
TGF-β Coordinately Activates TAK1/MEK/AKT/NFkB and Smad
Pathways to Promote Osteoclast Survival

Anne Gingery1, Elizabeth W. Bradley2, Larry Pederson3, Ming Ruan3, Nikki J. Horwood4,
and Merry Jo Oursler2,3,*

1Department of Biochemistry and Molecular Biology, University of Minnesota, Duluth, Minnesota, 55812

2Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, MN, 55905

3Department of Endocrine Research Unit‡, Mayo Clinic, Rochester, MN, 55905

4The Kennedy Institute of Rheumatology Division§, Faculty of Medicine, Imperial College, London W6 8LH,
United Kingdom

Abstract
To better understand the roles of TGF-β in bone metabolism, we investigated osteoclast survival in
response TGF-β and found that TGF-β inhibited apoptosis. We examined the receptors involved in
promotion of osteoclast survival and found that the canonical TGF-β receptor complex is involved
in the survival response. The upstream MEK kinase TAK1 was rapidly activated following TGF-β
treatment. Since osteoclast survival involves MEK, AKT, and NFκB activation, we examined TGF-
β effects on activation of these pathways and observed rapid phosphorylation of MEK, AKT, IKK,
IκB, and NFκB. The timing of activation coincided with SMAD activation and dominant negative
SMAD expression did not inhibit NFκB activation, indicating that kinase pathway activation is
independent of SMAD signaling. Inhibition of TAK1, MEK, AKT, NIK, IKK, or NFκB repressed
TGF-β-mediated osteoclast survival. Adenoviral-mediated TAK1 or MEK inhibition eliminated
TGF-β-mediated kinase pathway activation and constitutively active AKT expression overcame
apoptosis induction following MEK inhibition. TAK1/MEK activation induces pro-survival BclXL
expression and TAK1/MEK and SMAD pathway activation induces pro-survival Mcl-1 expression.
These data show that TGF-β-induced NFκB activation is through TAK1/MEK-mediated AKT
activation, which is essential for TGF-β to support of osteoclast survival.
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Introduction
TGF-β has been shown to have a myriad of influences on bone metabolism. Among its complex
influences, TGF-β differentially affects osteoblast differentiation by both promoting early
stages of differentiation while represses final differentiation (reviewed in [1]). TGF-β has also
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been shown to either stimulate or repress osteoclast differentiation, depending on the TGF-β
concentration and model system used [2-7]. One of the key mechanisms by which early tumor
progression is suppressed is due to pro-apoptotic effects of TGF-β [8-15]. In most cell types
examined to date, TGF-β has proven to be a potent inducer of apoptosis [12,16,17]. An
exception to this response is in neuronal cells [18]. TGF-β protects these cells from apoptosis
by stimulating expression of the non-canonical Activin-Like receptor Kinase 1 (ALK1)
receptor within one hour of TGF-β treatment. Subsequent activation of Nuclear Factor kappa
B (NFκB) is also mediated through this receptor. The authors proposed that TGF-β promoted
cell survival through increasing expression of ALK1 whereas pro-apoptotic responses are
mediated by canonical TGF-β signaling. Canonical TGF-β receptor complex involves TGF-
β Receptor type I, ALK5 (ALK5/TβRI) and TGF-β Receptor type II (TβRII). TβRII binds
TGF-β, stimulating association with ALK5/ TβRI and subsequent SMAD dependent and
SMAD independent signaling (reviewed in [19-25]). SMAD dependent signaling has been the
focus of TGF-β signaling studies since their discovery whereas SMAD independent signaling
involving kinase cascades has more recently come to the fore as important in TGF-β influences
[26-30].

Murine osteoclasts have been reported to respond to TGF-β with increased apoptosis [31]. In
this study, osteoclasts derived from un-fractionated marrow cultured with vitamin D in the
absence of exogenous stromal cells responded to TGF-β treatment with increased apoptosis.
Since TGF-β influences on osteoclast differentiation differ in the presence verses absence of
stromal cells [5], we have investigated TGF-β effects on osteoclast survival in osteoclast
cultures that are stromal cell-free and co-cultures of osteoclasts with stromal cells. Using
osteoclasts derived from RANKL and M-CSF treatment or co-culture of precursors with
stromal cells, we examined the influences of TGF-β on osteoclast survival. Here we report a
pro-survival response to TGF-β. The pro-survival response requires signaling from the
canonical TGF-β receptor signaling complex independent of ALK1. We and others have
documented the critical role of intracellular kinase cascades involving MEK1/2, AKT, and
NFκB in regulation of osteoclast survival [32-35]. Therefore we have investigated the
downstream kinase signaling events involved in TGF-β-mediated osteoclast survival and
revealed a novel MEK-dependent pathway activating the AKT/NFκB survival pathway.
Activation of this pathway is downstream of TGF-β Activated Kinase 1 (TAK1), a MAPKKK
activated by both TGF-β and BMPs [36]. SMAD 2 and SMAD3 activation and nuclear
localization are also increased by TGF-β treatment. These pathways act independently to
increase transcription of pro-survival Bcl2 family members Bcl-XL and Mcl-1.

Materials and Methods
Unless otherwise indicated, all chemicals are from Sigma Chemical Co., St Louis, MO. TGF-
β1 was purchased from R&D (Minneapolis, MN) and suspended in PBS/0.01% BSA (vehicle).

Osteoclast Culture without stromal cell addition
Marrow cells were obtained from Balb/c mice as outlined previously [35]. Briefly, marrow
was flushed from the long bones with PBS, and red blood cells lysed. Cells were incubated at
37° C with 5% CO2 in a humidified incubator overnight in alpha modified Minimal Essential
Medium (α-MEM) supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone, Logan
UT), antibiotic/antimycotic, and 25 ng/ml M-CSF (R&D, Minneapolis, MN). The following
day, non-adherent cells were plated at 2 × 105 cells/cm2 in 24 well plates (Fischer, Pittsburgh,
PA) in the above medium with 100 ng/ ml RANKL (Calbiochem, La Jolla, CA or recombinant
GST-RANKL generated and purified by affinity chromatography using Glutathione Sepharose
4B pre-packed disposable columns according to the provider (GE Healthcare Life Sciences)).
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Cells were fed fresh medium on day 3 and treated as described in the figure legends for specific
experiments.

