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Summary
Tumor necrosis factor (TNF)-a is a key cytokine regulator of bone and mediates inflammatory bone loss. The molecular signaling that
regulates bone loss downstream of TNF-a is poorly defined. Here, we demonstrate that inactivating the pro-osteoblastogenic ERK-
activated ribosomal S6 kinase RSK2 leads to a drastically accelerated and amplified systemic bone loss in mice ectopically expressing

TNF-a [human TNF transgenic (hTNFtg) mice]. The phenotype is associated with a decrease in bone formation because of fewer
osteoblasts as well as a drastically increased bone destruction by osteoclasts. The molecular basis of this phenotype is a cell autonomous
increased sensitivity of osteoblasts and osteocytes to TNF-induced apoptosis combined with an enhancement of their osteoclast
supportive activity. Thus, RSK2 exerts a strong negative regulatory loop on TNF-induced bone loss.
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Introduction
Bone is one of the tissues that can regenerate in adult mammals

as a consequence of the permanent bone remodeling. This

process allows a proper maintenance of bone homeostasis as well

as tissue repair that maintains the integrity of the adult bone.

Bone remodeling is orchestrated by the combined activities of

three major cell types, the osteoclasts, the osteoblasts and the

osteocytes (Bonewald, 2011; Bruzzaniti and Baron, 2006;

Karsenty et al., 2009; Teitelbaum and Ross, 2003). A central

player is the osteocyte that is the latest stage of differentiation of

the osteoblastic bone-forming cells. These cells that make up

more than 90% of bone cells are embedded into the mineralized

bone and form a complex network of ramified connections,

disruption of which is believed to serve as sensor to initiate

cycles of bone remodeling (Bonewald, 2011). Indeed, disruption

of the osteocyte network as a consequence of apoptosis sends

signals (which have not yet been identified) for the recruitment of

the bone resorbing cells (the osteoclasts). Following resorption of

the damaged bone by osteoclasts, mesenchymal osteoblasts move

in, secreting bone matrix proteins and mineralizing the osteoids

to regenerate bone. As a result, some osteoblasts are trapped in

the newly formed bone matrix and terminally differentiate into

osteocytes that negatively regulate both osteoclast and osteoblast

activities, switching off the remodeling cycle (Jilka et al., 2007;

Nakahama, 2010; Raggatt and Partridge, 2010).

Any disruption of this equilibrium leads to the development of

bone pathologies such as age-related bone loss, post-menopausal

osteoporosis and inflammatory bone loss. A pro-inflammatory

cytokine, tumor necrosis factor-a (TNF-a) is believed to be a

central mediator of systemic bone loss by interfering with the bone

remodeling cycle (David and Schett, 2010; Nanes, 2003). This

concept is highlighted by rheumatoid arthritis where anti-TNF

therapy represents one of the most efficient protective treatments

against bone loss (Schett and David, 2010; Sfikakis, 2010) as well

as in postmenopausal osteoporosis (Charatcharoenwitthaya et al.,

2007). Clinical studies have also correlated the progression of

postmenopausal osteoporosis with increased levels of circulating

TNF-a in postmenopausal women (Pacifici, 2008). The central

role of TNF-a in postmenopausal osteoporosis was further

demonstrated in the classical mouse model of ovariectomy

where TNF-a and TNF-a-receptor-1 (TNF-R1; also known as

TNFRSF1A)-deficient mice were both protected against bone loss

resulting from estrogen depletion (Roggia et al., 2001). In addition

to its function in inducing pathological bone loss, TNF-a appears

to be a physiological regulator of bone homeostasis, by slowing

down bone formation by osteoblasts (Li et al., 2007).

At the cellular level, local or systemic increase in the

concentration of TNF-a leads to complex deregulation of bone

remodeling that not only favors bone destruction by increasing

osteoclasts differentiation and activation, but also inhibits bone

formation by blocking differentiation and activity of osteoblasts

as well as inducing their apoptosis (David and Schett, 2010;

Nanes, 2003). In addition, a high level of apoptosis of osteocytes

is also a recognized consequence of TNF-a stimulation (Plotkin

et al., 1999). At the molecular level, TNF-a acts primarily

through TNF-RI to directly enhance osteoclast differentiation in

response to macrophage-colony-stimulating factor (M-CSF;

also known as CSF1) and receptor activator of NF-kB ligand
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(RANKL; also known as tumor necrosis factor ligand
superfamily member 11; TNFSF11) (Abu-Amer et al., 2000;

Zhang et al., 2001) and to indirectly induce the secretion of
pro-osteoclastogenic cytokines by supportive osteoblastic cells
(Hofbauer et al., 1999; Thomson et al., 1987). TNF-a also acts

directly on osteoblasts through TNF-RI, by blocking the
expression of the two essential osteoblastogenic transcription
factors, runt-related transcription factor 2 (Runx2) and its
downstream target osterix (Osx; also known as Sp7) and

therefore inhibiting the differentiation of the cells (Gilbert et al.,
2002; Lu et al., 2006). In addition, TNF-a binding to TNF-RI is a
known activator of pro-apoptotic signals; however, the exact

mechanism of TNF-induced apoptosis of osteoblasts in vivo is
still unclear (Nanes, 2003).

