
Journal of Cellular Biochemistry 104:1439–1451 (2008)

Pathway Crosstalk Between Ras/RAF and PI3K in
Promotion of M-CSF-Induced MEK/ERK-Mediated
Osteoclast Survival
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Abstract While M-CSF-mediated MEK/ERK activation promotes osteoclast survival, the signaling pathway by
which M-CSF activates MEK/ERK is unresolved. Functions for PI3K, Ras, and Raf have been implicated in support of
osteoclast survival, although interaction between these signaling components has not been examined. Therefore,
the interplay between PI3K, Ras and Raf in M-CSF-promoted MEK/ERK activation and osteoclast survival was investigated.
M-CSF activates Ras to coordinate activation of PI3K and Raf/MEK/ERK, since Ras inhibition decreased PI3K activation and
PI3K inhibition did not block M-CSF-mediated Ras activation. As further support for Ras-mediated signaling, constitutively
active (ca) Ras promoted MEK/ERK activation and osteoclast survival, which was blocked by inhibition of PI3K or Raf.
Moreover, PI3K-selective or Raf-selective caRas were only partially able to promote osteoclast survival when compared to
parental caRas. We then examined whether PI3K and Raf function linearly or in parallel downstream of Ras. Expression of
caPI3K increased MEK/ERK activation and promoted osteoclast survival downstream of M-CSF, supporting this
hypothesis. Blocking Raf did not decrease osteoclast survival and MEK/ERK activation promoted by caPI3K. In addition,
PI3K-selective Ras-mediated survival was not blocked by Raf inhibition. Taken together, our data support that Raf
signaling is separate from Ras/PI3K signaling and PI3K signaling is separate from Ras/Raf signaling. These data
therefore support a role for Ras in coordinate activation of PI3K and Raf acting in parallel to mediate MEK/ERK-promoted
osteoclast survival induced by M-CSF. J. Cell. Biochem. 104: 1439–1451, 2008. � 2008 Wiley-Liss, Inc.
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Macrophage-colony stimulating factor (M-CSF)
promotes the differentiation and survival of
cells within the monocyte/macrophage lineage,
including osteoclasts, the multinucleated cells
derived for bone resorption [Takahashi et al.,
1988; Udagawa et al., 1990; Fuller et al., 1993;
Arai et al., 1999; Glantschnig et al., 2003; Akiyama
et al., 2005]. Overall increases in osteoclast
numbers and activity, when not balanced with
correspondingbonedeposition,contributetoexces-
sive bone loss seen in conditions such as post-
menopausal osteoporosis, Paget’s disease and
tumor-induced osteolysis [Rodan and Martin,

2000]. The number of osteoclasts present at sites
ofbone remodeling dependsboth on differentiation
and survival of osteoclasts [Rodan and Martin,
2000]. As these processes are both supported by
M-CSF, identifying the mechanisms by which
M-CSF influences osteoclasts will help to target
bone loss associated with increased osteoclast
numbers.

M-CSF promotes cellular responses through
the receptor tyrosine kinase c-fms, which is
activated following ligand binding through an
autophosphorylation event [Jaworowski et al.,
1996]. Once active, c-fms signals through both
Ras and PI3K dependant mechanisms to acti-
vate the MEK/ERK pathway [Sun et al., 2000;
Yang et al., 2006]. Both Ras- and PI3K-depend-
ent osteoclast survival have been reported,
however the interplay between these pathways
in mediating osteoclast survival has not
been addressed [Miyazaki et al., 2000; Gingery
et al., 2003]. H-Ras is a small G-protein of
the p21 family which, upon farnesylation, is
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recruited to the plasma membrane and contri-
butes to receptor tyrosine kinasae signaling
[Cox et al., 1992; Carboni et al., 1995; Peys-
sonnaux and Eychene, 2001]. In its active
GTP-bound form, Ras promotes activation of
downstream signaling components including
the Raf/MEK/ERK pathway. A T35S point
mutation in Ras induces selective activation
of Raf, confirming that Ras mediates Raf
activation [Stoyanov et al., 1995; White et al.,
1995; Edme et al., 2002]. Once activated, Raf
directly phosphorylates and activates MEK1/2
by targeting Ser217 and Ser221 [Alessi et al.,
1994].

Activation of Ras can regulate PI3K activity
in that a Y40C point mutation in Ras confers
selective activation of PI3K [White et al., 1995;
Edme et al., 2002]. PI3K is a lipid kinase
catalyzing the phosphorylation of PIP2 to PIP3,
leading to plasma membrane recruitment of
PH-domain containing signaling components.
PI3K is composed of two subunits, the p110
subunit, which catalyzes the lipid kinase reac-
tion, and the p85 subunit, which regulates p110
activity. During PI3K activation, the p85 sub-
unit is recruited to phospho-tyrosine residues
within the YXXM motif of receptor tyrosine
kinases at the plasma membrane leading to
activation of the pathway and downstream
effectors [Ponzetto et al., 1993].

