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a b s t r a c t

Increased apoptosis of osteoblasts and osteocytes is the main mechanism of glucocorticoid (GC)-induced
osteonecrosis. In the current study, we investigated whether dexamethasone (Dex)-induced osteoblastic
and osteocytic cell apoptosis is mediated through activation of transforming growth factor-b (TGF-b)-
activated kinase 1 (TAK1), and whether TAK1 inhibition could promote survival opposing the deleterious
effects of Dex. We found that TAK1 was activated by Dex in both osteocytic MLO-Y4 and osteoblastic OB-
6 cells, which was prevented by two known anti-oxidants N-acetylcysteine (NAC) and ebselen. TAK1
inhibitors, including LYTAK1 and 5Z-7-oxozeaenol (57-OZ), inhibited Dex-induced apoptosis of MLO-Y4
and OB-6 cells. Meanwhile shRNA-mediated knockdown of TAK1 also suppressed Dex-induced damages
to MLO-Y4 and OB-6 cells. On the other hand, exogenously over-expressing TAK1 enhanced Dex-induced
MLO-Y4 and OB-6 cell apoptosis. At the molecular level, we found that TAK1 mediated Dex-induced pro-
apoptotic Pyk2-JNK activation. Inhibition or silencing of TAK1 almost abolished Pyk2-JNK phosphory-
lations by Dex in MLO-Y4 and OB-6 cells. TAK1 over-expression, on the other hand, increased Dex's
activity on Pyk2-JNK phosphorylations in above cells. We conclude that part of the pro-apoptotic actions
of Dex on osteoblastic and osteocytic cells are mediated through TAK1 activation, and that inhibition of
TAK1 might protect from GC-induced damages to osteoblasts and osteocytes.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

For patients with rheumatoid arthritis or many other chronic
autoimmune or inflammatory diseases, glucocorticoid (GC) is
routinely prescribed [1,2]. However, long-term or excess GC usage
will lead to non-trauma osteonecrosis, which would cause bone
fractures if not treated properly [2,3]. Histological studies revealed
consistent bone reduction and increased bone resorption in these
patients [1e3]. Although the link between excess GC usage and bone
loss has been well-established, the underlying mechanisms are not
fully understood [4,5]. It is now known that reduced number of
osteoblast/osteoclast precursors and increased apoptosis of osteo-
blasts/osteocytes are the direct actions of GC [4,6].

Induction of apoptosis of osteoblasts and osteocytes is the main
cause of GC-induced osteonecrosis [3e5]. In both osteoblasts and
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osteocytes, GC-induced apoptosis is due to direct hormonal effects
[3,7e9], and could be reversed by overexpressing of beta-
hydroxysteroid dehydrogenase type 2, the enzyme that inactivates
GC [10]. In vitro tissue-culture studies as well as animal studies have
revealed that pro-apoptotic actions of GC are regulated through the
classical GC receptor, and are triggered by rapid activation of proline-
rich tyrosine kinase 2 (Pyk2)-c-Jun N-terminal kinase (JNK) signaling
in a reactive oxygen species (ROS)-dependent manner [7,9,11],
although thedetailed signalingmechanismsarenot fullyunderstood.

TAK1, or transforming growth factor-b (TGF-b)-activated kinase
1, is a well-known mitogen-activated protein kinase kinase kinase
(MAP3K), which mediates JNK activation under various stress
conditions [12]. In the current study, we investigated whether
dexamethasone (Dex)-induced osteoblastic and osteocytic
apoptosis is due to activation of TAK1, and whether inhibition of
TAK1 could promote survival opposing the deleterious effects of
Dex. Our results revealed that TAK1 activation is required for Dex-
induced apoptosis in both osteocytic MLO-Y4 and osteoblastic OB-6
cells, probably through mediating Pyk2-JNK signaling.
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2. Material and methods

