similar observation was also
obtained in isolated primary osteocytes. Together, results from
this study suggest that extracellular PGE2 accumulated after
continuous FFSS is responsible for activation of p44/42 ERK

signaling and subsequently, direct Cx43 phosphorylation by
activated ERK leads to hemichannel closure.

Osteocytes are mechanosensory cells in the bone. Osteocytes
respond to mechanical stimulation by release of signaling mol-
ecules, such as prostaglandins, nitric oxide, and ATP (1– 4).
Such biochemical signals generated in osteocytes are conveyed
to other bone cells, such as osteoblasts and osteoclasts, thereby,
facilitating bone formation and remodeling. We and others
have previously shown that prostaglandin E2 (PGE2)3 released
by Cx43 hemichannels acts in an autocrine/paracrine manner
via activation of EP2/EP4 receptors to promote gap junction
communication through transcriptional regulation of Cx43
(5, 6) and osteocytic survival (7).

Cx43 is post-translationally modified by phosphorylation,
which has been reported to be involved in gap junction and
hemichannel activity, protein assembly, trafficking and turn-
over, etc. (8, 9). Several kinases are known to phosphorylate the
C terminus of the Cx43 protein and multiple phosphorylation
sites have been identified (9). A study shows that phosphoryla-
tion at Ser368 on Cx43 by protein kinase C reduces hemichannel
permeability in an in vitro reconstituted system (10). Mitogen-
activated protein kinase (MAPK)-dependent phosphorylation
of Cx43 at Ser279-Ser282 leads to reduced gap junction commu-
nication and plaque formation, and also increases internaliza-
tion of Cx43 from the cell surface (11–13). Casein kinase 1
activity leads to Cx43 phosphorylation at Ser325-Ser328-Ser330

and an increase in gap junction formation (14). Cx43 trafficking
to the cell surface increases as a result of protein kinase A acti-
vation coincident with an increase in Cx43 phosphorylation at
Ser364 (15).
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FFSS is known to influence cellular physiology by activating
mechanosensors and signaling pathways, especially in endothe-
lial cells and osteocytes (16, 17). PGE2 is an essential molecule
that mediates anabolic function of mechanical loading on the
bone (18). It has been observed that PGE2 is released by Cx43
hemichannels when osteocytic MLO-Y4 cells are subjected to
FFSS (2). We have recently shown that activation of PI3K-Akt
signaling by FFSS plays an essential role in activating Cx43
hemichannels (19). Also, Cx43 hemichannels were adaptive as a
gradual decrease in hemichannel dye uptake was observed
when MLO-Y4 cells were subjected to FFSS for a long period of
time (20). Regulated closure of hemichannels is equally as
important as the opening of these channels because persistent
opening of these big channels would lead to membrane depo-
larization and disruption of electrical and chemical gradient.
Additionally, persistent high concentrations of PGE2 exhibits
adverse, inhibitory effect on bone formation (21).

In this paper, experiments were conducted to understand if
closure of hemichannels is mediated by the factors released by
hemichannels as a result of sustained FFSS and if the factor(s)
functions in a feedback inhibitory mechanism in closing hemi-
channels. We observed that PGE2 released through Cx43 hemi-
channels induced by mechanical stimulation leads to Cx43
phosphorylation at Ser279-Ser282 by activated MAPK, and this
phosphorylation is responsible for closure of Cx43 hemichan-
nels in response to long term, continuous FFSS.

Experimental Procedures

Materials—Culturing media, �-MEM and S-MEM, Lucifer
yellow (LY), and rhodamine dextran (RD) used for dye uptake
experiments were purchased from Life Technologies. Antibod-
ies against p44/42 ERK, total p44/42 ERK, and PD98059 were
obtained from Cell Signaling Laboratories (Boston, MA). Anti-
Cx43 phospho-specific Ser279-Ser282 antibody was generated as
previously described (22). U0126 was purchased from LC Lab-
oratories (Woburn, MA). An ELISA-based PGE2 kit and PGE2
affinity column were obtained from Cayman Chemicals (Ann
Arbor, MI).