Stromal cell co-culture generation of osteoclasts
ST2 cells (Riken Cell Bank, Tsukuba, Japan) were cultured in α-MEM supplemented with 10%
(v/v) FBS and antibiotic/antimycotic. ST2 cells (passage 5-25) were plated at 8 × 104 cells/
cm2 in 24 well plates. Twenty-four hours later (day 0 of differentiation) Balb/c marrow cells
were added at 2.1 × 104 cells/cm2 to the ST2 cell cultures in MEM (Invitrogen, Carlsbad, CA),
10% (v/v) FBS, 1% (v/v) non-essential amino acids, antibiotic/antimycotic, 7 × 10-3 M ascorbic
acid (Invitrogen), 1 × 10-7 M dexamethasone, 1 × 10-5 M, vitamin D3 (Biomol, Plymouth
Meeting, PA) 100 ng/ml biotin, 1.36 ug/ml vitamin B12, and 299 ng/ml lipoic acid [37].
Medium was changed every three days through day 9. On day 13 the co-cultures were treated
as outlined in Figure 2 legend.

Hoechst and TRAP stains and apoptosis quantitation
Cells cultured on coverslips were fixed with 1% (w/v) paraformaldehyde in phosphate buffered
saline (PBS) for at least 10 minutes, rinsed with PBS containing 0.01% (v/v) Tween 20 (PBST)
three times and stained for 1 hour with 5 μg/ml Hoechst 33258 in PBST, followed by rinsing
3 times with PBST. Cells were then stained for tartrate resistant acid phosphatase (TRAP) as
we have outlined using a kit from Sigma Chemical Co. according to the provider's instructions
[35]. Coverslips were mounted on slides and visualized using light and epifluorescence. Total
numbers of osteoclast were obtained by counting TRAP positive cells containing at least 3
nuclei. Of this population, apoptotic osteoclasts were delineated on the basis of chromatin
condensation as we have reported [35]. Data were then expressed as the percentage of apoptotic
osteoclasts displaying condensed nuclei out of the total number of osteoclasts.

Western Blotting
Osteoclasts were treated as outlined in the figure legends. At the end of treatments, cells were
placed on ice and rinsed 3 times with cold PBS. Laemmli sample buffer lacking bromphenol
blue and β-mercaptoethanol was added and cell extracts collected following scraping. Protein
concentrations were determined using BioRad's Protein Quantitation In Detergent Analysis
Kit. Forty micrograms of protein per lane was used for analysis. Prior to boiling and western
blotting, β-mercaptoethanol and bromophenol blue were added to the samples. Western
blotting was carried out as previously outlined [35]. Anti phospho- and total antibodies directed
toward Tak1 (Thr184/187), MEK 1/2 (Ser217/221), AKT (Ser473), Inhibitor of IκB Kinase
(IKK)α/β (Ser176/180), Inhibitor of NFκB (IκB) (Ser32), and NFκB (Ser536) (Cell Signaling,
Beverly, MA) were used at a 1:1,000 dilution for Western blotting according to the product
directions as we have reported [35]. Anti-tubulin hybridoma supernatant (E7) from The
Developmental Studies Hybridoma Bank at the University of Iowa was also used at a 1:1,000
dilution. Peroxidase conjugated secondary antibodies (Cell Signaling) were used at a 1:5,000
dilution with chemiluminescent detection using ECL Plus according to the product directions
(GE Health Care). Following detection of phospho-proteins, the membrane was stripped using
Pierce's Restore PLUS Western Blot Stripping Buffer according to the product literature and
the blots were re-probed for total proteins and tubulin.

Quantitative Real Time Polymerase Chain Reaction
Cells were either vehicle or TGF-β treated or infected with adenovirus expressing empty vector
(Strategene Ad Easy, La Jolla, CA), Cre recombinase (Vector BioLabs, Philadelphia, PA), or
harvested without infection as detailed in Figure 4 legend. Cells were rinsed with PBS and
RNA harvested using TriZol Reagent according to the product literature (Invitrogen).
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Following quantitation, cDNA was synthesized and Real Time PCR analysis carried out as we
have reported [5]. Primers were:

GENE LEFT PRIMER RIGHT PRIMER
ALK1 5′-CGGGAGACGGAGAYCTACAA-3′ 5′-GGAGCCGTGTTCATGGTAGT-3′
ALK5/TβRI 5′-TTGCTCCGTTGTATTTGTGC-3′ 5′-CAGGACTTAACACCGCCTTT-3′
TβRII exon 2 5′-GCAAGTTTTGTGATGCGAGA-3′ 5′-GACTTCATGCGGCTTCTCA-3′
BclXL 5′-GATGGAGGAACCAGGTTGTG-3′ 5′-CCCCGGAAGGTCTTTTGTAT-3′
Mcl-1 5′-GCAGAGCCTGTTGTGTGTGT-3′ 5′-AGTGAAGAGCACAGGGAGGA-3′
TUBULIN 5′-CTGCTCATCAGCAAGATCAGAG-3′ 5′-GCATTATAGGGCTCCACCACAG-3′

NFκB Reporter Assay
An adenovirus system that has three NFκB consensus sites driving luciferase gene expression
(gift from P.B. McCray Jr., The University of Iowa, Iowa City) was used to infect cells at a
MOI of 100 for 24 hours. Cell lysates were harvested and processed as described [38]. Protein
concentrations were determined as above and 75 μg in 20 μl was used to measure luciferase
activity as described [38].