Ras promotes activation of both Raf and
PI3K and PI3K may also act independently of
Ras and/or regulate Ras activity. In myeloid
progenitors, Ras and PI3K have been reported
to individually mediate M-CSF-induced MEK/
ERK activation in parallel [Lee and States,
2006]. PI3K can also act upstream of Ras in
activation of the MEK/ERK pathway [Wenn-
strom and Downward, 1999]. In turn, Ras then
acts both directly and indirectly to promote Raf
activation. Through direct association, Ras may
promote dimerization of Raf at the plasma
membrane, leading to Raf activation [Kolch,
2000]. Ras may also act indirectly through PI3K
to mediate Raf activation by targeted Raf
phosphorylation at Ser338 and Ser341 [Zang
et al., 2001, 2002], while Akt-mediated phos-
phorylation of Ser259 inactivates Raf [Marais
et al., 1997; Zimmermann and Moelling, 1999;
Chong et al., 2001; Dougherty et al., 2005].
As activation of the MEK/ERK pathway is a
critical component of M-CSF-promoted osteo-
clast survival, determining specific mechanism
by which M-CSF activates MEK/ERK may

contribute to advancing treatment of conditions
resulting in increased bone turnover mediated
by increased osteoclast numbers.

Given that there are multiple candidate
mechanisms for activation of the MEK/ERK
pathway by M-CSF, this study focused on
characterizing the upstream signaling events
involved in M-CSF-mediated activation of the
MEK/ERK pathway, which controls osteoclast
survival. These data demonstrate that M-CSF-
mediated osteoclast survival and MEK/ERK
activation are controlled by Ras-coordinated
activation of PI3K/MEK/ERK and Raf/MEK/
ERK. These data document parallel yet inter-
acting sequence of events induced by M-CSF to
promote osteoclast survival.

MATERIALS AND METHODS

Osteoclast Differentiation

Mouse marrow osteoclast precursors were
obtained from female Balb/c mice (Jackson Labs,
Bar Harbor, ME) as previously described [Sells
Galvin et al., 1999]. Long bones of the hind limbs
wereobtainedafter sacrificeand the marrow was
flushed out with sterile PBS. Marrow aspirates
were plated at a density of 2.9� 107 in 100 mm
dishes in alpha MEM (aMEM) supplemented
with 10% FBS (v/v) (Hyclone, Logan, UT), 1%
antimycotic/antibiotic (base media) and supple-
mented with 25 ng/ml M-CSF (R and D Systems,
Minneapolis, MN) for 24 h. Non-adherent cells
were collected and plated in base media at a
density of 2� 105 cells/cm2 and supplemented
with 25 ng/ml M-CSF and 100 ng/ml rRANKL
(differentiation media). Cells were fed after
3 days in culture with differentiation media
and allowed to differentiate until formation of
mature, multi-nucleated TRAP-positive osteo-
clasts formed. Mature osteoclasts were then
either fixed in 1% (w/v) paraformaldehyde or
treated as described.

Western Blotting

Mature osteoclasts were treated as above and
either harvested immediately for Western blot-
ting or serum starved for 1 h and cultured with
25 ng/ml M-CSF for the indicated time period.
For use of signaling chemical inhibitors, mature
osteoclasts were serum starved in each respec-
tive inhibitor or vehicle control for 1 h prior to
treatment. The Raf inhibitor GW5074 (Sigma,
St. Louis, MO) was used at a concentration of
5 mM and the PI3K inhibitors LY294002 (Cell
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Signaling, Beverly, MA) and wortmannin (Cell
Signaling) were used at concentrations of
50 and 10 mM, respectively. To inhibit Ras
activation, cells were pre-treated with 100 mM
farnesyl transferase inhibitor, FPT inhibitor III
(Calbiochem, San Diego, CA), for 8 h prior to and
during serum-starve and culture with 25 ng/ml
M-CSF as detailed in the figure legends.
Cells were rinsed with PBS and harvested for
Western blotting by scraping into SDS sample
buffer lacking b-mercaptoethanol and brom-
phenol blue. To insure that equal cell protein
was analyzed, total protein concentrations
were determined using the BioRad DC assay
(BioRad). Following protein quantification, 1 ml
b-mercaptoethanol and bromphenol blue
were added to each sample and 60 mg of total
protein was subjected to SDS–PAGE. Western
blotting was carried out using antibodies direct-
ed against total and phospho-MEK1/2Ser217/
Ser221, total and phospho-ERKThr202/Tyr204,
phospho-RafSer338 and phospho-RafSer259,
phospho-tyrosine p85 binding motif YXXM,
(Cell Signaling) and tubulin (E7, Hybridoma
Bank, Iowa State, IA) at a 1:1,000 dilution
and corresponding secondary antibodies (Cell
Signaling) at a 1:10,000 dilution with chemi-
luminescent detection using the Pierce femto
reagent (Pierce, Rockford, IL). Blots were
stripped and reprobed using a Western Blot
Recycling Kit (Alpha Diagnostics, San Antonio,
TX).