Cell Culture, FFSS, and Mechanical Loading by Fluid
Dropping—MLO-Y4 cells cultured in �-MEM at low cell den-
sity (3 � 104 cells/cm2) on sheets coated with collagen were
used for FFSS experiments as described previously (2). Fluid
flow was generated by parallel plate flow chambers separated by
a gasket of defined thickness with gravity-driven fluid flow
using a peristaltic pump. The thickness of the gasket deter-
mines the channel height. By adjusting the channel height and
flow rate, stress levels of 4 dynes/cm2 were generated. Cells
were plated in the flow chamber with the surface area of 5 cm2.
Controls consisted of MLO-Y4 cells in S-MEM not subjected to
FFSS. Each test was conducted for the respective time as indi-
cated. The circulating medium was S-MEM. The entire flow
system was encased within a large walk-in CO2 incubator at 5%
CO2 and 37 °C. The mechanical loading was also conducted by
dropping 50 �l of S-MEM from 5.7 cm as previously reported
(23).

Preparation of Primary Osteocytes—The preparation of
enriched primary osteocytes from bone chips was modified
from a previously published protocol (24). Briefly, long bones

were dissected from 3– 4-week-old mice and bone marrow was
removed by flushing with PBS. The bones were cut into pieces
about 2 mm in length and digested by alternate uses of colla-
genase type I and EDTA on a rotating shaker in a CO2 incubator
at 37 °C. After multiple treatments with collagenase type I and
EDTA to remove other bone cells, the bone chips were plated
on collagen-coated dish in �-MEM with 2.5% FBS � 2.5%
bovine calf serum and left untouched for 9 days. The osteocytes
from the bone pieces were remove by trypsinization and seeded
in collagen-coated glasses to perform FFSS in �-MEM with
2.5% FBS � 2.5% bovine calf serum.

Dye Uptake Assay—MLO-Y4 cells cultured at low density
with minimal cell-cell contacts on glass slides coated with col-
lagen were subjected to FFSS or fluid dropping. The slides were
incubated with a mixture containing 0.4% LY (molecular mass
547 Da) and 0.4% RD (molecular mass 10 kDa) for 5 min and
washed five times with 1 � phosphate-buffered saline. These
cells were later fixed in 1% paraformaldehyde for 10 min. RD is
used a tracer and cells that uptake RD are considered as dead
cells. Fluorescence images were obtained using a Zeiss epifluo-
rescence microscope. Both LY and RD fluorescence cells were
counted and a ratio of cells uptaking LY (minus cells taking RD)
to total cells per image was calculated and plotted.

CM Collection, PGE2 Quantification, and Depletion of PGE2
from CM—MLO-Y4 cells cultured on collagen-coated sheets
were subjected to continuous FFSS (4 dynes/cm2) for 0.5, 2, 4, 8,
and 24 h and cultured media (condition media (CM)) that was
used for flow was collected. Control media was collected from
parallel cultures without FF treatment. PGE2 in the CM was
measured using an ELISA-based PGE2 kit (Cayman Chemicals)
based on the manufacturer’s instructions. CM was applied to a
PGE2 affinity column (Cayman Chemicals) to deplete PGE2 as
previously described (25).

Western Blotting—MLO-Y4 cell lysates were lysed in lysis
buffer (5 mM Tris, pH 7.8, 5 mM EDTA, 5 mM EGTA) plus a
cocktail of protease and phosphatase inhibitors and resolved on
SDS-PAGE gels. After transferring the protein onto the nitro-
cellulose membrane, the membranes were probed with specific
antibodies. HRP-conjugated secondary antibodies were used
and the blots were developed using an ECL kit (Amersham Bio-
sciences) and the signal was detected with Alexa Fluor 680 goat
anti-rabbit (Invitrogen) or Alexa Fluor 800 donkey anti-mouse
(Invitrogen) using an Odyssey infrared imager (Li-Cor, Omaha,
NE).