Adenoviral Preparation and Treatments
Dominant negative AKT and mutant IκB were purchased from Vector Biolabs; Dominant
negative TAK1 was a gift from Dr. Brenner, University of North Carolina Gene Therapy
Center; Dominant negative IKK was a gift from Dr. Rainer de Martin; Dominant negative
MEK was a gift from Dr. Tanaka; Dominant negative NIK generation has been previously
reported [39]. Virus was expanded and titered using Ad 293 cells using standard protocols. A
Multiplicity of Infection (MOI) of 100 was used in all studies unless indicated.

Chemical Inhibition
ALK5/TβRI inhibition: Cells were pre-treated with 2 mM (final concentration of 2 μm)
SB-431542 or vehicle (DMSO) for 1 hour prior to TGF-β treatment as detailed in Figure 4
legend. MEK inhibition: The MEK1/2 inhibitor UO126 was used at a concentration of 10 μM
where indicated during one-hour serum starvation and subsequent treatment.

Nuclear localization
Duplicate sets of wells were treated as outlined in the figure legends. Cells were washed,
scraped and pelleted in cold PBS. The pellet was resuspended in 10 mM Tris-HCL pH 8.0, 10
mM KCl, 0.1 mM EGTA, 0.1 mM EDTA containing 1× Inhibitor cocktail (Roche). After
incubation on ice for 15 minutes, 10% (v/v) NP-40 was added for a final concentration of 0.7%
(v/v) and the cell suspension vortexed. Cells were spun at 14000 rpm for 15 minutes at 4° C.
The pellet was washed twice with the above buffer and resuspended in 20 mM Tris-HCL pH
8.0, 0.4 M NaCl, 0.1 mM EGTA, 0.1 mM EDTA, and 1× Inhibitor cocktail (Roche). Nuclei
were incubated on ice for 15 minutes and spun at 14000 rpm for 15 minutes at 4° C. Protein
was quantitated as above and 15 μg/lane analyzed by western blotting using an antibody against
total SMAD2 and SMAD3 (R&D), total NFκB (Cell Signaling) and actin (Sigma) to verify
equal loading of the samples.

Statistics
Details of replicate experiments are in the figure legends. Data were analyzed using a one way
analysis of variance (ANOVA) as compared to controls. Significance was determined at p<0.05
using KaleidaGraph software.
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Results
TGF-β suppresses osteoclast apoptosis

We have examined the influences of TGF-β on osteoclast survival using mature osteoclasts
that were differentiated in vitro from BalB/c marrow precursors cultured with RANKL and M-
CSF (Figure 1). Cultures mature after 3.5 days following RANKL and M-CSF treatment. On
day 5, the mature osteoclasts were treated with vehicle or TGF-β. Within four hours of
treatment, the percentage apoptotic osteoclasts increased in vehicle treated cultures compared
to either time zero or TGF-β treatment. The difference in the percentage of apoptotic osteoclasts
comparing vehicle to TGF-β treatment persisted through 24 hours of culture. The total number
of osteoclasts did not significantly differ between vehicle and TGF-β treated osteoclasts at any
time point, but there were significantly fewer osteoclasts than time zero (data not shown). These
data suggested that TGF-β could either be supporting osteoclast survival, increasing new
osteoclast differentiation to replace apoptosed osteoclasts that had lifted off of the culture
surface, or a combination of these events. To investigate these alternatives, we used several
complementary approaches (Figure 2). Since RANKL is required for late osteoclast precursor
fusion to form multinucleated cells [40], we examined osteoclasts differentiated with RANKL
and M-CSF for TGF-β influences on mature osteoclasts with either RANKL or M-CSF
removed (Figure 2A). Mature osteoclasts were either fixed or cultured for an additional 18
hours with fresh medium with RANKL and M-CSF, M-CSF alone, or RANKL alone added.
TGF-β treatment repressed apoptosis in all culture conditions. Next we examined TGF-β
influences using culture conditions where TGF-β repressed osteoclast differentiation. We and
others have shown that, unlike RANKL/M-CSF cultures, co-cultures of osteoclast precursors
and stromal cells respond to TGF-β treatment by a total suppression of differentiation through
influences on stromal cell RANKL and OPG expression [3,5]. We therefore examined the
influences of TGF-β on mature osteoclast survival in co-culture (Figure 2B). Once cultures
were mature (day 13), vehicle or TGF-β was added for an additional 24 (day 14) or 48 (day
15) hours of culture. Apoptosis significantly increased between days 13, 14 and 15 in vehicle
treated cultures, whereas TGF-β treatment significantly suppressed this increase. We have
demonstrated that osteoclast apoptosis involves proteolytic cleavage and activation of caspase
9 [41]. To determine whether TGF-β suppressed osteoclast apoptosis by blocking caspase 9
activation, we initially investigated whether blocking caspase 9 mimicked the influences of
TGF-β (Figure 2C). Caspase 9 inhibition reduced osteoclast apoptosis to a level similar to TGF-
β treatment and was not additive to TGF-β treatment when the caspase 9 inhibitor and TGF-
β were both present. To further explore the influences of TGF-β on caspase 9 activation, we
examined caspase 9 proteolytic activation after 6 hours of vehicle or TGF-β treatment and
found that TGF-β reduced the proteolytic cleavage of caspase 9 to its active 34 kDa size (Figure
2D).