2.1. Materials

Tissue culture media and Hank's balanced salt solution (HBSS)
were purchased from Gibco BRL (Grand Island, NY). Fetal bovine
serum (FBS) and calf serum (CS) were from Hyclone Laboratories
(Logan, UT). Dex, 5Z-7-oxozeaenol (57-OZ), N-acetylcysteine (NAC)
and ebselen were purchased from Sigma Chemicals (St. Louis, MO).
Anti-TAK1, tubulin and JNK1/2 antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies recognizing
phosphorylated- (p-)TAK1 (Thr-184/187), p-Pyk2 (Tyr-402), Pyk2,
p-JNK1/2 (Thr-183/Tyr-185) were purchased form Cell Signaling
Technology (Danvers, MA). LYTAK1 was obtained from Lilly
Research Laboratories (Indianapolis, IN).

2.2. Cell cultures

As reported [13], osteocytic MLO-Y4 cells, obtained from the Cell
Bank of CAS Shanghai Institute of Biological Science, were cultured
on collagen-coated surfaces in a-modified essential medium (a-
MEM) supplemented with 5% FBS and 5% CS and incubated in 5%
CO2 incubator at 37 �C. OB-6 osteoblastic cells, also purchased from
the Cell Bank of CAS Shanghai Institute of Biological Science, were
maintained and differentiated as described [9,14].

2.3. Trypan blue staining

As described, MLO-Y4/OB-6 cell death after applied treatment
was tested by trypan blue staining assay [9]. Cells that excluded the
dye were considered alive, and stained cells were considered dead.
Data is reported as the percentage of dead cells [9].

2.4. Histone-DNA ELISA for detection of cell apoptosis

The Cell Apoptosis Detection Enzyme-Linked Immunosorbent
Assay (ELISA) Kit was utilized for testing apoptosis in above cells
Fig. 1. Dexamethasone activates TAK1 in osteocytic and osteoblastic cells. MLO-Y4 osteoc
(10 mM) or NAC (500 mM), were stimulated with dexamethasone (Dex, 1 mM) or vehicle (veh
and B). TAK1 phosphorylation was quantified (A and B). Experiments in this and all follow
following indicated treatment according to the protocol provided
[15]. Briefly, the cells were lysed and the cell lysates were overlaid
and incubated in microtiter plate modules coated with anti-histone
antibody. Samples were then incubated with anti-DNA peroxidase
followed by color development with ABTS substrate. The absor-
bance of the samples were determined with a microplate reader
(Tecan, Durham, NC) at 405 nm.

2.5. Western blot analysis

After treatment, cells were lysed in lysis buffer [50 mM Tris (pH
7.5), 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5% Triton X-100,
2.5 mM sodium orthovanadate, 10 mL/mL protease inhibitor cocktail]
by incubating for 20 min at 4 �C. The protein concentration was
determined with the Bio-Rad assay system (Hercules, CA). Total
proteins were fractionated by SDS-PAGE and transferred onto PVDF
membranes forWestern blots as described earlier [16]. The immuno-
reactive proteins after incubation with appropriately labeled sec-
ondary antibody were detected with the enhanced chem-
iluminescence (ECL) detection kit (Amersham, Buckinghamshire,
UK). Band intensity was quantified by ImageJ software (NIH) after
normalization to the corresponding loading control.

2.6. ShRNA knockdown of TAK1

Three pSUPER-puro-retro vectors enconding non-overlapping
TAK1 small hairpin RNA (shRNA) sequences (50-GACACACAT
GACCAATAACAA-30 (TAK1 shRNA-1) [17], 50-GAGGAAAGCGTTTATTG-
TATT-30 (TAK1-shRNA-2) [18] and 50-CCCAATGGCTTATCTTACATT-30