Statistical Analysis—All data were analyzed using one-way
analysis of variance and Student-Newman-Keul’s test was
applied for comparison using GraphPad Prism software
(GraphPad Prism, San Diego, CA). The significance of the data
are implicated with an asterisk (***, p � 0.001; **, p � 0.01; *, p �
0.05).

Results

Sustained FFSS Activates MAPK Signaling, but Inhibition of
MAPK Has No Effect on the Opening of Hemichannels—To
study the effect of FFSS on activation of the MAPK pathway,
continuous FFSS was applied to MLO-Y4 osteocytic cells for
0.5, 2, 4, and 24 h. There is a slight increase in activated, phos-
pho-p44/42 ERK (pERK) levels after 30 min of FFSS and a grad-
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ual decrease by 2 and 4 h. Interestingly, after 24 h of FFSS there
is a significant increase in pERK levels when compared with
control (no FFSS) and 30 min of FFSS (Fig. 1A). Quantification
of band intensity confirmed this observation (Fig. 1A, lower
panel). To understand if MAPK activation is involved in regu-
lation of the Cx43 hemichannel opening, we pretreated cells
with PD98059, a MAPK inhibitor, and stimulated the hemi-
channel opening either by FFSS (Fig. 1B) or dropping culture
media onto the cells (Fig. 1C). Hemichannel opening was ana-
lyzed through LY dye uptake where the PD98059-treated cells
(FF � PD; DP � PD) showed a similar degree of dye uptake
when compared with that of the untreated cells (FF; DP).
Untreated, unstimulated cells (C) and PD98059-treated cells
(C � PD) were used as controls, which showed minimal dye
uptake. These results suggest that the MAPK pathway is acti-
vated in response to FFSS after 24 h. However, inhibition of
the MAPK pathway does not affect the opening of Cx43
hemichannels.

Long Exposure of FFSS Increases Cx43 Phosphorylation at
Ser279-Ser282—Cx43 Ser279 and Ser282 residues were previously
shown to be phosphorylated by MAPK and this phosphoryla-
tion is correlated with a decrease of Cx43 gap junction coupling
(26). Lysates of MLO-Y4 cells after 0.5, 2, 4, and 24 h of contin-
uous FFSS were immunoblotted using antibodies specifically
against Cx43 phospho-Ser279-Ser282 (22) or total Cx43 (Fig.
2A). The ratio of band intensities of MAPK-phosphorylated

Cx43 versus total Cx43 was plotted as a graph (Fig. 2B). A sig-
nificant increase in Cx43 phosphorylation at Ser279-Ser282 was
observed after 24 h of FFSS when compared with control (0 h).
Also a slight increase in Cx43 phosphorylation was obtained at
30 min of FFSS, which corresponds to a minor increase of
active, phosphorylated ERK levels during the initial period of
time, possibly due to the effect of fresh culture media.

CM from FFSS-treated Cells Increases Phosphorylation of
Cx43 at Ser279-Ser282 and Closure of Cx43 Hemichannels—We
previously reported that Cx43 hemichannel closure occurs