Apoptosis Detection

Fixed mature osteoclasts were stained for
60 min with Hoechst 33258 diluted to 5 mg/ml
in PBS with 0.01% Tween 20. The cells
were then tartrate-resistant acid phosphatase
(TRAP) stained as previously described [Gin-
gery et al., 2003] and examined using fluore-
scent microscopy for apoptotic osteoclasts, as
defined by TRAP-positive cells with three
or more nuclei, displaying condensed nuclei.
Six replicate coverslips were plated and ana-
lyzed for each treatment. Each experiment
was repeated three times, with representative
data reported.

Ras ELISA

Mature osteoclasts were treated as described
and Ras activation was assayed using a Ras
GTPase Chemi ELISA kit according to manu-
facture’s instructions (Active Motif, Carlsbad,
CA). Briefly, cell lysates were centrifuged and

the resulting supernatants were incubated in a
microtiter plate coated with a Raf-RBD peptide
recognizing GTP-bound Ras. HeLa cell lysates
treated with EGF were used as a positive control
(Active Motif). Following incubation, each well
was washed three times and incubated with
primary antibody recognizing H-Ras and a
corresponding HRP-linked secondary antibody
and incubated with the provided chemilumi-
nescent detection reagent. Signals for each
treatment were then read as relative light units
using a luminometer.

Ras GTPase Assay

Mature osteoclasts were treated as described
and levels of GTP-bound Ras were evaluated
using the Pierce EX-detect Ras Activation kit
according to the manufacture’s specifications.
Osetoclasts were serum starved for 1 h and
treated with 25 ng/ml M-CSF in the presence of
the PI3K inhibitor LY294002 or vehicle control.
Cell lysates were collected and assayed for
protein concentrations using the BioRad Dc

Assay. A 40 mg sample was evaluated for levels
of total Ras via Western blotting. Following
protein quantification, 500 mg of cell lysate was
incubated with GST-Raf-RBD in the presence of
gel-immobilized resin for 1 h to isolate active
Ras. After three washes of the resin, GTP-bound
Ras was eluted with sample buffer containing
beta-mercaptoethanol. Samples were probed for
total GTP-bound Ras with each treatment via
Western blotting.

Adenovirus Infections

Adenoviral constructs for caRas, dnRas and
dnRaf were a gift from L. F. Parada. The caPI3K
and dnPI3K adenoviruses were obtained from
Keqiang Ye. The pathway selective forms of Ras
were made from RasV12T35S and RasV12Y40C
expression constructs obtain from J. Downward.
These expression constructs were used to manu-
facture corresponding adenoviruses using the
Ad-EadyXL system according to manufacture’s
specifications (Stratagene). Each virus was ex-
panded and titered according to standard pro-
cedures. Mature osteoclasts were infected with
each indicated virus at a multiplicity of infection
(MOI) of 100 for 18 h prior to experimental
procedures.

Statistical Analysis

Data obtained are the mean� standard
deviation (N¼ 6) and are representative of
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three replicate experiments. The effect of treat-
ment was compared with control values using a
Student’s t-test to asses significant differences
using Microsoft Excel Apple software.

RESULTS

M-CSF Activates Components of Ras and PI3K
Signal Transduction Pathways to Promote

Osteoclast Survival

M-CSF transiently activates the MEK/ERK
pathway to promote osteoclast survival [Gingery
etal., 2003; Glantschnig etal., 2003]. SinceRas is
a canonical upstream activator of the MEK/ERK
pathway, a Ras activity ELISA was employed
to determine if M-CSF increased Ras activation.
A significant increase in osteoclast Ras activity
was observed 5 min after M-CSF addition
(Fig. 1A). The level of Ras activation was
comparable to levels induced by EGF treatment
of HeLa cells (data not shown). PI3K has also
been implicated in promotion of osteoclast
survival, and acts as an upstream activator
of the MEK/ERK pathway. To assay for PI3K
activation in response to M-CSF in mature
osteoclasts, Western blotting for phospho-
tyrosine motifs within the YXXM motif
was performed. M-CSF caused an increase in
phosphorylation of these residues in multiple
proteins, supporting increased PI3K activity
following M-CSF treatment (Fig. 1B). Down-
stream signal transduction pathway compo-
nents were also assayed for activation via
Western blotting. Increased phosphorylation of
Raf-Ser338 was evident following M-CSF treat-
ment (Fig. 1C) with no concomitant increase in
phosphorylation of the inhibitory Raf-Ser259
residue. In addition, activation of MEK/ERK
was observed as levels of phospho-MEK1/2 and
phospho-ERK1/2 increased following M-CSF
addition.