Apoptosis suppression requires ALK5/TβRI activation
We sought to resolve the receptors involved in TGF-β-mediated promotion of osteoclast
survival. Initially, we examined the influences of TGF-β on expression of ALK1, the non-
canonical receptor, and ALK5/TβRI in mature osteoclasts and found that TGF-β significantly
increased ALK5/TβRI expression (Figure 3A). ALK1 expression was not significantly
increased. As TGF-β is known to regulate tubulin expression polymerization and expression,
we also determined if changes in tubulin were evident with TGF-β treatment [42, 43]. No
change in tubulin expression was observed with TGF-β treatment (data not shown). This
observation is not surprising given that TGF-β-mediated changes in tubulin expression occur
primarily after long treatments with TGF-β (6-24 hours) whereas the data presented here are
in response to short TGF-β treatments. To determine whether ALK5/TβRI was involved in
TGF-β mediated osteoclast survival, we employed a chemical inhibitor that selectively blocks
ALK5/TβRI without blocking ALK1 signaling [44] (Figure 3B). Blocking ALK5/TβRI
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increased the percentage of apoptotic osteoclasts by 24 hours of treatment in both vehicle and
TGF-β treated cultures, thus blocking the influences of TGF-β on osteoclast survival. To
explore the role of TβRII in TGF-β-mediated osteoclast survival, we examined osteoclasts in
which the ligand binding domain of TβRII was excised. Mature osteoclasts from mice with the
ligand binding domain of TβRII (exon 2) floxed were infected with adenoviral Cre to excise
the binding domain and inactivate TβRII prior to TGF-β treatment. Figure 3C documents that
we had effective reduction in full length TβRII mRNA with expression of the Cre recombinase.
TGF-β treatment of Cre infected osteoclasts failed to suppress osteoclast apoptosis (Figure
3D).

TGF-β activation of MEK and AKT pathways
We have shown that MEK, AKT, and NFκB are critical signals involved in osteoclast survival
[35]. TAK1 is a MEK kinase that is activated by TGF-β, we examined its activation following
TGF-β treatment of mature osteoclasts and observed rapid phosphorylation in response to
treatment (Figure 4A). We and others have shown that osteoclast survival is dependent on
activation of MEK, AKT, and NFκB [32-35]. Since TGF-β had been shown to activate these
signaling pathways in a variety of cell types, we also examined TGF-β influences on osteoclast
MEK and AKT pathway activation (Figure 4A). Within 5 minutes of TGF-β treatment, rapid
phosphorylation of MEK1/2, AKT, IKKα/β, IκB, and NFκB and a decrease in total IκB protein
were seen. To verify that TGF-β was activating NFκB, we infected mature osteoclasts with an
NFκB reporter construct and found that 30 minutes of TGF-β treatment resulted in a 2-fold
increase in reporter activity (Figure 4B). We also examined NFκB and SMAD activation as
measured by nuclear localization (Figure 4C). Within five minutes of TGF-β treatment,
NFκB and SMADs 2 and 3 levels were elevated in the nucleus and nuclear localization was
sustained for up to 60 minutes. We were unable to detect nuclear localization of SMADs 1, 5,
or 8 (data not shown). To control for contamination with non-nuclear proteins, blots were re-
probed with tubulin and these were consistently negative (data not shown). We examined the
influences of ALK5/TβRI blocking on nuclear localization of NFκB, SMAD2, and SMAD3
and found that blocking the receptor suppressed TGF-β-induced nuclear localization of these
proteins (Figure 4D). To determine SMAD activation influences on kinase pathway activation
of NFκB, we infected mature osteoclasts with dominant negative SMAD2 and SMAD3 (Figure
4E). Following TGF-β treatment, there was detectable nuclear localization of NFκB in the
presence of dominant negative SMAD expression.

Activation of TAK1, MEK, and AKT pathways are involved in TGF-β-mediated osteoclast
survival signaling

Since MEK and AKT/NFκB are known osteoclast survival pathways [35] and TAK1, MEK
and AKT/NFκB were rapidly activated with TGF-β treatment, we next examined the influences
of blocking these pathways on TGF-β-mediated promotion of osteoclast survival (Figure 5).
We used adenoviral delivery of dominant negative TAK1, MEK1, AKT, NIK, and IKK and
mutant IκB (which blocks NFκB activation) to block these signaling components (Figure 5A).
The dominant negative constructs increased osteoclast apoptosis in the vehicle treated cultures
and TGF-β treatment could not overcome the induction of apoptosis. Examination of total
TAK1, MEK, AKT, NIK, IKK, and IκB verify that dominant negative expression was
successful (Figure 5B). Chemical blocking of MEK, AKT, and NFκB prior to TGF-β treatment
had a similar impact on survival (data not shown).

TAK1 and MEK activation are required for TGF-β-mediated activation of the AKT/NFκB
pathway

Because blocking TAK1, MEK, and AKT/NFκB blocked TGF-β-mediated promotion of
osteoclast survival, we investigated the influences of adenoviral-mediated blocking of TAK1
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or MEK1 on the AKT/NFκB signaling pathway (Figure 6A and B). In vector-infected
osteoclasts, we again observed rapid phosphorylation of MEK1/2, AKT, IKK, IκB, and
NFκB as well as auto-phosphorylation of TAK1 at Thr184 and Thr187 within the activation
loop of TAK1. Importantly, infection with dominant negative TAK1 (Figure 6A) or MEK1
(Figure 6B) reduced or blocked phosphorylation of pathway components without affecting
TAK1 activation. These data indicate that TGF-β activation of TAK1 is upstream of MEK and
AKT activation and MEK is upstream of AKT activation. A similar pattern was observed with
1 hour of chemical inhibition of MEK1/2 activation prior to TGF-β treatment (data not shown).
To verify influences of blocking TAK1 or MEK on pathway activation, we examined the
impact of dnTAK1 or dnMEK1 expression on nuclear localization of NFκB (Figure 6C).
Within 5 minutes of TGF-β treatment, nuclear NFκB levels are increased in vehicle treated
cells. Expression of dnTAK1 or dnMEK1 abrogated this response. We examined the influences
of blocking the AKT/NFκB pathway on constitutively active MEK activity (Figure 6D).
Constitutively active MEK reduced osteoclast apoptosis and TGF-β treatment did not further
reduce apoptosis with this treatment. Expression of dominant negative forms of AKT, NIK,
IKK, or mutant IκB in osteoclasts expressing constitutively active MEK eliminated the
influences of MEK activation on osteoclast survival while also blocking the influences of TGF-
β on osteoclast survival. To further clarify whether the AKT/NFκB pathway is downstream of
MEK in TGF-β-mediated suppression of osteoclast apoptosis, osteoclasts were infected with
constitutively active AKT prior to treatment with a pharmacological inhibitor of MEK1/2,
followed by treatment with either vehicle or TGF-β (Figure 6E). MEK inhibition increased
osteoclast apoptosis while constitutively active AKT suppressed apoptosis. Importantly,
constitutively active AKT abrogated the influence of MEK1/2 inhibition on osteoclast
apoptosis.