FIGURE 1. Continuous FFSS for 24 h activates p44/42 MAPK, but inhibition of activated MAPK does not affect initial Cx43 opening of hemichannels by
FFSS. A, MLO-Y4 cells were subjected to FFSS for 0.5, 2, 4, and 24 h, and the lysates collected were immunoblotted using anti-phospho-p44/42 ERK or p44/42
ERK (total ERK) antibody. The ratio of mean band intensities of phospho-p44/42 ERK to total p44/42 ERK was plotted as showing a significant increase in
phospho-p44/42 ERK levels after 24-h FFSS. 24 h versus unstimulated cells; ***, p � 0.001, n � 3, and the data are presented as mean � S.E. B, effect of PD98059,
an inhibitor of MAPK, on Cx43 hemichannel opening was determined by treating MLO-Y4 cells with 50 �M PD98059 for 16 h and subjecting the cells to FFSS of
16 dynes/cm2 for 30 min. Untreated control (C) and untreated plus PD98059 cells (C�PD) were used as controls. An increase in dye uptake was observed in
PD98059-treated cells when subjected to FFSS (FF�PD) and the percentage of dye uptake was similar to that of the untreated cells subjected to FFSS (FF). C,
a similar observation was obtained when cells were mechanically stimulated by dropping medium onto the cells followed by dye uptake analyses. PD98509-
treated (DP�PD) cells and untreated cells (DP) showed an increase in dye uptake percentage after stimulation when compared with that of the controls (C�PD
and C). All the data are presented as mean � S.E., n � 3.

FIGURE 2. Activation of p44/42 ERK and increase of Cx43 phosphoryla-
tion at Ser279-Ser282 residues after continuous FFSS for 24 h. A, MLO-Y4
cell lysates were collected after continuous FFSS for 24 h and immunoblotted
using phospho-specific Cx43 Ser279-Ser282 antibody. pCx43S279/282 is indi-
cated in red and total Cx43 in green (bottom panel). B, the ratio of mean band
intensities of Cx43 phospho-Ser279-Ser282 and total Cx43 was calculated and
was plotted as a graph. All data are presented as mean � S.E. Non-treated (0
h) versus 24 h, *, p � 0.05, n � 5.
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after 24 h of continuous FFSS (20). To determine whether the
activation of MAPK and subsequent phosphorylation of Cx43
are mediated by the factor(s) released by continuous FFSS, we
treated de novo MLO-Y4 cells with CM collected after subject-
ing MLO-Y4 cells to 24-h FFSS for different periods of time
(0.5, 2, 4, and 24 h). The cell lysates obtained after incubation
with CM were immunoblotted using phospho-Ser279-Ser282

antibody and the ratio of band intensities obtained from phos-
pho-Ser279-Ser282 to total Cx43 were quantified (Fig. 3A, right
panel). We also examined the phosphorylation of cell surface-
expressed Cx43 by ERK after CM treatment for various periods
of time and observed that cell surface Cx43 phosphorylation
increased after 30 min when compared with the control. A sus-
tained treatment of cells with CM for 2 and 4 h showed a
decrease in ERK-dependent Cx43 phosphorylation (Fig. 3B).
Interestingly, the level of total Cx43 protein was not altered up
to 4 h. These results suggest that the CM is able to induce
phosphorylation of Cx43 through activation of the MAPK

pathway and the phosphorylation peaks at 30 min after CM
treatment for both total Cx43 and also cell surface Cx43.

To determine whether this phosphorylation leads to closure of
Cx43 hemichannels, a dye uptake experiment was performed by
incubating fresh MLO-Y4 cells with CM collected from 24-h FFSS
and subjecting the cells to 30 min of FFSS. Cells treated with 24-h
FF CM showed a significant decrease in dye uptake when com-
pared with that of the untreated cells (Fig. 3C). This inhibition of
dye uptake was reversed when the cells were preincubated with the
MAPK inhibitor PD98059. As a control for this experiment, cells
were treated with FF CM for 4 h and subjected to FFSS. These cells
showed similar dye uptake levels as that of the control FFSS-sub-
jected cells. Similarly, cells preincubated with PD98059 and
treated with CM for 4 h also had no effect on dye uptake. Results
from this experiment suggest that CM obtained from 24-h FF
increases Cx43 phosphorylation at Ser279-Ser282 and phosphory-
lation at these sites leads to closure of Cx43 hemichannels.