To determine the role of PI3K, Ras, Raf, MEK
and ERK in M-CSF-mediated activation of
the MEK/ERK pathway, chemical inhibitors or
dominant negative (dn) forms for respective
components were employed. M-CSF-induced
phosphorylation of RafSer338 was decreased
by inhibition of either Ras or PI3K (Fig. 2A).
Inhibitory site phosphorylation of RafSer259
was not affected with Ras or PI3K inhibition
prior to M-CSF addition (Fig. 2A). While M-CSF
did not induce phosphorylation of RafSer259,
inhibition of both PI3K and Ras decreased
phosphorylation of this site following M-CSF

addition (Fig. 2A). Moreover, M-CSF-induced
MEK/ERK activation was decreased by inhibi-
tion of Ras or PI3K (Fig. 2A). To assay for the
role of Raf in pathway activation, the Raf
chemical inhibitor GW5074 was employed.
Raf chemical inhibition decreased MEK/ERK
activation as assessed by decreased levels
of phospho-MEK1/2 and phospho-ERK1/2
(Fig. 2B).

Roles for these signaling components in pro-
motion of M-CSF-mediated osteoclast survival

Fig. 1. M-CSF Activates Ras, PI3K as well as downstream
signaling components in mature osteoclasts. A: Ras activity is
induced by M-CSF. Osteoclasts were serum-starved for 60 min
and treated with M-CSF for the indicated time. Ras activation
was assayed using an ELISA-based assay for quantification of
GTP-bound Ras. B: PI3K Activity is promoted by M-CSF. Western
blotting for phospho-tyrosine residues within the YXXM motif
and tubulin was performed following serum-starve and M-CSF
treatment as indicated. C: Downstream effectors of Ras and PI3K
are activated by M-CSF. Levels of phospho-MEK1/2Ser217/221,
total-MEK1/2, phospho-ERK1/2Thr202/Tyr204, total-ERK1/2,
phospho-RafSer338, phospho-RafSer259, and tubulin were
assayed by Western blotting following treatment with M-CSF.
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were examined. Chemical inhibition of PI3K
significantly increased the percentage of apo-
ptotic osteoclasts as compared to vehicle control
(Fig. 3A). Expression of dnRas also significantly
increased the percentage of apoptotic osteoclasts
as compared to vehicle treatment (Fig. 3B). In
addition, Raf chemical inhibition significantly
increased the percentage of apoptotic osteoclasts
as compared to vehicle control (Fig. 3C).

MEK/ERK Activation and Osteoclast Survival
Involves Ras-Mediated Activation of PI3K and Raf

To determine the function of each signaling
component downstream of Ras, osteoclasts were
infected with a parental caRas or two-pathway
specific forms of Ras and subsequently treated
with downstream inhibitors. While expression
of caRas promoted osteoclast survival as com-
pared to vector infection, this response was
blocked through chemical inhibition of either

PI3K or Raf (Fig. 4A). Significant changes in
overall cell numbers were not observed with Raf
inhibition in osteoclast expressing either caRas
or vector control, whereas a significant decrease
in total cell numbers was associated with PI3K
inhibition alone (Fig. 4B). This decrease in total
cell numbers associated with PI3K inhibition
was abolished by expression of caRas (Fig. 4B).
These results suggest roles for Raf and PI3K
downstream of Ras in promotion of osteoclast
survival.

To evaluate the specific roles of each of these
signaling components downstream of Ras, point
mutants conferring PI3K-selective and Raf-
selective caRas (caRasY40C and caRasT35S)
were utilized. Expression of parental caRas
promoted osteoclast survival as evidenced by
decreased apoptosis. A significant decrease in
the percentage of apoptotic osteoclasts was not
observed with expression of Raf-selective caRas

Fig. 2. Inhibition of pathway constituents blocks M-CSF-
mediated pathway activation. A: Inhibition of PI3K by
LY294002 and Ras activation by FPT inhibitor III abolishes
activation of downstream components. Western blotting for
phospho-MEK1/2Ser217/221, total-MEK1/2, phospho-ERK1/
2Thr202/Tyr204, total-ERK1/2, phospho-RafSer338, phospho-
RafSer259, and tubulin was performed following treatment of

mature osteoclasts with M-CSF for the indicated times.
B: Inhibition of Raf by GW5074 blocks pathway activation.
Levels phospho-MEK1/2Ser217/221, total-MEK1/2, phospho-
ERK1/2Thr202/Tyr204, total-ERK1/2, phospho-RafSer338, and
tubulin were assayed by Western blotting following treatment
with M-CSF in mature osteoclasts.
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(T35S), whereas expression of PI3K-selective
caRas suppressed osteoclast apoptosis (Fig. 5A).
Although a trend towards decreased total
numbers of osteoclasts was evident with expres-
sion of both PI3K-selective and Raf-selective
caRas as compared to vector infections, changes
were not statistically significant (Fig. 5B).