(TAK1-shRNA-3) [18]) were from Dr. Youhong Jiang's group [19]. The
TAK1plasmidor theplasmid containing scramble control shRNA (“Ctrl
shRNA”) were then transfected into HEK-293 cells with plasmids
encoding viral packaging proteins VSVG and Hit-60 (Promega) [20]
using the Lipofectamine 2000 (Invitrogen, Shanghai, China) reagent
with corresponding procedure. The virus-containing supernatants
were collected after 48hof transfection andfiltered through a0.45mm
filter (Corning, Shanghai, China), and were then added to MLO-Y4 or
ytic cells or OB-6 osteoblastic cells, pretreated with or without anti-oxidant ebselen
, 0.1% DMSO) for indicated time, p-and regular TAK1 were assayed by Western blots (A
ing figures were repeated three times, with consistent results obtained.
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OB-6 cells, in the presence of polybrene (Sigma). Afterwards, the cells
were selected by puromycin (0.5 mg/mL). Expressions of TAK1 and
tubulin (the equal loading) were tested by Western blots.

2.7. TAK1 overexpression

As described, TAK1-expressing plasmid, a gift from Dr. Lai Jiang
[21], was constructed by inserting human TAK1 cDNA (purchased
from Kaiji Biotech, Shanghai, China) into the pcDNA3 (Invitrogen,
Shanghai, China) expressing vector. The plasmid was amplified (us-
ing JM 109 bacteria), extracted, and purified by Plasmid Midi Kit
(Invitrogen, Shanghai, China). TAK1-expressing plasmid or the
empty vector (0.25 mg/mL each) was transfected with Lipofectamine
2000. All the procedures were performed according to the manu-
facturer's instructions. Afterwards, expressions of TAK1 and tubulin
(the equal loading) were tested byWestern blots in transfected cells.

2.8. Statistical analysis

Data were expressed as means ± standard deviation (SD).
Comparisons acrossmore than two groups involved use of one-way
ANOVA and then StudenteNewmaneKeuls test (SPSS 16.0, Chicago,
IL). Means were considered significantly different at p < 0.05.

3. Results

3.1. Dexamethasone activates TAK1 in osteocytic and osteoblastic
cells, prevented by anti-oxidants

Herein, we are set to understand the potential functions of TAK1 in
GC-induced apoptosis of osteocytic and osteoblastic cells. We first
Fig. 2. TAK1 inhibitors suppress dexamethasone-induced apoptosis of osteocytic and ost
oxozeaenol (57-OZ, 10 mM) or NAC (500 mM) for 1 h, followed by Dex (1 mM) or vehicl
Histone-DNA ELISA assay (A and B) or the trypan blue uptake assay (C and D). Bars represe
treated cells, #p < 0.05 vs. Dex only treated group (one-way ANOVA).
examined the potential of dexamethasone (Dex) onTAK1 activation in
MLO-Y4 osteocytic cells and OB-6 osteoblastic cells. In each cell type,
Dex time-dependently induced TAK1 activation, evidenced by TAK1
phosphorylationatThr-184/187 (Fig.1AandB).Notably, pre-treatment
with the anti-oxidant NAC or ebselen dramatically inhibited Dex-
induced TAK1 activation in above bone cells (Fig. 1A and B). These
results showed that Dex activated TAK1 in osteocytic and osteoblastic
cells, and ROS production might be involved in the process.
3.2. Dexamethasone-induced apoptosis of osteocytic and
osteoblastic cells is inhibited by TAK1 inhibitors

Similar to other studies reported [9,11], we showed that Dex
induced apoptosis in MLO-Y4 osteocytic cells and OB-6 osteoblastic
cells, evidenced by the histone-bound DNA ELISA assay (Fig. 2A and
B). Further, Dex increased the percentage of MLO-Y4 and OB-6 cells
exhibiting trypan blue uptake (Fig. 2C and D), another sign of
apoptotic cell death induced by GC, as shown by other studies
[7e9]. Significantly, pre-treatment with the TAK1 inhibitors,
LYTAK1 [18,19] and 57-OZ, or the anti-oxidant NAC, suppressed
Dex-induced apoptosis of either cell type, although the inhibitory
effect of above inhibitors was not complete (Fig. 2AeD). Thus, these
results suggest that TAK1 activation is important for Dex-induced
apoptosis of osteocytic and osteoblastic cells.
3.3. Dexamethasone-induced apoptosis of osteocytic and
osteoblastic cells is inhibited by TAK1 shRNA-knockdown, but is
enhanced by TAK1 over-expression