We and others previously identified the ERK- and

phosphoinositide 3-kinase-dependent kinase RSK2 as a regulator
of bone formation in vivo. Indeed, RSK2-deficient mice
recapitulated the progressive bone loss due to decreased bone

mineralization by the osteoblasts observed in patients with Coffin–
Lowry syndrome (CLS) (David et al., 2005; Marques Pereira et al.,
2010; Yang et al., 2004). Although the differentiation of the cells

in vitro was drastically blocked, the in vivo phenotype was clearly
attributed to a cell autonomous decrease in the activity of the
osteoblasts rather than a decrease in their numbers (David et al.,
2005; Yang et al., 2004). Interestingly, RSK2 was recently shown

to interact with TNF-RI, protecting HeLa cells from apoptosis
induced by the combined stimulation with TNF-a and
cyclohexamide (Peng et al., 2010). However, no in vivo

demonstration of the role of RSK2 as a modulator of TNF-a has
been reported.

Here, we demonstrate the exacerbation of TNF-induced bone

loss in the absence of RSK2. This phenotype appears to be caused
by an increased sensitivity of the osteoblastogenic cells to TNF-a.

Results
Severe growth retardation and early mortality of hTNFtg
mice lacking RSK2

To analyze the potential role of RSK2 in mediating TNF-a
effects on bone, we generated TNF-a-overexpressing mice

lacking RSK2 (hTNFtg;Rsk22/y) by crossing hTNFtg mice
(Keffer et al., 1991) with Rsk2 knockout mice (David et al.,
2005; Yang et al., 2004). Compared with all littermates of the

various genotypes [wild-type (WT), Rsk22/y and hTNFtg], 10-
week-old hTNFtg;Rsk22/y mice appeared severely growth
retarded (Fig. 1A). We established the growth curves of the

different genotypes and their wild-type littermates, which
confirmed the known age-related loss in body weight of the
hTNFtg mice as well as the mild decrease in the body weight of
RSK2-deficient mice. Strikingly, RSK2-deficient hTNFtg mice

barely gained any weight with age and appeared severely growth
retarded at each point time (Fig. 1B). Although no mortality of
wild-type or the Rsk22/y mice was seen, none of the hTNFtg mice

lived longer than 17 weeks and none of the RSK2-deficient
hTNFtg mice lived longer than 11 weeks (Fig. 1C). Kaplan–
Meier analysis estimated the half life of the hTNFtg mice at 16

weeks and of the RSK2-deficient hTNFtg mice at 10 weeks
(Fig. 1C). Thus, compared with the hTNFtg mice, an earlier
mortality and more severe growth retardation characterized

RSK2-deficient hTNFtg mice, suggesting an increased
sensitivity to the systemic effects of TNF-a in the absence of
RSK2.

Severe osteopenia in hTNFtg mice lacking RSK2

Mice overexpressing hTNF developed severe progressive

inflammatory arthritis leading to local and systemic bone

destruction (Keffer et al., 1991). Interestingly, deletion of

RSK2 led to an earlier onset of all the clinical signs of arthritis

as well as of an exacerbation of TNF-induced local joint

destruction (data not shown).

The inflammation-driven osteopenia observed in hTNFtg mice

(Schett et al., 2003) and the aged-dependent bone loss of Rsk22/y

mice (David et al., 2005) prompted us to focus our analysis on the

bone of RSK2-deficient hTNFtg mice. Histological analysis of

bone sections in tibiae by von Kossa staining showed no

substantial change in 6-week-old Rsk22/y mice, but the expected

slightly decreased bone mass of the hTNFtg mice was drastically

amplified in RSK2-deficient hTNFtg mice (Fig. 2A), leading

to a very reduced trabecular structure at 10 weeks of age

(Fig. 2B). These observations were quantitatively confirmed by

histomorphometry that indicated a drastic and early decrease in

Fig. 1. The human TNF transgenic mice lacking RSK2 (hTNFtg;Rsk22/y)

are severely growth retarded and show early lethality. (A) Representative

10-week-old male littermates of the genotypes, wild-type (WT), RSK2-

deficient (Rsk22/y), human TNF transgenic (hTNFtg) and RSK2-deficient

human TNF transgenic (hTNFtg;Rsk22/y) mice. (B) Body weight

measurement of males of the indicated genotypes between weeks 4 and 11

(statistical analysis by two-way ANOVA comparing hTNFtg;Rsk22/y with

hTNFtg, ***P,0.001). (C) Kaplan–Meier survival curve of males of the

indicated genotypes.
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bone volume in RSK2-deficient hTNFtg mice (Fig. 2C). The

phenotype was associated with significantly (P,0.05) fewer

(Fig. 2D), thinner (Fig. 2E) and more separated (Fig. 2F)

trabeculae. We previously reported decreased cortical bone

volume in RSK2-deficient mice (David et al., 2005). We

therefore performed micro-computer tomography (microCT) on

the cortical bone of 6-week-old mice that indicated an even lower

cortical bone volume in RSK2-deficient hTNFtg mice (Fig. 2G).

Quantitative comparison of the cortical bone parameters

confirmed the lower cortical bone in RSK2-deficient mice as

well as in hTNFtg mice that was further amplified in the

combined RSK2-deficient hTNFtg mice, resulting in thinner

cortical bone (Fig. 2H–J). Thus, inactivating RSK2 resulted in

earlier and more profound TNF-mediated bone loss.

Lower trabecular and periosteal bone formation in hTNFtg

mice lacking RSK2

Because decreased bone formation is observed in aging RSK2-

deficient mice (David et al., 2005) and TNF-a is a known

inhibitor of osteoblast activity (David and Schett, 2010; Nanes,

2003), we hypothesized that inactivating RSK2 in hTNFtg mice

would result in an exacerbation of TNF-mediated blockage of

Fig. 2. Severe osteopenia in

hTNFtg;Rsk22/y mice. (A) Von Kossa

staining of undecalcified tibiae from 6-

week-old males of the indicated genotypes.