We have shown that expression of Bcl-2 protects osteoclasts from apoptosis induced by
suppression of protein synthesis [41]. Because of this, investigated the mechanisms by which
TGF-β promotes osteoclast survival by examining influences on expression of pro-survival
members of the Bcl2 family. Within one hour of TGF-β treatment, there was increased
BclXL (Figure 7A) and Mcl-1 (Figure 7B) expression. We were unable to detect rapid increases
in expression of Bcl2 or the Inhibitor of Apoptosis family member Survivin (data not shown).
Moreover, we did not see any decrease in expression of pro-apoptosis Bcl2 family members
Bax, Bid, Bik, Bim, Box, Bcl2-like 11,12,13,or 14, or Bnip1,2,or 3 (data not shown). To
determine the roles of TAK1, MEK, and SMAD2/3 signaling in these responses, mature
osteoclast were infected with dnTAK1, dnMEK1, or combined dnSMAD2 and dnSMAD3.
Repression of TAK1 or MEK1 reduced TGF-β induction of BclXL (Figure 7C). In contrast,
repression of TAK1, MEK1 or SMAD2/3 reduced TGF-β induction of Mcl-1 (Figure 7D).

Discussion
In these studies we have documented that physiological TGF-β concentrations suppress
osteoclast apoptosis through rapid activation of MEK, which activates the AKT/NFκB
pathway. Biologically, this is likely to be crucial in the sustained resorption that takes place
during conditions of excessive bone loss such as tumor-driven osteolysis or post-menopausal
osteoporosis. TGF-β is released from the bone by osteoclastic activity, and we have shown that
osteoclasts synthesize and activate TGF-β [45]. Thus, during periods of high bone turnover,
active TGF-β levels are relatively high. If elevated levels of TGF-β promoted osteoclast
apoptosis, the expectation would be that osteoclast apoptosis would occur during periods of
high bone turnover, which has never been observed. Indeed, apoptosis of resorbing osteoclasts
would provide negative feedback to repress resorption, which has also never been documented.

It is likely that the differences between our results and those of Hughes et al. [31] is due to
altered sensitivity to TGF-β between the two model systems and/or the presence of stromal
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cells in the un-fractionated cells used by Hughes et al.. There are other differences between
our protocols as well, notably the differentiation stimulus (we used RANKL and M-CSF and
Hughes et al. used vitamin D). We attempted to examine this by replicating the protocol in
Hughes et al, but were unable to obtain osteoclasts by this method (data not shown). In addition,
the Hughes et al. osteoclasts were derived from C57BL/6-derived marrow. We therefore
examined this strain of mice using RANKL and M-CSF-derived osteoclasts, which behaved
in a manner similar to the Balb/c-derived cells reported here (data not shown). Different mouse
vendors could also be contributing to differences, a possibility that is strengthened by the
observation of variability in mouse colonies between vendors [46]. The approach to assess
apoptosis also differed in that Hughes et al. observed that apoptotic osteoclasts lifted off of the
culture surface and chromatin condensation of floating cells was used as the apoptosis marker.
All remaining adherent cells were scored as viable. We have observed that intact osteoclasts
obtained with RANKL and M-CSF remain adhered to the culture surface whether alive or
apoptotic [35]. We have also published that no intact cells can be recovered from the medium,
underscoring a basic difference in these two model systems [35].

We examined whether we were measuring a replacement of apoptotic osteoclasts with newly
differentiated osteoclasts since TGF-β stimulates osteoclast differentiation in the presence of
RANKL and M-CSF (3,5). We used several approaches to address this question. Our initial
experiment was to examine responses when RANKL was removed from the cultures, as
RANKL signaling is required for the final events in osteoclast differentiation. The observation
that TGF-β suppressed osteoclast apoptosis in the absence of RANKL supports a pro-survival
response. We also examined osteoclasts co-cultured with stromal cells since the dose of TGF-
β used suppresses differentiation of these cultures [5]. In these studies, TGF-β also suppressed
apoptosis. Since TGF-β completely suppresses osteoclast differentiation in this model system,
these results clearly support the hypothesis that TGF-β promotes osteoclast survival. We also
found that inhibition of caspase 9 mimicked TGF-β effects, but was not additive with TGF-
β, and that TGF-β treated cultures had less activated caspase 9. These data confirm that TGF-
β represses caspase 9-mediated osteoclast apoptosis. Published studies of human osteoclast
lineage cell responses to TGF-β have been restricted to differentiation responses. With respect
to these responses, TGF-β has been reported to induce differentiation of precursors when
cultured with RANKL and M-CSF, similar to murine osteoclast precursor responses [6,47].

Interestingly, human osteoclasts have been shown to require NFκB for survival, supporting
that targeting this survival factor is a common mechanism to support survival of human and
murine osteoclasts [48]. Recently, this same group published that human osteoclasts
differentiated from cord blood responded differently to apoptosis induction than human
osteoclasts differentiated from peripheral blood, suggesting that the source of human cells must
be carefully evaluated in human osteoclast survival studies [49]. The studies reported here were
carried out with murine osteoclasts cultured on plastic and glass surfaces. Since osteoclasts
release and activate bone-bound TGF-β, it will be important to resolve the role of TGF-β effects
on osteoclasts that are in their natural environment on bone in a mixed cell milieu, which is a
future direction of this project.