To further study the role of TAK1 in Dex-induced apoptosis of
osteocytic and osteoblastic cells, shRNA method was applied. As
eoblastic cells. MLO-Y4 or OB-6 cells were pretreated with LYTAK1 (10 mM), 5Z-7-
e (veh, 0.1% DMSO) stimulation for 24 h, apoptosis of each cell type was tested by
nt the means ± SD of N ¼ 5 independent wells. *p < 0.05 vs. the corresponding veh-



Fig. 3. Manipulating TAK1 expression level changes the sensitivity of dexamethasone in osteocytic and osteoblastic cells. Expression of TAK1 and tubulin (the loading control) in
MLO-Y4 (A) or OB-6 (B) cells infected with scramble control (Ctrl) or indicated TAK1-shRNA containing virus. TAK1 expression was quantified. Above MLO-Y4 or OB-6 cells were
treated with Dex (1 mM) or vehicle (veh, 0.1% DMSO) for 24 h, cell apoptosis was analyzed by Histone-DNA ELISA assay (C and D) or the trypan blue uptake assay (E and F). MLO-Y4
cells or OB-6 cells expressing wile-type TAK1 cDNA or the empty vector (pcDNA3) were treated with Dex (1 mM) or vehicle (veh, 0.1% DMSO) for 24 h, cell apoptosis was analyzed by
histone-DNA ELISA assay (G and H, right panels), expression level of TAK1 and tubulin was also tested (G and H, left panels). TAK1 expression was quantified (G and H, left panels).
Bars represent the means ± SD of N ¼ 5 independent wells. *p < 0.05 vs. the corresponding veh-treated cells, #p < 0.05 vs. Dex treatment group with Ctrl shRNA (CeF) or vector
control (G and H) (one-way ANOVA).
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Fig. 4. TAK1 mediates dexamethasone-induced Pyk2-JNK activation in osteocytic and osteoblastic cells. MLO-Y4 (A) or OB-6 cells (B) were pretreated with LYTAK1 (10 mM, for 1 h),
5Z-7-oxozeaenol (57-OZ, 10 mM, for 1 h), or infected with TAK1 shRNA (“�3”), followed by Dex (1 mM) or vehicle (veh, 0.1% DMSO) stimulation for 3 h, p- and regular JNK1/2 and
Pyk2 were assayed by Western blots using applied antibodies. MLO-Y4 (C) or OB-6 cells (D) expressing TAK1 cDNA or the empty vector (pcDNA3) were treated with Dex (1 mM) for
3 h, p- and regular JNK1/2 and Pyk2 were assayed by Western blots. JNK1/2 and Pyk2 phosphorylations were quantified.
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described, three non-overlapping shRNAs targeting different
sequence of TAK1 cDNA were applied. All the shRNAs applied
dramatically inhibited TAK1 expression in both MLO-Y4 and OB-6
cells (Fig. 3A and B). Notably, Dex-induced apoptosis, tested by
histone-DNA ELISA assay (Fig. 3C and D) and trypan blue uptake
assay (Fig. 3E and F), were significantly inhibited in osteocytic or
osteoblastic cells expressing TAK1 shRNAs (Fig 3CeF). On the other
hand, exogenously over-expressing TAK1 (Fig. 3G and H, left
panels) enhanced Dex-induced MLO-Y4 or OB-6 cell apoptosis
(Fig. 3G and H, right panels). Together, these results further
confirmed the important role of TAK1 in Dex-induced osteocytic
and osteoblastic cell apoptosis.