Scale bar: 500 mm. (B) Micro-computer

tomography analysis of trabecular bone from

10-week-old males. Scale bar: 250 mm.

(C–F) Histomorphometry of the bone of 6-

and 10-week-old males (n58–11):

quantification of bone volume relative to

total volume (BV/TV) (C); trabecular

number (D); trabecular thickness (E); and

trabecular separation (F). Values are means

6 s.e.m. *P,0.05, **P,0.01, ***P,0.001.

(G) Micro-computer tomography analysis of

cortical bone from 6-week-old males of the

indicated genotypes (n54–9).

(H–J) Quantification of the cortical area

(H), the cortical bone perimeter (I) and

cortical bone thickness (J). Values are means

6 s.e.m. *P,0.05, **P,0.01, ***P,0.001.
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bone formation. We performed dynamic histomorphometry

following double injection of Calcein to quantitatively compare

the kinetic of bone formation between the four groups of mice at

6 weeks of age. Although no changes in the dynamic parameters

of endosteal bone formation was measured in any of the mice

(supplementary material Fig. S1A,B), a drastic decrease in the

bone formation rate (BFR) due to a combined decrease in the

mineral apposition rate (MAR) and in the mineralized surface per

bone surface (MS/BS) was seen in both periosteal and trabecular

bone of the RSK2-deficient hTNFtg mice (supplementary

material Fig. S1C–F).

Lower osteoblast and higher osteoclast numbers in

hTNFtg mice lacking RSK2

We next performed bone histomorphometry in 6- and 10-week-old

mice in order to better characterize the cellular origin of the bone

phenotype of the RSK2-deficient hTNFtg mice. As expected, the

number of osteoblasts in 10-week-old hTNFtg mice was slightly

lower than in wild-type mice and this phenotype was amplified in

RSK2-deficient hTNFtg mice (Fig. 3C,E). Similarly, the expected

higher osteoclast parameters were seen in the 10-week-old hTNFtg

mice, which were also amplified in the RSK2-deficient hTNFtg

mice (Fig. 3F,H,J). Interestingly, whereas at 6 weeks of age no

clear difference in the osteoblast and osteoclast parameters could

be measured in the Rsk22/y and hTNFtg mice, 6-week-old

hTNFtg;Rsk22/y mice did exhibit a strong reduction in the

number of osteoblasts and in osteoblast-covered surface, as well

as a drastic increase in the number of osteoclasts and in osteoclast-

covered surface (Fig. 3A, B, D, G and I). Thus, the much reduced

bone in RSK2-deficient hTNFtg mice is probably due to lower

osteoblast numbers and higher osteoclast numbers early in

development.

Fig. 3. Osteoblast and osteoclast numbers in hTNFtg mice lacking RSK2. (A) Hematoxylin and Eosin staining of undecalcified sections of tibiae from 6-week-old

males of the indicated genotypes. Osteoblasts are indicated by black arrows. Scale bar: 25 mm. (B–E) Histomorphometric quantification of osteoblast numbers

relative to bone perimeter (N.Ob/B.Pm) at 6 (B) and 10 (C) weeks of age, and osteoblast covered surface normalized to bone surface (Ob.S/BS) of 6- (D) and 10-

(E) week-old mice (n57–9 mice). (F) TRAP staining of paraffin sections of tibiae from 10-week-old males. Black arrows indicate osteoclasts. Scale bar: 25 mm.

(G–J) Histomorphometric assessment of osteoclast numbers per bone perimeter (N.Oc/B.Pm) at 6 (G) and 10 (H) weeks of age and osteoclast-covered surface

normalized to bone surface (Oc.S/BS) of 6- (I) and 10- (J) week-old males (n57–12). Values are means 6 s.e.m. *P,0.05, **P,0.01, ***P,0.001.
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Increased osteoclastogenic supportive activity of RSK2-

deficient osteoblasts

A similar level of circulating RANKL and a slightly higher level

of circulating OPG were detected in the serum of RSK2-deficient

hTNF transgenic mice (supplementary material Fig. S2A,B),

suggesting that a change in the ratio of circulating RANKL/OPG

could not explain the higher osteoclast numbers observed in vivo.

We next transferred the bone marrow of RSK2-deficient or wild-

type mice into hTNF transgenic mice to determine whether the

more severe bone destruction in the absence of RSK2 could

be due to a cell autonomous increased susceptibility of

hematopoietic cells to the pro-osteoclastogenic environment.

Bone loss was unchanged in hTNFtg mice receiving RSK2-

deficient bone marrow when compared with wild-type bone

marrow cells (Fig. 4A). Moreover, histomorphometric analysis of

osteoclasts parameters in the tibia did not reveal any difference

between the two groups. These results strongly suggested that

the higher osteoclast numbers seen in RSK2-deficient hTNF

transgenic mice was not due to a cell autonomous defect in the

osteoclast lineage lacking RSK2 (Fig. 4B). We therefore

performed in vitro osteoclastogenesis to test this hypothesis. As

expected, no difference in the osteoclast differentiation or in

Fig. 4. There is no cell intrinsic

alteration in osteoclastogenesis in

hTNFtg mice lacking RSK2 but

increased pro-osteoclastogenic

function of RSK2-deficient

osteoblasts. (A) Histomorphometric

analysis of bone parameters: BV/TV,

trabecular numbers and thickness, of

hTNFtg mice following transfer of the

bone marrow of wild-type or Rsk22/y

mice. (B) Histomorphometric

quantification of osteoclast parameters

in the mice with the transferred bone

marrow. (C) Bone-marrow-derived cells

of the indicated phenotype were cultured

for 5 days in the presence of M-CSF

(30 ng/ml) and RANKL (10 ng/ml) to

promote osteoclast differentiation. Cells

were fixed and stained for TRAP

(tartrate-resistant acid phosphatase).