PGE2 Released in the CM under Continuous FFSS Is Respon-
sible for MAPK-mediated Cx43 Phosphorylation—The above
results suggest that the factor(s) released into the CM during
FFSS could be responsible for Cx43 phosphorylation and hemi-
channel closure. We previously reported that FFSS induces
PGE2 release through Cx43 hemichannels (2). In an attempt to
identify the factor(s) responsible for Cx43 phosphorylation and
subsequent channel closure, the dynamics of PGE2 release was
studied during continuous FFSS because PGE2 is one of the
factors released by Cx43 in response to FFSS. PGE2 levels were
measured in the CM collected from different time points after
continuous FFSS (0.5, 2, 4, and 24 h). A time-dependent
increase in PGE2 levels in the CM collected from continuous
FFSS was observed (Fig. 4A). These results suggest that FFSS
induces PGE2 release and PGE2 accumulates over time in the
CM collected from continuous FFSS.

PGE2 is known to activate MAPK signaling through EP2 or EP4
receptors (27, 28). Previous studies from our laboratory and others
have shown that PGE2 signaling occurs through EP2 and EP4 recep-
tors in MLO-Y4 osteocytes (5, 7). To test whether PGE2 mediate
Cx43 phosphorylation through activation of the MAPK pathway,
MLO-Y4 cells were treated with 1 and 100 nM PGE2 for various
periods of time. A time-dependent increase in ERK phosphoryla-
tion was observed when compared with total ERK after treatment
(Fig. 4B) and higher concentrations of PGE2 appear to require less
time to reach full activation. A similar time-dependent increase in
Cx43 phosphorylation was observed (Fig. 4C) and this data were
quantified (Fig. 4C, lower panel). These results suggest that PGE2
activates the p44/42 ERK pathway, leading to phosphorylation of
Cx43 at Ser279-Ser282.

Depletion of PGE2 from CM and Inhibition of ERK 1/2 Kinase
Results in Prevention of Cx43 Phosphorylation at Ser279-Ser282—
To determine whether PGE2 is responsible for the effect of CM on
p44/42 ERK activation and subsequent Cx43 phosphorylation,
PGE2 was depleted from the CM collected after continuous FFSS.
CM depleted of PGE2 (CM(�PGE2)) was used to treat MLO-Y4
cells for30min.CMtreatmentresulted inanincrease inphosphor-
ylation of p44/42 ERK and Cx43 when compared with untreated
cells (C) (Fig. 5A). Importantly, depletion of PGE2 from CM
(CM(�PGE2)) failed to activate p44/42 ERK and increase Cx43
phosphorylation.

FIGURE 3. CM collected after 24-h FFSS promotes Cx43 phosphorylation
at Ser279-Ser282 residues and inhibits FFSS-induced opening of Cx43
hemichannels. A, MLO-Y4 cells were treated with CM (collected after contin-
uous FFSS for 24 h) for 30 min. Cell lysates were immunoblotted with anti-
body against Cx43 phospho-specific Ser279-Ser282 or total Cx43 protein. Band
intensity was quantified and the graph was plotted using ratio of Cx43 phos-
pho-Ser279-Ser282 and total Cx43. The data are presented as mean � S.E. CM-
treated versus untreated cells: *, p � 0.05; n � 3. B, MLO-Y4 cells were treated
with CM (collected after continuous FFSS for 24 h) for 30 min and a cell surface
biotinylation assay was performed. Biotinylated samples and total lysates
were immunoblotted with antibody against Cx43 phospho-specific
Ser279-Ser282 or total Cx43 protein. C, MLO-Y4 cells were pretreated with
CM (collected after continuous FFSS for 24 h) for 0.5 and 4 h in the absence
or presence of PD98059, subjected to FFSS for 30 min, and assayed for LY
dye uptake. Treatment with CM for 30 min significantly blocked dye
uptake induced by FFSS, whereas preincubation with CM for 4 h did not
have such effect. Pretreatment of MLO-Y4 cells with 50 �M PD98059, a
MAPK inhibitor, resulted in a significant reversal of inhibition of dye
uptake by the pretreatment of CM for 30 min, not 4 h. With FF, 0.5 h
treatment versus all other conditions, *, p � 0.05, n � 3.
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To understand if Cx43 phosphorylation at Ser279-Ser282 is a
result of activation of p44/42 ERK pathway, cells were treated
with U0126, an ERK1/2-specific inhibitor, prior to incubating
with conditioned media (CM � U0126). This treatment led to a
complete inhibition of p44/42 ERK phosphorylation as well as
Cx43 phosphorylation at Ser279-Ser282 (Fig. 5B), suggesting that
the ERK1/2 pathway is responsible for phosphorylation of Cx43.