3.4. TAK1 mediates dexamethasone-induced Pyk2-JNK activation in
osteocytic and osteoblastic cells

At last, we studied the signaling mechanism of TAK1's involve-
ment in Dex-induced osteocytic and osteoblastic cell apoptosis.
Previous studies have showed that Pyk2-JNK activation by Dex is an
important mediator of osteocytic and osteoblastic cell apoptosis
[9,11,22,23]. We thus tested TAK1's role in Dex-induced Pyk2-JNK
activation. As shown in Fig. 4A and B, LYTAK1 and 57-OZ, the
TAK1 inhibitors, dramatically inhibited Dex-induced Pyk2 and
JNK1/2 phosphorylations in both MLO-Y4 (Fig. 4A) or OB-6 (Fig. 4B)
cells. Likewise, TAK1 shRNA (“�3”) also prevented Pyk2-JNK1/2
activations by Dex (Fig. 4A and B). Reversely, enhanced JNK and
Pyk2 phosphorylations were achieved in MLO-Y4 (Fig. 4C) or OB-6
(Fig. 4D) cells over-expressing TAK1. Together, these results indicate
that TAK1 is an important mediator of Pyk2-JNK activation by Dex
in osteocytic and osteoblastic cells.

4. Discussions

Excess GC-induced apoptosis of osteoblasts and osteocytes is
one main reason of the reduced bone formation, increased bone
fragility, leading to osteonecrosis [2,4,5,10]. Thus, understanding
the mechanisms by which GC induces apoptosis of the bone cells is
vital for the development of possible intervention therapies
[2,4,5,10]. Published literature have shown that GC (i.e. Dex) actions
involve binding to the glucocorticoid receptor (GR), causing it nu-
clear translocation, followed by cis- or trans-interactions with DNA,
and thereby promoting or inhibiting gene transcriptions [1,4,5,10].

At the meantime, GC exerts actions independently of gene
transcription alterations, but through regulating of the activity of
multiple intracellular kinases [11,22,23]. Earlier studies have
demonstrated that ROS-mediated Pyk2-JNK activationmight be the
key signaling for GC-mediated apoptosis of osteocytes and osteo-
blasts [9,11]. In the current study, we investigated the involvement
of TAK1 in the process. Our results showed that TAK1 was activated
in Dex-stimulated osteoblastic and osteocytic cells. TAK1 inhibitors
and TAK1 shRNAs prevented the pro-apoptotic actions of GC on
tested bone cells, while TAK1 over-expression increased the
sensitivity of Dex in the same cells. Thus, activation of TAK1 might
be the key mediator of GC-induced apoptosis in both osteoblastic
and osteocytic cells.

It has been shown that Pyk2 acts as the upstream regulator of
JNK in response to Dex [7]. The precise molecular mechanisms by
which Dex activates Pyk2 leading to JNK activation and cell
apoptosis are not yet understood [7]. In this report, we provided
evidence to support that TAK1 might be the upstream kinase of
Pyk2-JNK signaling by Dex. Inhibition or downregulation of TAK1
suppressed Dex-induced Pyk2-JNK activation and subsequent
osteoblastic and osteocytic cell apoptosis. While over-expression of
TAK1 enhanced Dex-induced Pyk2-JNK phosphorylations as well as
apoptosis of tested bone cells. Significantly, anti-oxidants (NAC and
ebselen) inhibited Dex-induced TAK1 activation and osteoblastic/
osteocytic cell apoptosis, these same antioxidants were also re-
ported to block Pyk2-JNK activation by Dex [9,11]. Together, these
results indicate that Dex induces ROS production in osteoblastic
and osteocytic cells, causing TAK1 activation, which serves as the
upstream signal for Pyk2-JNK signaling activation, leading to
osteoblastic and osteocytic cell apoptosis.

Together, we describe herein a novel signaling triggered by Dex
in osteocytic and osteoblastic cells. It involves activation of TAK1
leading to subsequent Pyk2-JNK signaling activation and cell
apoptosis. Interference with this pathway may prove beneficial for
counteracting the adverse skeletal impact of GC.
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