Multinucleated purple cells are

osteoclasts. Scale bar: 250 mm.

(D) Assessment of TRAP-positive

osteoclasts in the same culture

condition. (E) Osteoclast precursors

were plated on OsteologicTM plates to

quantify resorptive activity of

osteoclasts. (F) Quantification of TRAP-

positive cells from osteoclast

differentiation of WT and RSK2-

deficient monocytes cultured in the

presence of permissive dose of RANKL

(1 ng/ml) and increasing doses of

hTNF-a. (G) Quantification of TRAP-

positive cells in co-culture of wild-type

or Rsk22/y osteoblasts with wild-type or

Rsk22/y monocytes. (H,I) ELISA

measurement of OPG (H) or RANKL

(I) in the supernatant at day 2 of co-

culture in the absence (2) or presence

(+) of 10 ng/ml of TNF-a.
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their resorptive activity between wild-type and RSK2-deficient

monocytes could be seen in response to the two essential

osteoclastogenic cytokines M-CSF and RANKL (Fig. 4C–E),

and, more surprisingly, in response to TNF-a in the presence of a

permissive amount of RANKL (Fig. 4F). Thus, we conclude that

RSK2 deficiency does not directly affect osteoclastogenesis in

vivo. We performed co-culture experiments to test whether

an increased pro-ostoclastogenic activity of RSK2-deficient

osteoblasts could explain the higher osteoclast numbers in vivo

in hTNFtg mice lacking RSK2. Although, as expected, no

difference in the numbers of osteoclast was observed in co-

culture of wild-type osteoblasts with wild-type or RSK2-deficient

monocytes, a twofold increase in osteoclast numbers was

consistently observed when using RSK2-deficient osteoblasts

(Fig. 4G). We therefore measured the levels of OPG and RANKL

secreted into the supernatant by osteoblasts grown in co-culture

conditions. No difference in the levels of OPG was found

(Fig. 4H), but an increase in the level of secreted RANKL was

detected in co-culture of RSK2-deficient osteoblasts compared

with wild-type cells (Fig. 4I). In addition, although the secretion

of OPG was similarly downregulated in response to TNF-a in

both co-cultures of wild-type or RSK2-deficient osteoblasts with

wild-type or RSK2-deficient monocytes (Fig. 4H), a further

increase in the levels of secreted RANKL was observed in TNF-

a-stimulated RSK2-deficient, but not wild-type, osteoblasts

(Fig. 4G). Thus, an increased pro-osteoclastogenic activity of

osteoblasts lacking RSK2 as a consequence of increased RANKL

synthesis could at least partly explain the higher number of

osteoclasts observed in RSK2-deficient hTNF transgenic mice. In

agreement, a significantly (P,0.001) increased expression of

RANKL mRNA but not of OPG was found in osteoblasts lacking

RSK2 and overexpressing human TNF (supplementary material

Fig. 2C,D).

Decreased expression of osteoblast and osteocyte

markers in the long bones of hTNFtg mice lacking RSK2

We observed a mild, albeit non significant, decrease in the

weight and size of 3-day-old RSK2-deficient hTNFtg mice

(supplementary material Fig. S3A,B), which suggested that the

phenotype was already present at birth, prompting us to analyze

their skeletons. Alcian Blue and Alizarin Red staining did

not reveal any overwhelming developmental phenotypes

(supplementary material Fig. S3C), but in situ hybridization

revealed that the expression of collagen type I alpha 1 (Col1a1)

was lower in the bones of RSK2-deficient hTNFtg mice

(supplementary material Fig. S3D). To further describe the

phenotype, we analyzed the expression of osteoblastic and

osteocytic markers in entire bones from the four groups of mice.

In situ hybridization at 6 weeks of age clearly confirmed the

much lower expression of Col1a1 only in the bones of RSK2-

deficient hTNFtg mice (Fig. 5A). This observation was verified

by quantitative real-time PCR analysis (Fig. 5B). In addition,

although no differences in Runx2 expression were detected

(Fig. 5C), expression of two other osteoblast marker genes,

namely osterix (Fig. 5D) and osteocalcin (Fig. 5E), was lower.

Importantly, three osteocyte maker genes, phosphate-regulating

gene with homologies to endopeptidases on the X chromosome

(Phex; Fig. 5F), sclerostin (Fig. 5G) and dentin matrix acidic

phosphoprotein 1 (Dmp1; Fig. 5E), were also strongly suppressed

in the double mutant mice.