To further examine functions of PI3K and Raf
downstream of Ras, pathway selective forms of
caRas were utilized in combination with inhibi-
tion of downstream signaling counterparts.
Expression of PI3K-selective caRas decreased
osteoclast apoptosis and chemical inhibition of
PI3K blocked this effect (Fig. 6A). Raf inhibition
blocked osteoclast survival promoted by M-CSF
and expression of PI3K-selective Ras abolished
this effect (Fig. 6A). Moreover, Raf inhibition
did not impact apoptosis repressed by PI3K-
selective Ras (Fig. 6A). In contrast, Raf inhibi-
tion increased apoptosis independent of Raf-
selective Ras expression (Fig. 6C). No changes
in overall total numbers of osteoclasts were
observed (Fig. 6D). These data again demon-
strate roles for PI3K and Raf downstream of
Ras in mediating M-CSF promoted osteoclast
survival.

Crosstalk from Raf-selective Ras to PI3K in
M-CSF-mediated ostoeclast survival was next
assayed. Once again, expression of Raf-selective
Ras alone did not decrease the percentage of
apoptotic osteoclasts whereas PI3K inhibition
caused an increase in osteoclast apoptosis
(Fig. 6E). In contrast, a significant difference
was observed between osteoclasts expressing
Raf-selective Ras treated with the PI3K in-
hibitor compared to vehicle control (Fig. 6E).
PI3K inhibition also significantly reduced
numbers of total osteoclasts with either Raf-
selective Ras or vector expression (Fig. 6F).

The ability of each downstream Ras effector
to mediate activation of the MEK/ERK
pathway downstream of M-CSF was next
evaluated (Fig. 7). To examine this, osteoclasts
were infected with parental caRas and treated
in combination with downstream signaling
inhibitors. We examined phosphorylation at
the activating site (Ser338) and the inactivating
site (Ser259) of Raf. Expression of caRas did
not affect basal phosphorylation of RafSer338
or RafSer259. Raf inhibition diminished phos-
phorylation at Ser338 in both vector and caRas
infected osteoclasts, but did not affect Raf
phosphorylation at Ser259. PI3K inhibition
abolished phosphorylation at Ser338, but did

Fig. 3. Inhibition of pathway constituents blocks M-CSF-
mediated osteoclast survival. A: Inhibition of PI3K promotes
osteoclast apoptosis. Mature osteoclasts were treated with
M-CSF in the presence of the PI3K inhibitor LY294002 or DMSO
vehicle control and assayed for percent apoptotic multinucleated
cells. B: Inhibition of Ras increases osteoclast apoptosis. Mature
osteoclasts infected with a dnRas adenovirus or vector control.
Percent apoptotic multinucleated cells were then determined
with each treatment. C: Inhibition of Raf decreases osteoclast
survival. Percent apoptotic TRAP-positive multi-nucleated
osteoclasts were assayed following treatment with M-CSF in
the presence of the Raf inhibitor GW5074 or vehicle control.
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not affect Raf phosphorylation at Ser259 prior
to M-CSF addition. Basal phosphorylation of
MEK/ERK was not evident with any treatment.
M-CSF-induced pathway activation was next
examined. Although RafSer338 phosphorylation
was not increased by expression of caRas as
compared to vector infection, expression of caRas
decreased phospho-RafSer259 levels as compared
to vector infection following M-CSF treatment.
Phosphorylation of RafSer338 induced by
M-CSF was blocked by chemical inhibition of
Raf and PI3K in both vector and caRas infected
cells (Fig. 7A). Chemical inhibition of both
Raf and PI3K decreased levels of phospho-
RafSer259 in vector-infected cells whereas
levels slightly increased in caRas infected
cells. Expression of caRas increased MEK1/2

activation induced by M-CSF as compared to
vector infection, whereas inhibition of Raf
or PI3K blocked both M-CSF-induced and
caRas-promoted MEK1/2 activation. M-CSF-
induced ERK1/2 activation was likewise in-
creased by expression of caRas as compared
to vector control. Inhibition of Raf or PI3K
decreased ERK1/2 activation as compared to
either caRas or vector control infection follow-
ing M-CSF treatment. These data again support
role for PI3K and Raf downstream of Ras.

The reciprocal experiment was performed
to determine the ability of caPI3K to promote
pathway activation in the presence of downstream
inhibitors. Expression of caPI3K increased basal
butdidnotenhance Rafphosphorylationabove the
levels observed with M-CSF treatment (Fig. 7B).

Fig. 4. Blocking PI3K and Raf abolishes survival of mature osteoclasts promoted by expression of caRas.
Mature osteoclasts were infected with the caRas adenovirus or vector control. Following infection
osteoclasts were serum starved in the presence of the PI3K inhibitor LY294002, the Raf inhibitor GW5074 or
DMSO vehicle control and treated with M-CSF. Shown are (A) percent apoptotic osteoclasts and (B) total
osteoclasts.