As noted above, TGF-β induces apoptosis of many cell types. The best studied exception to
this observation occurs in tumor cells in which various alterations in the TGF-β signaling
pathway allows for escape from the pro-apoptotic effects of TGF-β. TGF-β has been shown to
promote neuronal cell survival by stimulation and activation of ALK1, an alternate TGF-β
receptor, resulting in activation and phosphorylation of SMADs 1 and 5 (data not shown)
[50-52]. In studies of Konig et al [18], TGF-β stimulated neuronal cell ALK1, but not ALK5/
TβRI, expression within one hour of TGF-β treatment. In contrast, TGF-β stimulated
expression of ALK5/TβRI in osteoclasts between 1 and 2 hours of TGF-β treatment. There
was no significant influence on ALK1 expression in osteoclasts. We also were unable to detect
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TGF-β-mediated increase in nuclear localization of SMADs 1 or 5, which are the downstream
effectors of ALK1. These data further support that osteoclast survival signaling in response to
TGF-β is not through activation of the ALK1/SMADs 1 and 5 pathways. To determine the role
of ALK5/TβRI in TGF-β-mediated promotion of osteoclast survival, we examined responses
in osteoclasts in the presence of an inhibitor of ALK5/TβRI that does not inhibit ALK1. We
found that ALK5/TβRI inhibition blocked TGF-β-mediated osteoclast survival and inhibition
of ALK5/TβRI blocked nuclear localization of NFκB, SMAD2, and SMAD3. These data
support that TGF-β activates ALK5/TβRI to repress apoptosis, unlike reports in neuronal cells.
To further investigate canonical signaling, we examined osteoclasts in which the TβRII ligand
binding domain was excised. In cells unable to respond to TGF-β by activation of ALK5/
TβRI - TβRII complex, TGF-β did not suppress apoptosis. Taken together, these data confirm
the requirement of the canonical receptor complex in TGF-β support of osteoclast survival.

TGF-β-mediated phosphorylation of osteoclast TAK1, MEK1/2, AKT, IKK, and NFκB
occurred rapidly, within 5 minutes of treatment. Transient phosphorylation of IκB was
observed and total IκB decreased with time, which is expected since phosphorylation leads to
proteasome-mediated degradation of IκB [53]. Thus, loss of total IκB is the most likely
explanation for the reduced phospho-IκB. Phosphorylation of NFκB was also slightly reduced
by 30 minutes of treatment, although direct measurement of NFκB activity with a reporter
construct after 30 minutes of TGF-β treatment clearly showed significant retained activation.
We observed nuclear localization of SMADs 2 and 3 within the same time period as activation
of the MEK/AKT pathway, supporting that these pathways are activated in parallel and not
sequentially. This is further supported by the observation that dnSMAD2/3 were unable to
block TGF-β-mediated induction of NFκB nuclear localization. In some cell types the effects
of Smad2 and Smad3 activation in response to TGF-β are different. For instance, Smad3
preferentially regulates expression of c-Myc, Id1 and p21Cip1 over Smad2 in response to TGF-
β treatment. This preferential response occurs through a higher affinity of Smad3 to co-factors
such as E2F4/5, ATF3 and FoxO required for Smad targeting to these gene promoters
[54-56]. In addition, Smad3 induces CTGF expression and downregulates E-cadherin in
response to TGF-β whereas induction of MMP-2 is Smad2-dependent in proximal-tubule
epithelial cells [57]. However, a number of studies document a role for both Smad2 and Smad3
in mediating the effects of TGF-β, including the data described here. Studies have shown that
MEK/ERK activation can block SMAD nuclear localization in some cell types [28,58]. Since
we observed parallel SMAD and MEK pathway activation and sustained SMAD nuclear
localization, these interactions are not likely to be important in TGF-β influences on osteoclasts.

Since we observed rapid phosphorylation of MEK and AKT/NFκB and these pathways are
known to promote osteoclast survival, we pursued the roles of these pathways in TGF-β-
mediated osteoclast survival. In the absence of TGF-β treatment, dominant negative blocking
of SMAD2, SMAD3, TAK1, MEK, AKT, or IKK as well as blocking NFκB activation using
a mutant IκB led to significant increase in osteoclast apoptosis. Since osteoclasts secrete and
activate TGF-β, this could be, at least in part, due to blocking autocrine TGF-β effects.
Dominant negative NIK did not appear to significantly increase basal apoptosis, perhaps due
to large variability in these cultures. Importantly, each of these inhibitory constructs blocked
TGF-β-mediated repression of osteoclast apoptosis, indicating that these signaling components
are downstream effectors of TGF-β promoted osteoclast survival.