Increased osteoblast and osteocyte apoptosis in RSK2-
deficient hTNFtg mice

TNF-a has been proposed to block bone formation by inducing
apoptosis of osteoblastic cells (Gilbert et al., 2000; Jilka et al.,
1998). The lower levels of expression of osteoblast and osteocyte

markers in the bone of RSK2-deficient hTNFtg mice as well as
fewer osteoblasts suggested that apoptosis of osteoblast was
enhanced in these mice. To test this hypothesis, we performed

TUNEL staining on sections of 6-week-old mice. As expected,
there were more TUNEL-positive bone lining cells in hTNFtg
mice, which were probably osteoblasts, and again RSK2

inactivation resulted in more apoptotic osteoblasts (Fig. 6A,B).
Similarly, more TUNEL-positive cells were seen in the cortical
bone of RSK2-deficient hTNFtg mice (Fig. 6C,D) suggesting an
increased sensitivity of osteocytes lacking RSK2 to TNF-induced

apoptosis. We next performed immunostaining for sclerostin, an
osteocyte marker (Poole et al., 2005), to better analyze the
osteocytic phenotype. Although a mild increase in the numbers of

empty lacunae was observed in hTNFtg mice, numbers of empty
lacunae dramatically increased in the bones of 6- and 10-week-
old RSK2-deficient hTNFtg mice (Fig. 6E,F). These data suggest

that deleting RSK2 renders osteoblasts and osteocytes more
sensitive to TNF-induced cell death.

Cell autonomous increased sensitivity of RSK2-deficient
osteoblasts to TNF-a-induced apoptosis

We and others have previously reported the essential cell-
autonomous function of RSK2 in mediating osteoblast

differentiation (David et al., 2005; Yang et al., 2004). We
therefore hypothesized that the decrease in osteoblastogenesis
observed in RSK2-deficient hTNFtg mice requires the cell-
autonomous function of RSK2, which is further impaired by

TNF-a in vivo. We first performed colony-forming unit (CFUs)
experiments to determine the frequency of osteoblast progenitors
present in the bone marrow of the various genotypes. RSK2

inactivation did not change the total numbers of colonies (data not
shown) or the numbers of alkaline-phosphatase-positive colonies
generated in vitro (Fig. 7A,B), clearly indicating that the

osteoblastic phenotype was not caused by fewer osteoblastogenic
progenitors.

The almost complete block in osteoblast differentiation observed
in in vitro culture of primary osteoblasts lacking RSK2 (David et al.,

2005) precluded any study of the effect of TNF-a on osteoblast
differentiation in the absence of RSK2. However, we compared the
growth curves of primary osteoblasts (POBs) isolated from the

calvarias of wild-type, Rsk22/y, hTNFtg and hTNFtg;Rsk22/y new-
born mice. There were fewer growing POBs isolated from RSK2-
deficient mice and hTNFtg mice lacking RSK2 than from wild-type
and hTNFtg mice. A TUNEL assay was performed to determine

whether differences in apoptosis could explain the variation. No
difference in the numbers of apoptotic cells was found, which
suggested a TNF-a-independent proliferative defect in POBs

lacking RSK2 (Fig. 7C). Because TNF-a is a known inducer of
osteoblasts apoptosis, we postulated that the increased sensitivity of
osteoblastic cells to TNF-a-induced apoptosis in vivo was a cell

autonomous defect. To test this hypothesis we cultured primary
osteoblasts isolated from new-born calvarias of wild-type and
RSK2-deficient mice at postnatal day (P) 5 in the presence or

absence of exogenous TNF-a. A mild increase in the numbers of
TUNEL-positive osteoblasts was seen in wild-type cells following
TNF-a stimulation, but a significant (P,0.001) increase in
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TNF-a-induced apoptosis was seen in RSK2-deficient cells

(Fig. 7E,F). We next made use of a specific RSK2 inhibitor

(Smith et al., 2005) to determine whether a direct inhibition of

RSK2 could render wild-type osteoblasts as sensitive to TNF-a-

induced apoptosis as RSK2-deficient cells. Although the treatment

of RSK2-deficient primary osteoblasts with the specific RSK2

inhibitor did not change their response to TNF-a-induced apoptosis,

it enhanced sensitivity to TNF-a-induced apoptosis in wild-type

cells to an almost similar level as in the RSK2-deficient cells

(Fig. 7G). We finally performed western blot analysis to determine

whether TNF activation of RSK2 could directly be involved in the

anti-apoptotic action of RSK2. Indeed, RSK2 was specifically

activated by TNF-a stimulation in primary osteoblasts, as shown

by the strong reactivity to an antibody directed against the

phosphorylated form of RSK2. Moreover, the expected

stimulation of JNK and ERK phosphorylation was seen in TNF-

a-stimulated wild-type cells and was still occurred, although at a

reduced level in the case of ERK, following RSK2 inactivation.

Importantly, phosphorylation of the RSK2 substrate BAD (Bonni

et al., 1999) that is required for its anti-apoptotic function was not

found in RSK2-deficient osteoblasts stimulated with TNF-a
(Fig. 7H).

Taken together our results establish that RSK2 is an antagonist

mediator of TNF-a-induced apoptosis in the osteoblastic lineage

and of recruitment of osteoclasts by osteoblasts, thereby

protecting against TNF-induced bone loss.

Fig. 5. Expression of osteoblast and osteocyte markers

in long bones of RSK2-deficient hTNFtg mice. (A) In

situ hybridization for Col1a1 expression in tibiae from 6-

week-old males of the indicated genotypes. Scale bar:

500 mm. (B–H) Real-time PCR analysis of the expression

of osteoblast and osteocyte markers in long bones of 6-

week-old males (n58–14 mice): (B) collagen type 1

alpha 1 (Col1a), (C) Runx2, (D) osterix (Osx),

(E) osteocalcin, (F) phosphate-regulating gene with

homologies to endopeptidases located on the X-

chromosome (Phex), (G) sclerostin (Sost) and (H) dentin

matrix protein 1 (Dmp1). Values are means 6 s.e.m.