Fig. 5. PI3K and Raf function downstream of Ras to promote osteoclast survival. Mature osteoclasts were
infected with a parental caRas adenovirus, the Raf-selective caRas adenovirus (T35S), the PI3K-selective
caRas adenovirus (Y40C), or vector control. Shown are (A) percent apoptotic osteoclasts and (B) total
osteoclasts.
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Co-expression of caPI3K and dnRas abrogated
the increase in basal phospho-RafSer338 promot-
ed by caPI3K expression alone. In addition, co-
expression of caPI3K and dnRas also decreased
M-CSF-induced phosphorylation of RafSer338
(Fig. 7B). In contrast, co-expression of caPI3K
and dnRaf increased basal levels of phospho-
RafSer338 and did not change levels of M-CSF-
induced phospho-RafSer338 as compared to
caPI3K expression alone or vector control

(Fig. 7B). Expression of either dnRas or dnRaf
did not alter basal phosphorylation of RafSer338
but decreased levels of phospho-RafSer338
induced by M-CSF (Fig. 7B). Basal phosphoryla-
tion of RafSer259 was not observed with any
treatment (Fig.7B).Phospho-RafSer259 increased
following M-CSF treatment, which was unaffected
by expression of caPI3K, either alone or in com-
bination with dnRas expression (Fig. 7B). Phos-
phorylation of RafSer259 was decreased by

Fig. 6. Blocking Raf and PI3K blocks selective Ras-promoted
osteoclast survival. A,B: Mature osteoclasts were infected with
the PI3K-selecitve caRas adenovirus or vector control. Following
infection osteoclasts were serum starved in the presence of the
PI3K inhibitor LY294002, the Raf inhibitor GW5074 or DMSO
vehicle control and treated with M-CSF. Shown are (A) percent
apoptotic osteoclasts and (B) total osteoclasts. C,D: Mature
osteoclasts were infected with the Raf-selective caRas adenovi-
rus or vector control. Following infection osteoclasts were serum

starved in the presence of the Raf inhibitor GW5074 or
DMSO vehicle control and treated with M-CSF. Shown are
(C) percent apoptotic osteoclasts and (D) total osteoclasts.
E,F: Mature osteoclasts were infected with the Raf-selective
caRas adenovirus or vector control. Following infection osteo-
clasts were serum starved in the presence of the PI3K inhibitor
LY294002 or DMSO vehicle control and treated with M-CSF.
Shown are (E) percent apoptotic osteoclasts and (F) total
osteoclasts.

1446 Bradley et al.



co-expression of dnRaf with caPI3K, or by expres-
sion of dnRas or dnRaf alone following M-CSF
addition (Fig. 7B). M-CSF-induced phosphory-
lation of MEK/ERK was increased by caPI3K
expression as compared to vector infection,
whereas basal phosphorylation was not affected
(Fig. 7B). Co-expression of dnRas decreased MEK/
ERK activation promoted by caPI3K whereas co-
expression of dnRaf increased MEK/ERK activa-
tion (Fig. 7B). Expression of either dnRas or dnRaf
alone decreased MEK/ERK activation (Fig. 7B).
These data suggest that although PI3K and Raf
both function downstream of Ras, PI3K and Raf
may function in parallel.

Since Raf inhibition by GW5074 did not
abolish pathway activation promoted by expres-
sion of caPI3K, the ability of caPI3K to repress
osteoclast apoptosis with Raf inhibition was also
determined. Expression of caPI3K decreased
osteoclast apoptosis (Fig. 8A). Raf inhibition
increased the percentage of apoptotic osteo-
clasts and this effect was blocked by expression
of caPI3K (Fig. 8A). Significant changes in
numbers of total osteoclasts were not observed
with caPI3K expression or Raf inhibition alone,
although decreased numbers of total osteoclasts
were observed in caPI3K infected cells com-
bined with Raf inhibition (Fig. 8B). These data

Fig. 7. Blocking Ras- and PI3K-promoted MEK/ERK activation.
A: Inhibition of downstream signaling components blocks
Ras-mediated pathway activation. Osteoclasts were infected
with the caRas adenovirus of vector control. Following infection,
osteoclasts were serum starved and treated with M-CSF in the
presence of the PI3K inhibitor LY294002, the Raf inhibitor
GW5074 or DMSO vehicle control. Western blotting for
phospho-MEK1/2Ser217/221, total-MEK1/2, phospho-ERK1/
2Thr202/Tyr204, total-ERK1/2, phospho-RafSer338, phospho-

RafSer259, and tubulin was performed. B: Inhibition of Raf does
not block PI3K-mediated pathway activation. Osteoclasts were
infected with the caPI3K, dnRaf, dnRas, caPI3K and dnRaf,
caPI3K and dnRas or vector control adenoviruses. Following
infection, osteoclasts were serum starved and treated with
M-CSF as indicated. Levels of phospho-MEK1/2Ser217/221,
total-MEK1/2, phospho-ERK1/2Thr202/Tyr204, total-ERK1/2,
phospho-RafSer338, phospho-RafSer259, and tubulin were then
assessed via Western blotting.
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further solidify the parallel roles for PI3K
and Raf.