TAK1 has been shown to activate MEK3, MEK6, MEK4, and MEK7, leading to JNK
activation [59-61]. We have been unable to document TGF-β–mediated JNK activation in
osteoclasts (data not shown). Previous studies have addressed potential TAK1-mediated
activation of the MEK/ERK pathway, but have not demonstrated activation of MEK
downstream of TGF-β-induced TAK1. In studies by Hirota et al., the effects of TGF-β in an
articular chrondrocyte cell line and a hepatoma cell line were contrasted [62]. The authors were
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able to illustrate a MEK-dependent transcriptional response mediated by TGF-β in
chondroctyes. This effect was not altered by modulation of TAK1 function. In contrast, while
the effects in hepatoma cells were MEK-independent, TGF-β induced transcription could be
blocked through expression of dnTAK1. Thus, these studies suggested that TGF-β-mediated
MEK activation was not accomplished via TAK1. Additional studies have also shown that
although TAK1 activation is required to induce Akt activation in response to iron accumulation,
blocking the function of TAK1 does not block ERK activation mediated by iron accumulation
[63], again showing that MEK-mediated responses are not TAK1-dependent To our
knowledge, this is the first report that TAK1 also targets MEK1/2 signaling. Therefore, TAK1
may be a general MEK kinase capable of activating multiple MEK signaling pathways. Our
investigation of the interactions between MEK and AKT/NFκB pathways following TGF-β
treatment lead to the unexpected observation that MEK activation causes phosphorylation and
activation of the AKT/NFκB pathway. Our initial observations were from chemical inhibition
studies, which resulted in a similar blocking. Given the possibility of nonspecific influences
of pharmacological inhibitors, we elected to employ the more selective adenoviral blocking
strategy, which revealed the identical response. Blocking MEK increased osteoclast apoptosis,
which was reversed by expression of constitutively active AKT. Likewise, blocking the AKT/
NFκB pathway reduced the ability of constitutively active MEK to promote osteoclast survival.
Our results, summarized in Figure 8, reveal that TGF-β-mediated promotion of osteoclast
survival is mediated by a novel TGF-β RI/RII and downstream TAK1/MEK/AKT/NFκB and
SMAD2/3 pathways. Induction of these pathways induces expression of pro-survival Bcl2
family members BclXL and Mcl-1 to block caspase-mediated osteoclast apoptosis. This
scenario is in concordance with our observation that blocking protein synthesis rapidly induces
osteoclast apoptosis and we conjecture that synthesis of BclXL and Mcl-1 are pivotal in this
response [41]. These results also suggest that studies published of the roles of MEK and AKT
on osteoclast survival and, perhaps, differentiation may need to be re-evaluated to determine
whether MEK is likewise regulating AKT following stimulation with other ligands in addition
to TGF-β.
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Fig. 1.
TGF-β promotes osteoclast survival. Mature osteoclasts were differentiated in vitro on
coverslips in the presence of RANKL and M-CSF and assessed for responses to TGF-β.
Osteoclasts were treated for the indicated time with vehicle or 2 ng/ml TGF-β. Cells were fixed
and stained with Hoechst and TRAP. Each data point is the mean ± SEM of 6 replicate
coverslips. This experiment was repeated 5 times and these data are from one experiment
representative of the results. * p<0.05 comparing vehicle to TGF-β treatment. f p<0.05
comparing treatment to time zero.
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Fig. 2.
TGF-β suppresses osteoclast apoptosis. (A) Mature osteoclasts differentiated in the presence
of RANKL and M-CSF were fixed on day 5 (zero) or rinsed and fresh base medium. Medium
was supplemented with M-CSF and RANKL (RL), M-CSF, or RANKL. Either vehicle or 2
ng/ml TGF-β were then added for an additional 18 hours of culture. The percentage of apoptotic
osteoclasts was determined as in Figure 1. (B) Osteoclasts that were differentiated by co-culture
with stromal cells for 13 days were either fixed (Day 13) or treated with vehicle or 2 ng/ml
TGF-β for 24 (Day 14) or 48 (Day 15) hours. The percentage of apoptotic osteoclasts was
determined as in Figure 1. (C) Mature osteoclasts differentiated in the presence of RANKL
and M-CSF were pre-incubated with vehicle (DMSO) or a caspase 9 inhibitor for 1 hour prior
to the addition of vehicle or 2 ng/ml TGF-β for 24 hours. The percentage of apoptotic
osteoclasts was determined as in Figure 1. Each data point is the mean ± SEM of 6 (A&B) or
4 (C) replicate coverslips. Each experiment was repeated 2 times. These data are from one
experiment representative of the results. * p<0.05 comparing vehicle to TGF-β treatment. f
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p<0.05 comparing time zero to individual treatment (A), or treatment to Day 13 (B), or
treatment to DMSO (C). (D) Mature osteoclasts differentiated in the presence of RANKL and
M-CSF were treated with vehicle (V) or 2 ng/ml TGF-β (T) for 6 hours prior to harvest. Forty
μg of protein was loaded into each lane and Western blots were probed for the presence of
latent (46 kDa) and cleaved active (34 kDa) caspase 9. This analysis was repeated twice and
these data are representative of the results.
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Fig. 3.
Survival response involves ALK5/TβRI, not ALK1. (A) On day 5 of culture, mature osteoclasts
differentiated with RANKL and M-CSF were treated with vehicle or 2 ng/ml TGF-β for 1 or
2 hours as indicated. RNA was harvested and assessed for ALK1 and ALK5/TβRI gene
expression by Real Time PCR as outlined in the Materials and Methods section. (B) Mature
osteoclasts were treated with either vehicle (DMSO) or specific ALK5/TβRI inhibitor
SB-431542 for 1 hour prior to vehicle or TGF-β treatment for 8 or 24 hours. The percentage
of apoptotic osteoclasts was determined as in Figure 1. (C and D) Mature osteoclasts
differentiated with RANKL and M-CSF were cultured uninfected (NONE) or infected with
empty vector (VECTOR) or Cre-expressing adenovirus (CRE) for 24 hours. (C) RNA was
harvested and assessed for Cre-mediated excision of the TβRII ligand binding domain by Real
Time PCR. (D) Cells were fixed and the percentage of apoptotic osteoclasts was determined
as in Figure 1. Each of these experiments was repeated 2 times. Data are from one experiment
representative of the results. A and C: Each data point is the mean ± SEM of 4 separate cultures.
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B and D: Each data point is the mean ± SEM of 6 replicate coverslips. * p<0.05 comparing