Extracellular PGE2 Released by Osteocytes and Activated MAPK
Are Responsible for Hemichannel Closure by Sustained FFSS—We
further examined the role of extracellular PGE2 and activated
MAPK signaling in regulating hemichannel activity in response to
FFSS. The opening of hemichannels by LY uptake by 30 min FFSS
was significantly blocked with the addition of extracellular PGE2 in
MLO-Y4 cell and primary osteocytes (Fig. 6, A and B). However,

this channel blockage by extracellular PGE2 was attenuated by an
ERK1/2 specific inhibitor, U0126 (Fig. 6, A and B). Furthermore,
pretreatment of de novo MLO-Y4 cells with CM collected after
24 h exposure to FFSS inhibited the hemichannel opening by FFSS
given for 30 min and this inhibition was not observed in CM
depleted of PGE2 (Fig. 6C). Together, these data suggest that extra-
cellular PGE2 released by the Cx43 hemichannel in osteocytes
functions as a feedback inhibitor that activates MAPK signaling,
phosphorylates Cx43, and closes hemichannels.

Discussion

In this study, we demonstrate the molecular basis of Cx43
hemichannel regulation in response to mechanical stimulation.

FIGURE 4. Extracellular PGE2 is accumulated during continuous FFSS and PGE2 increases phosphorylation of p44/42 ERK and Cx43 at Ser279-Ser282

residues. A, the concentrations of PGE2 in CM collected from different periods of continuous FFSS were determined using PGE2 EIA kit. 4, 8, and 24 h versus 0
min (un-stimulated); ***, p � 0.001. B and C, MLO-Y4 cells were treated with 1 or 10 nM PGE2 for 0.5, 2, 4, and 24 h and cell lysates were immunoblotted with
anti-phospho-p44/42 ERK and p44/42 ERK antibodies (B) or anti-Cx43 Ser279-Ser282 and Cx43 antibody (C). The band intensities were quantified and graphed
using the ratios of phospho- versus total p44/42 ERK or Cx43 levels. All the data are presented as mean � S.E., n � 3.
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p44/42 ERK signaling invoked by accumulative PGE2 released
by continuous FFSS is responsible for the inhibition of Cx43
hemichannel opening. A long exposure of FFSS results in phos-
phorylation of Cx43 by activated p44/42 ERK, which leads to
the closing of Cx43 hemichannels. PGE2 is observed to accu-
mulate during continuous FFSS and found to activate p44/42
ERK, which subsequently leads to phosphorylation of Cx43.
Importantly, PGE2 in the CM appears to be the key regulator of
p44/42 ERK activation and phosphorylation of Cx43 at Ser279-
Ser282, which leads to hemichannel closure. As illustrated in
Fig. 7, our results suggest that PGE2 released through osteocytic
Cx43 hemichannels in an autocrine/paracrine fashion acts as a
negative feedback factor that activates MAPK signaling leading
to Cx43 phosphorylation and closure of hemichannels. Con-
trolled closing of osteocytic hemichannels is crucial for mod-
ulating the anabolic function of mechanical stimulation on
bone tissue, reducing the catabolic effect by higher concen-
trations of extracellular prostaglandins and protecting
osteocytes from detrimental effects caused by sustained
opening of hemichannels.