Pathway selective forms of Ras increased
osteoclast survival and influenced MEK/ERK
activation, supporting that PI3K activity is
downstream of Ras. Therefore the ability of
Ras to activate PI3K was next evaluated.
M-CSF treatment caused increased Ras activa-
tion which was not abolished through PI3K
inhibition (Fig. 9A). Ras inhibition decreased
phosphorylation of tyrosine residues within the
YXXM motif following M-CSF addition support-
ing that Ras inhibition decreased PI3K activa-
tion (Fig. 9B). The ability of Raf to modulate
PI3K activation was also determined. Inhibi-
tion of Raf by GW5074 decreased levels of
phospho-tyrosine residues within the YXXM
motif (Fig. 9C). Thus, PI3K and Raf function in
linear and separate pathways downstream of
Ras to mediate osteoclast survival promoted by
M-CSF-induced MEK/ERK activation.

DISCUSSION

M-CSF promotes survival of cells within
the monocyte-macrophage lineage including bone-
resorbing osteoclasts. As M-CSF acts through
activation of the MEK/ERK pathway to induce
pro-survival responses, the signal transduction
events connecting M-CSF to activation of the
MEK/ERK pathway were evaluated. M-CSF acti-
vates two signal transduction pathways, the MEK/
ERK and the Akt pathways. We have examined the
mechanism by which M-CSF activates MEK/ERK
to promote osteoclast survival. Blocking Ras, Raf
and PI3K blocks M-CSF-induced activation of
the MEK/ERK pathway. In addition, inhibition
of any of these pathway components abolishes

M-CSF-conferredrepressionofosteoclastapoptosis.
Given these data, specific interactions between the
Ras/Raf and PI3K pathways in promoting osteo-
clast survival dependent on MEK/ERK activation
induced by M-CSF were evaluated.

Since Ras has been reported to promote
activation of PI3K and PI3K also modulates
activity of the Ras/Raf pathway, crosstalk
between these two signal transduction path-
ways was examined. We first assessed the
functional interaction between Ras and PI3K
activation. Blocking Ras blocked PI3K activity,
whereas the reciprocal was not evident in that
inhibition of PI3K did not affect Ras activation
induced by M-CSF. PI3K therefore functions
downstream of M-CSF-mediated Ras activa-
tion. These data suggested that Ras coordinated
downstream signaling components, including
PI3K, in response to M-CSF. These data high-
light a central role for Ras in coordination of
osteoclast survival which is also supported by
studies showing that blocking Ras activation
reduces osteoclast differentiation and increases
apoptosis of pre-osteoclasts [Luckman et al.,
1998; Coxon et al., 2000].

Our data demonstrate that PI3K functions
downstream of Ras. Although caPI3K expres-
sion promoted MEK/ERK activation above
basal activation, expression of caPI3K was not
able to restore pathway activation blocked
through expression of dnRas. This result con-
tradicts a functional role for PI3K downstream
of Ras. However, this observation could be due
to decreased expression of c-fms via expression
of dnRas, thus blocking the effects of M-CSF
required for full activation promoted by caPI3K
[Hume et al., 1997]. Additionally, this effect
could illustrate additional required Ras targets.

Fig. 8. Blocking Raf does not abolish PI3K-promoted osteoclast survival. Mature osteoclasts were infected
with the Raf-selective caPI3K adenovirus or vector control. Following infection osteoclasts were serum
starved in the presence of the Raf inhibitor GW5074 or DMSO vehicle control and treated with M-CSF.
Shown are (A) percent apoptotic osteoclasts and (B) total osteoclasts.
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These possibilities are further strengthened by
inability of PI3K to modulate Ras activation.

As further demonstration of coordinate path-
way activation by Ras, the ability of caRas to
bypass inhibition of downstream signaling
components was also assayed. Expression of
caRas was not able to restore M-CSF promoted
osteoclast survival blocked following inhibition
of PI3K or Raf, suggesting that PI3K and Raf
function downstream of Ras. In addition, while
expression of caRas promoted pathway activa-
tion, this effect was blocked through inhibition
of PI3K or Raf. Additional support for roles
of PI3K and Raf downstream of Ras were
indicated by the use of pathway selective
forms of Ras. However, Ras-mediated signaling
through PI3K repressed osteoclast apoptosis
more effectively than Ras-mediated signaling
through Raf. These findings may indicate
that although Raf plays a role in attenuating
osteoclast apoptosis, PI3K may activate addi-
tional pro-survival pathways outside of the
MEK/ERK pathway, consistent with the pleio-
tropic function of PI3K.