*P,0.05, **P,0.01, ***P,0.001.
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Discussion
This paper identifies the ERK- and PDK1-dependent kinase

RSK2 as a negative regulator of TNF-a-induced systemic bone

loss. RSK2 acts in osteoblasts to reduce their supportive

osteoclastogenic activity and opposes the proapoptotic effect of

TNF-a. Indeed, inactivation of RSK2 resulted in decreased bone

mass, most probably because of non cell autonomous TNF-a-

mediated recruitment of osteoclasts and drastic cell autonomous

induction of apoptosis in osteoblast lineage cells.

TNF-a is a known regulator of bone remodeling. It decreases

bone formation by osteoblasts and increases bone resorption by

osteoclasts (David and Schett, 2010; Lam et al., 2000; Nanes,

2003). These effects are recapitulated in hTNFtg mice that

develop a general age-dependent systemic osteopenia (Schett

et al., 2003; Zaiss et al., 2010). Herein, we demonstrated that

bone loss upon TNF-a expression leads to both increased

osteoclast numbers and decreased osteoblast numbers in 10-

week-old hTNFtg mice. Interestingly, inactivation of RSK2 not

only resulted in an exacerbation of TNF-a-induced osteopenia,

but also accelerated TNF-a-induced bone loss as shown by the

drastic phenotype developing in 6-week-old mice, an age when

no clear bone loss could be detected in either of the two parental

lines, i.e. hTNFtg mice and RSK2-deficient mice. Thus, RSK2

inactivation sensitizes mice to the deleterious effects of TNF-a
on bone. This is also illustrated by the more pronounced growth

retardation and the earlier lethality observed in RSK2-deficient

hTNFtg mice as well as the lower expression of collagen 1a1

seen in 3-day-old pups, and the earlier onset of clinical signs of

arthritis (data not shown).

Both a TNF-a-mediated increase in osteoclasts and a decrease

in osteoblasts were observed in the absence of RSK2. However,

the osteoclast phenotype did not appear to be caused by a

disturbance in the ratio of circulating RANKL/OPG or by a cell

autonomous increased osteoclastogenesis but rather by a cell

autonomous defect in the osteoblastic lineage that is a known

local provider of RANKL in the bone. In accordance, we and

others previously identified RSK2 as a kinase that positively

regulates bone formation by osteoblasts. Indeed, in RSK2-

deficient mice, no clear osteoclastic phenotype was observed in

vivo, and in vitro differentiation of osteoclast progenitors in

Fig. 6. Osteoblast and osteocyte

apoptosis in hTNFtg;Rsk22/y mice.

(A) TUNEL staining of sections of

cortical bone from tibiae of 6-week-old

mice. Nuclei were counterstained with

DAPI. White arrows indicate TUNEL-

positive osteoblasts. Scale bar: 50 mm.

(B) Quantification of TUNEL-positive

cells relative to DAPI stained cells on the

periosteum (n55). (C) TUNEL staining

of the cortex of tibiae of 10-week-old

males. White arrows indicate TUNEL-

positive osteocytes. Scale bar: 50 mm.

(D) Quantification of TUNEL-positive

osteocytes from 6- and 10-week-old male

mice (n53–5). (E) Immunohistochemical

analysis of sclerostin expression in

cortical bone (positive cells are stained in

brown) of 10-week-old males. Empty

lacunae are indicated by black arrows.

Scale bar: 25 mm. (F) The percentage of

empty lacunae in the cortical bone of 6-

and 10-week-old males (n54–5). Values

are means 6 s.e.m. *P,0.05, **P,0.01,

***P,0.001.
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response to M-CSF and RANKL was similar to wild-type

controls (David et al., 2005; Yang et al., 2004). We are

now extending these observations to TNF-a-mediated

osteoclastogenesis that was not affected by RSK2 inactivation

in the presence of high or permissive doses of RANKL. Thus, the

increased osteoclastogenesis seems to be indirect. It is probably

in part a consequence of the increased supportive activity of the

RSK2-deficient osteoblasts that express increased levels of

RANKL in response to pro-osteoclastogenic stimuli including

TNF-a. A second potential cause for the observed increase in

osteoclast numbers in vivo is increased osteoblast and osteocyte

apoptosis as illustrated by (1) the lower expression of markers for

differentiation of osteoblasts and maturation of osteocytes, (2) the

higher number of TUNEL-positive osteoblasts and osteocytes

and (3) the more empty lacunae that we observed in both 6- and

10-week-old hTNFtg mice lacking RSK2. This hypothesis is in

agreement with the proposed central role of osteocyte apoptosis

in the initiation of bone remodeling, which would first recruit

osteoclasts at the site of bone damage preceding osteoblast-

mediated tissue repair (Bonewald, 2011; Jilka et al., 2007;

Nakahama, 2010; Raggatt and Partridge, 2010). This model was

clearly supported in mice expressing a conditional suicide gene in

their osteocytes (Tatsumi et al., 2007) as well as by the capacity

of osteocyte-derived apoptotic bodies to support in vitro and in

Fig. 7. Sensitivity of RSK2-

deficient osteoblasts to TNF-

induced apoptosis. (A) Alkaline

phosphatase (ALP) staining of CFUs

from cells of the bone marrow of the

indicated genotype. The morphology

of a single colony is shown in the

inserts. (B) Quantification of ALP-

positive colonies. (C) Growth curves

of primary osteoblasts (POBs) of the

indicated genotypes.