In response to mechanical stimulation, osteocytes are
assumed to sense stress and convey mechanical signals to other
bone cell types, such as osteoblasts and osteoclasts (29). Osteo-
cytes respond to mechanical stimuli by releasing bone remod-
eling factors, such as prostaglandins, ATP, NO, etc. (1, 3, 4, 25).
These factors elicit downstream signaling pathways in osteo-
cytes as well as other bone cells to ultimately modulate bone
formation and remodeling. We have previously shown that
PGE2 is released by osteocyte-like cells, MLO-Y4 cells through
Cx43 hemichannels in response to FFSS (2). We have also
shown that FFSS initially leads to opening of Cx43 hemichan-
nels, but these channels gradually close with time and no hemi-
channel activity was detected after 24 h FFSS (20). Due to addi-
tion of fresh medium, we observed that ERK activation and
Cx43 phosphorylation at Ser279-Ser282 were slightly increased

after 0.5 h. However, there was no impact on Cx43 hemichannel
closure. This is likely caused by the activation of PI3K-Akt at
the early stage of FFSS. We recently showed that the PI3K-Akt
pathway activated by FFSS is involved in opening the Cx43
hemichannels (19). AKT phosphorylation on Cx43 directly reg-
ulates Cx43 binding to �5 integrin, leading to hemichannel
opening in response to mechanical stimulation. AKT activation
by fluid flow occurs in the first couple of hours and becomes
completely inactive after 24 h. Cx43 phosphorylation totally
agrees with the AKT activation pattern. At a later time MAPK
activation and phosphorylation are dominant as a result of
extracellular PGE2 released by osteocytes. Therefore, at the
30-min time point, even if there is a low level of MAPK phos-
phorylation, the predominant regulator is AKT and integrin
binding, and the ultimate effect results in having hemichannels
in the open state.

Regulation of Cx43 hemichannel opening is likely to play a
critical role in maintaining a balance of the levels of extracellu-
lar bone remodeling factors, such as PGE2. PGE2 is known to
have biphasic effects on bone remodeling; PGE2 induces bone
formation when present at lower concentrations by inducing
osteoblasts differentiation into osteocytes (30). Higher concen-
trations and long term exposure of bone to PGE2 result in stim-
ulation of osteoclasts, which leads to bone resorption (21, 31).
In addition, lower concentrations of PGE2 are known to inhibit
osteoclast formation (32), and prolonged PGE2 treatment
results in reduced mineralization (33). Therefore, controlled
release of autocrine/paracrine factors like PGE2 by regulating
the Cx43 hemichannel opening could be important to maintain
bone architecture and facilitate bone remodeling.

The activation of ERK appears to depend on the concentra-
tion of PGE2 released. It has to reach a certain threshold to
activate ERK. ERK activation by PGE2 is unique because it has
slow, but sustained activation and even has activated ERK after
24 h of PGE2 treatment. This activation is different from ERK
activation by growth factors/hormones, which tend to be quick
and short-lived. In addition to concentrations of extracellular
PGE2, this activation also depends on the abundance of PGE2
receptors on the cell surface. PGE2 receptors, EP2/EP4, which
are known to activate ERK are present in MLO-Y4 osteocytes.
At this stage, it is not certain if PGE2 receptors directly activate
ERK or indirectly through activation of other signaling mecha-
nisms and the involvement of the latter possibility is likely given
that this activation is slow and long-lasting.

Phosphorylation of Cx43 at Ser279-Ser282 by p44/42 MAPK is
known to inhibit gap junction communication (9, 26). The
question was whether this phosphorylation could similarly lead
to hemichannel closure. Another study has also suggested that
Cx43 phosphorylation at Ser279-Ser282 sites is a signal for
retrieval of this protein from the cell surface (11). The effect
of Cx43 phosphorylation by MAPK on hemichannels could
either lead to channel closure and/or on reduced surface
expression of Cx43. Additionally, phosphorylation at these
two residues inhibits the formation of gap junctional plaques
and induces clathrin-dependent internalization of hemi-
channels, thereby fine-tuning endocytosis and gap junction
assembly of Cx43 (13). Both of these events could lead to