M-CSF has been reported to promote activa-
tion of the MEK/ERK pathway via multiple
mechanisms depending on the cell type in
question. In NIH3T3 cells expressing a mutant
c-fms receptor unable to couple M-CSF to Ras
activation, M-CSF still activates downstream
components of the PI3K signal transduction
pathway [Kelley et al., 1999]. While these
results imply a function for PI3K independent
of Ras, bone marrow macrophages expressing a
mutant c-fms receptor lacking a PI3K-binding
site are able to activate MEK/ERK activation
none the less in a PI3K-dependent fashion [Lee
and States, 2000]. Thus, functions of PI3K
downstream of Ras may be required for signal
transduction mediated by M-CSF. We find this
to be true in osteoclast M-CSF-mediated MEK/
ERK activation. In addition, other factors out-
side of Ras and PI3K are required for M-CSF-
mediated activation of the MEK/ERK pathway
in that expression of either caRas or caPI3K
did not increase MEK/ERK activation in the
absence of M-CSF.

We also examined potential interactions
between PI3K and Raf. Blocking PI3K decreased
both activating site and inhibitory site phosphor-
ylation ofRaf, implying potential PI3K-mediated
Raf regulation. As regulation of Raf activation is
complex and mediated by multiple phosphory-
lation events, this possibility was further

Fig. 9. PI3K functions downstream of Ras. A: Inhibition of PI3K
does not affect Ras activation. Mature osteoclasts were serum
starved and treated with M-CSF in the presence of the PI3K
inhibitor LY294002 or vehicle control. Cell lysates were then
assayed for levels of GTP-bound Ras through interaction with the
Ras-binding domain of Raf. Western blotting for Ras was then
performed from the isolated samples. Levels for total Ras from
unfractionated samples were also assessed via Western blotting.
B: Inhibition of Ras decreases PI3K activation. Mature osteoclasts
were pre-treated with a farnesyl transferase inhibitor to block Ras
activation or DMSO vehicle control for 7 h. Cells were serum
starved and treated with M-CSF as indicated in the presence
of inhibitor or DMSO vehicle control. Western blotting for
phospho-tyrosine residues within the YXXM motif was then
performed along with Western blotting for levels of tubulin.
C: Inhibition of Raf reduces PI3K activation. Mature osteoclasts
were serum starved and treated with M-CSF as indicated in the
presence of the Raf inhibitor GW5074 or DMSO vehicle control.
Western blotting for phospho-tyrosine residues within the YXXM
motif was then performed along with Western blotting for levels
of tubulin.
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evaluated. Expression of caPI3K bypassed in-
hibition of Raf to promote M-CSF-mediated
osteoclast survival as well as MEK/ERK activa-
tion induced by M-CSF. Blocking Raf also
decreased PI3K activation with a corresponding
decrease in MEK/ERK activation induced by
M-CSF. These results suggest a role for Raf in
regulation of PI3K. Raf-mediated PI3K regula-
tion may be direct or mediated through addi-
tional components, such as feedback to Ras-
mediated PI3K activation. Inhibition of PI3K
also did not promote activation of the MEK/ERK
pathway through an Akt-mediated decrease
RafSer259 phosphorylation, again demonstrat-
ing positive and separate functions for PI3K
and Raf in mediating MEK/ERK activation
and M-CSF-promoted osteoclast survival. These
findings document two separate mechanisms for
M-CSF mediated MEK/ERK activation down-
stream of Ras activation. As shown in Figure 10,
our data indicate that Ras acts to coordinately
activate PI3K and Raf, which then act in parallel
to mediate MEK/ERK activation.

In studies by Wennstrom and Downward
[1999], basal and not cytokine-stimulated
PI3K activity promoted Ras/MEK/ERK activa-
tion in response to low levels of EGF. In the
study reported here, we describe functions for
both Ras- and PI3K-dependent activation of the
MEK/ERK pathway in response to M-CSF, and
show that Ras activation modulates PI3K
function with a clear delineation in that signal-
ing promoted by PI3K does not utilize Raf to
activate MEK/ERK in response to M-CSF. This
result correlates well with given the results
shown by Buscher et al. [1995] demonstrating

that Raf alone does not mediate activation
of MEK/ERK in response to M-CSF in macro-
phages.

Osteoclast survival has been previously
shown to be dependent on both the Ras/Raf
and PI3K/Akt pathways [Gingery et al., 2003;
Glantschnig et al., 2003; Sato et al., 2004]. While
considerable crosstalk between these pathways
has been observed in other cell types, the
interaction between these two signaling path-
ways in promotion of M-CSF-mediated osteo-
clast survival has not been addressed. Here we
show an interaction between PI3K and Ras
function in promotion of osteoclast survival
upstream of activation of the MEK/ERK path-
way. Collectively, these findings show that Ras
functions as a mediator of M-CSF signaling,
inducing activation of two signal transduction
pathways culminating in MEK/ERK activation
and suppression of osteoclast apoptosis.
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