(D) Quantification of TUNEL assay

of the POBs after 3 days in culture.

(E) TUNEL staining of primary

osteoblasts isolated from WT and

Rsk22/y mice. Osteoblasts were

cultured for 2 days in the absence

(control) or presence of 10 ng/ml of

hTNF-a (TNF). Scale bar: 50 mm.

(F) Quantification of TUNEL-

positive osteoblasts in the same

culture condition. (G) Quantification

of TUNEL-positive osteoblasts

cultured in the absence or presence of

hTNF-a and treated with an inhibitor

of RSK2 (+) or untreated (2).

(H) Western blot analysis of MAP-

kinase and BAD activation in primary

osteoblasts stimulated with 50 ng/ml

hTNF-a for the indicated time.

Stimulation with 20% FCS served as a

control (C). Values are means 6

s.e.m. of at least two independent

experiments. *P,0.05, **P,0.01,

***P,0.001.
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vivo osteoclastogenesis in a TNF-a-dependent manner (Kogianni
et al., 2008).

In the case of hTNFtg mice lacking RSK2, osteoblast-mediated

bone repair does not occur, as shown by the very strong
decreased bone formation rate resulting from a combined
decrease in the mineralizing surface and in the mineral

apposition rate of both trabecular and periosteal bone. The
osteoblastic phenotype is not due to lower numbers of osteogenic
progenitors as demonstrated by the CFU assay but rather by the

much lower numbers of differentiated osteoblasts that was further
confirmed by analyzing the expression of osteoblastic markers in
vivo, which, with the exception of RUNX2, were all found to be

downregulated in hTNFtg mice lacking RSK2. Although the
lower bone mass previously described in RSK2-deficient mice
was not caused by a fewer osteoblasts but rather by a lower
functionality of the cells (David et al., 2005; Yang et al., 2004), a

higher bone mass due to higher osteoblast numbers was reported
in mice lacking either TNF-a or the TNF-RI (Li et al., 2007),
indicating that TNF-a primarily inhibits bone formation. Our data

suggest that inactivating RSK2 sensitizes mice to the effect of
TNF-a on bone inhibition. RSK2 acts as a protection against
TNF-a-mediated inhibition of bone formation.

RSK2 is a growth-factor-regulated kinase that was reported to
mediate cell cycle progression and cell proliferation in numerous
cell types and organisms (Anjum and Blenis, 2008; Cho et al.,
2005; David et al., 2005; Eisinger-Mathason et al., 2008; Lin

et al., 2008; Romeo and Roux, 2011; Wang et al., 2010). We now
report the reduced in vitro growth ability of osteoblast lacking
RSK2. This phenomenon was independent of apoptosis and of

the overexpression of TNF-a, as shown by the comparable
growth curves of osteoblasts isolated from hTNFtg and wild-type
mice on the one hand, and from the Rsk22/y and RSK2-deficient

hTNFtg mice on the other hand. Whether reduced proliferation in
the absence of RSK2 and overexpression of TNF-a participate to
the decrease osteoblasts numbers in vivo remains to be

established. Indeed, some of the features of the RSK2-deficient
osteoblasts in culture, such as an almost complete block of
differentiation (David et al., 2005; Yang et al., 2004) (data not
shown), do not reflect the in vivo phenotype of RSK2-deficient

mice, indicating that a compensatory phenomenon might occur in
vivo. By contrast, increased apoptosis sensitivity of osteoblasts
and osteocytes is a clear feature of the bone phenotype of hTNFtg

mice lacking RSK2. TNF-a was proposed to be an inducer of
both osteocyte and osteoblast apoptosis (David and Schett, 2010;
Nanes, 2003) and deleting RSK2 seems to sensitize these cells to

TNF-mediated apoptosis. This finding is in agreement with
publications that describe the anti-apoptotic roles of RSK2
(Anjum and Blenis, 2008; Anjum et al., 2005; Eisinger-Mathason

et al., 2008; Kang et al., 2007; Lin et al., 2008; Peng et al., 2010)
such as in transformed osteoblasts (David et al., 2005). Although
we did not detect any change in the rate of apoptosis of
unstimulated primary cultures of osteoblasts lacking RSK2

overexpressing or not hTNF-a compared with wild-type cells
(David et al., 2005) (Fig. 7), RSK2-deficient osteoblasts were
more sensitive to TNF-induced apoptosis. This phenotype was

clearly RSK2 dependent as shown by the increased apoptosis in
TNF-a-stimulated wild-type primary osteoblasts treated with a
specific RSK2 inhibitor.

Among the proposed substrates of RSK2 are proteins
regulating apoptosis such as p53, BimEL, IkBa, caspase 8 and
BAD (Anjum et al., 2005; Cho et al., 2005; Dehan et al., 2009;

Peng et al., 2010; Peng et al., 2011; Tan et al., 1999) that could

mediate the protective effect of RSK2 on bone. We first
confirmed in primary osteoblasts the activation of RSK2 by

TNF-a previously reported in HeLa cells (Peng et al., 2010)

and then we showed that activation of RSK2 leads to the

phosphorylation of BAD on serine 112, a site necessary for its
anti-apoptotic activity (Bonni et al., 1999). The decreased BAD

phosphorylation observed in TNF-stimulated RSK2-deficient

osteoblasts suggests that phosphorylated BAD is a mediator of
the anti-apoptotic function of RSK2 in osteoblastic cells.