vehicle to TGF-β treatment. f p<0.05 comparing treatment to DMSO (B) or no infection
(NONE; E). These analyses were repeated 2 times and these data are representative of the
results.
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Fig. 4.
TGF-β rapidly activates signaling pathway components. On day 5 of culture, mature osteoclasts
were treated with 2 ng/ml TGF-β for the indicated times. (A) Cells were rinsed on ice with
cold PBS, extracts were harvested, and forty μg of protein was analyzed by Western blotting
for the indicated phosphor-(p), total (t) protein, or tubulin. This experiment was repeated 6
times and these data are representative results. (B) Mature osteoclasts were infected with
NFκB promoter reporter construct for 24 hours as outlined and then treated with 2 ng/ml TGF-
β for the indicated time. Seventy-five micrograms of cell lysates were analyzed for luciferase
activity as described above. This experiment was repeated twice and these data are from one
experiment representative of the results. *p<0.05 compared to time zero. (C) Mature osteoclasts
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were treated for the indicated times with 2 ng/ml TGF-β prior to harvest, nuclear extraction
and and five μg were analyzed by western blot analysis for total NFκB, SMAD2 or SMAD3.
(D) Mature osteoclasts were harvested (0) or treated as above with vehicle (V), SB-431542
(SB), or 2 ng/ml TGF-β (T) alone or in combination as indicated for 5 minutes. Nuclear extracts
were obtained as outlined in the Materials and Methods section. Five μg of protein were
analyzed for total NFκB, SMAD2, or SMAD3 by western blotting. (E) Mature osteoclasts were
infected with vector (MOI=100) or dominant negative SMADs 2 and 3 (MOI=50 each) for 18
hours prior to treatment with 2 ng/ml TGF-β for 5 minutes. Nuclear extracts were obtained as
outlined in the Materials and Methods section. Five μg of protein were analyzed for total
NFκB by western blotting. (C, D, and E) Each experiment was repeated twice and data are
representative of the results.
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Fig. 5.
Blocking TAK1, MEK, AKT, NIK, IKK, NFκB, SMAD32, or SMAD3 blocks TGF-β-
mediated promotion of osteoclast survival. (A&B) On day 4 of culture, mature osteoclasts were
infected for 18 hours with the indicated adenovirus prior to the addition of vehicle or 2 ng/ml
TGF-β for 8 hours (vec = empty vector). (A) Cells were fixed and the percentage of apoptotic
osteoclasts was determined as in Figure 1. Each data point is the mean ± SEM of 6 replicate
coverslips. * p<0.05 comparing vehicle to TGF-β treatment. f p<0.05 comparing treatment to
vector infected cells. (B) Parallel cultures were harvested for western blotting of 40 μg of cell
protein to verify over-expression of recombinant proteins. Subsequent re-probing of the blots
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for tubulin levels confirmed equal lane loading (data not shown). These experiments were
repeated 2 times and these data are from one experiment representative of the results.
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Fig. 6.
TGF-β-mediated activation of TAK1 and MEK are required for downstream activation of
AKT, IKK, IκB and NFκB. (A and B) On day 4 of culture, mature osteoclasts differentiated
with RANKL and M-CSF were infected with vector or (A) dnTAK1 or (B) dnMEK1
(multiplicity of infection =100) for 18 hours prior to treatment with vehicle (-) or 2 ng/ml TGF-
β (+) for 5 minutes. Cells were rinsed, extracts were harvested, and 40 μg of protein was
analyzed by Western blotting for phospho-TAK1 Thr184 and Thr187 (pTAK 184 and pTAK
187), total TAK1 (tTAK), phospho-MEK (pMEK), total MEK (tMEK), phospho-AKT
(pAKT), total AKT (tAKT), phospho-IKKα/β (pIKKα/β), total IKKα (tIKKα), phospho-IκB
(pIκB), total IκB (tIκB), phospho-NFκB, (pNFκB), total NFκB (tNFκB), or tubulin as
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indicated. This experiment was repeated 4 times and these data are representative of the results.
(C) Osteoclasts were infected with vector, dnTAK1, or dnMEK1 as above and treated for the
indicted time with 2 ng/ml TGF-β prior to isolation and extraction of nuclei. Western blot
analysis was performed as described for total NFκB. (D) On day 4 of culture, mature osteoclasts
were infected with vector, constitutively active MEK, or dominant negative AKT, NIK, IKK
or mutant IκB as indicated (MOI = 50 each for all double infections and MOI = 100 for single
infections). Eighteen hours later, osteoclasts were treated with vehicle or 2 ng/ml TGF-β
treatment for 8 hours. Cells were fixed and analyzed as in figure 1. This experiment was
repeated 2 times and these data are representative of the results. *p<0.05 comparing vehicle
to TGF-β treatment. f p<0.05 comparing treatment to vector infected cells. (E) On day 4 of
culture, mature osteoclasts were infected with constitutively active AKT (MOI = 100).
Eighteen hours later, osteoclasts were treated for 1 hour with DMSO or the MEK1/2 inhibitor
U0126 prior to vehicle or 2 ng/ml TGF-β treatment for 8 hours. Cells were fixed and analyzed
as in figure 1. This experiment was repeated 2 times and these data are representative of the
results. *p<0.05 comparing vehicle to TGF-β treatment. f p<0.05 comparing treatment to vector
infected cells. #p<0.05 compared to CA AKT/DMSO/vehicle treatment.
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Fig 7.
(A&C) Mature osteoclasts were treated with vehicle or 2 ng/ml TGF-β for the indicated times
prior to RNA harvest and Real Time PCR analysis. (B&D). Mature osteoclasts were infected
with vector or the indicated dominant negative adenovirus (M)I = 100) for 18 hours. Cultures
were treated for 1 hour with vehicle or TGF-β prior to RNA harvest and Real Time PCR
analysis. Threshold cycles were normalized to tubulin and expression was determined relative
to vehicle treatment. These experiments were repeated 2 times. These data are representative
of the results. *p<0.05 comparing vehicle to TGF-β treatment. f p<0.05 comparing treatment
to vector infected cells.
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Fig. 8.
Model of proposed signaling pathway. In mature osteoclasts, TGF-β rapidly activates both
SMAD and TAK1. TAK1 activation leads to sequential activation of MEK1/2, AKT, NIK,
and IKKα/β, leading to phosphorylation of IκB. This causes targeted degradation of IκB,
allowing subsequent NFκB nuclear localization to promote osteoclast survival. TGF-β-
dependent SMAD2/3 activation and nuclear localization also occurs in parallel. NFκB activates
transcription of BCLXL and Mcl-1 whereas SMAD2/3 activate transcription of Mcl-1.
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