FIGURE 5. FF-CM depleted of PGE2 and U0126 treatment results in inhibi-
tion of p44/42 ERK and Cx43 phosphorylation. MLO-Y4 cell lysates were
treated with CM, PGE2-depleted CM, or pretreated with U0126 prior to CM
treatment and cell lysates were immunoblotted with anti-phospho-p44/42
ERK and total ERK (A) or anti-Cx43 Ser279-Ser282 and Cx43 antibodies (B). The
band intensity was quantified and the ratio of phospho- versus total p44/42
ERK and Cx43 was calculated (A and B, lower panels). All the data are presented
as mean � S.E., n � 3. CM versus C, CM�U0126 and CM-PGE2; **, p � 0.01. *,
p � 0.05.
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attenuation of hemichannel function with decreased PGE2
release. Here we showed that 30 min treatment with CM
collected after 24 h of FFSS dramatically increased Cx43 phos-
phorylation by MAPK on the cell surface and this is well
correlated with the closure of hemichannels. This experi-
mental evidence suggests that channel gating, not surface
expression of Cx43, is primarily affected by MAPK signaling.
However, after 2 and 4 h treatment with CM, there is no
alteration of total Cx43 on the cell surface, but phosphory-
lated Cx43 by MAPK on the cell surface was greatly reduced.
This is consistent with our previous observation that after
24 h of continuous FFSS Cx43, the cell surface is reduced to
the similar level as non-FFSS controls (20). These data sug-

gest that longer exposure to FFSS and PGE2 reduces the
Cx43 protein on the cell surface, which is likely a result of
increased retrieval of Cx43 by MAPK phosphorylation.

Cx43 hemichannels are important portals for prostaglandin
release and the controlled PGE2 level is crucial for bone forma-
tion and remodeling in response to mechanical loading. Here
we revealed a feedback inhibition mechanism via direct phos-
phorylation of Cx43 by MAPK in regulating hemichannel func-
tion and extracellular PGE2 levels. Elucidation of the role of
signaling pathways in regulation of the Cx43 hemichannel reg-
ulation could lead to a better understanding of biological func-
tion of mechanical loading in bone formation and remodeling
process.

FIGURE 6. Inhibition of MAPK and depletion of PGE2 from FF-CM attenuates the inhibitory effect of PGE2 or FF-CM on hemichannel opening in
response to FFSS. A, MLO-Y4 cells were treated with 1 nM PGE2 for 24 h and then with or without U0126 for 30 min before subjecting cells to FFSS for 30 min
or non-FFSS control. B, primary mouse osteocytes were treated with 1 or 100 nM PGE2 for 24 h and then with or without U0126 for 30 min before subjecting cells
to FFSS for 30 min or non-FFSS control. C, MLO-Y4 cells were treated with FF-CM (collected after 24 h of FFSS) or FF-CM depleted of PGE2 (CM(-PGE2)) for 24 h
before subjecting the cells to FFSS for 30 min or non-FF control. LY dye uptake assay was performed and quantified. All the data are presented as mean � S.E.,
n � 3. ***, p � 0.001; **, p � 0.01; *, p � 0.05.

FIGURE 7. A schematic model showing the hemichannel closure after long FFSS is regulated by Cx43 phosphorylation by MAPK, which is activated by
extracellular PGE2 released by hemichannels via feedback inhibition mechanism. During short term FFSS, Cx43 hemichannels (HC) in osteocytes are
induced open, which allows the release of bone modulating factors such as PGE2. A sustained mechanical stimulation causes Cx43 hemichannel closure due
to accumulation of PGE2 in the extracellular environment. The accumulated PGE2, likely through the EP2/EP4 receptor, activates p44/42 MAPK and increases
Cx43 phosphorylation at Ser279-Ser282 residues thereby leading to closure of Cx43 hemichannels.
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