In conclusion, this work has identified RSK2 as a kinase

activated by TNF-a in osteoblasts that exerts a negative
regulatory loop on TNF-induced bone loss by protecting the

osteoblastogenic lineage against TNF-a-induced apoptosis and

slowing down the recruitment of osteoclasts by the osteoblasts.
Thus, activators of RSK2 might be used as therapeutic treatments

to block the adverse effects of TNF-a in bone in such conditions

as systemic bone loss in rheumatoid arthritis.

Materials and Methods
Mice

All mice were maintained in a C57/Bl6 background in the animal facility of the
University of Erlangen-Nuremberg. RSK2 knockout mice, previously described
(David et al., 2005; Yang et al., 2004), were crossed with hTNFtg mice (strain
Tg197) (Keffer et al., 1991). Because RSK2 is an X-linked gene, all experiments
were carried out using 6- to 10-week-old male littermates. All animal experiments
were approved by the local ethics committee.

Bone-marrow transplantation

For bone-marrow transplantation, recipient male hTNFtg mice (5 weeks old)
were sublethally irradiated at 11 Gy, using orthovoltage irradiation (Stabilipan,
Siemens) at 250 kV/15 mA/40 cm focus–surface distance at a dose rate of 1.15
Gy/minute. The next day, hTNFtg mice were injected intravenously with 56106

donor bone marrow cells from wild-type or Rsk22/y mice to reconstitute
hematopoietic cells. The cells were applied in Medium 199 (Sigma) containing
5 ml 1 M HEPES buffer (Gibco), 5 ml (1 mg/ml) DNAse (Sigma) and 40 ml
(50 mg/ml) gentamycin (Sigma).

Micro-computer tomography (microCT) imaging

MicroCT images of tibias were acquired as previously described (Böhm et al.,
2009) on a laboratory cone-beam mCT scanner for ultra-high-resolution imaging
(Wachsmuth and Engelke, 2004) developed at the Institute of Medical Physics of
the University of Erlangen-Nuremberg, at 6 mm resolution (Skyscan 1174,
Skyscan).

Histology

For Calcein labeling, mice were injected with 5 mg/kg body weight of green
fluorescent Calcein (Sigma) 8 and 2 days before killing. The right tibia was fixed
overnight in 4% formalin and then decalcified in 14% EDTA (Sigma) at 4 C̊ (the
pH was adjusted to 7.2 by adding ammonium hydroxide; Sigma) until the bone was
pliable. Serial paraffin sections (2 mm) from tibias were cut and stained for
tartrate-resistant acid phosphatase (TRAP) to detect osteoclasts (2$nuclei, TRAP
positive) or used for TUNEL staining. For bone histomorphometry, left tibiae were
fixed overnight in 4% formalin and then transferred to 70% ethanol. Undecalcified
bones were embedded in methacrylate and 5 mm sections were cut. Unstained
sections were used to measure fluorescent calcein-labeled bone surfaces at a
wavelength of 495 nm. Toluidine Blue staining was performed for quantification
of osteoblasts and von Kossa staining for bone mineralization. Analysis of all
bone parameters was done using the OsteoMeasure histomorphometry system
(OsteoMetrics Inc.).

ELISA

To determine the systemic levels of OPG and RANKL in the mice, blood was
harvested from 6-week-old mice and serum was separated by centrifugation.
Serum levels of RANKL and OPG were measured according to the instructions of
the manufacturer (R&D Systems). For the detection of RANKL the serum was
used at a 1:2 dilution; for OPG measurement the serum was used in a 1:10 dilution.

Immunohistology

Deparaffinized, ethanol-dehydrated tissue sections were heat in 0.1 M citrate
buffer, pH 6 in a water bath (95 C̊, 15 min) for epitope retrieval, followed by
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blocking of endogenous peroxidase with 3% H2O2. A primary antibody against
murine sclerostin (R&D Systems) was used on tibia sections at 1:100 dilution
followed by incubation with a biotinylated goat-anti-rabbit IgG secondary
antibody (Vector Laboratories). Sections were incubated with the appropriate
StreptABcomplex (Dako) using DAB-Chromogen (Dako) as chromogen, resulting
in brown staining of antigen-expressing cells.

TUNEL assay
For determination of apoptosis, deparaffinized, ethanol-dehydrated bone sections
or osteoblasts, grown on round coverslips were stained using the In Situ Cell Death
Detection Kit (Roche Diagnostics) according to the manufacturer’s protocol.
Nuclei were counterstained with DAPI mounting solution (Vector Laboratories).

In situ hybridization
RNA in situ hybridization on paraffin sections of tibiae with digoxigenin-labeled
antisense riboprobes specific for Col1a1 was performed as previously described
(Schmidl et al., 2006). Alkaline-phosphatase-conjugated anti-digoxigenin was
incubated according to the manufacturer’s protocol (Roche Diagnostics). Positive
signals were visualized using BM Purple AP Substrate (Roche Diagnostics).
Images were acquired using a Nikon Eclipse 80i microscope equipped with a Sony
DXC-390P digital camera and NISElements BR2.20 software.

Alcian Blue and Alizarin Red staining of mouse skeletons
Preparation and staining of skeletons with Alcian Blue and Alizarin Red was
performed as previously described (Hogan et al., 1994). P3.5 mice were killed with
CO2 and skin and internal organs were removed. The carcasses were fixed in 95%
ethanol and stained with Alcian Blue (0.015% Alcian Blue 8GX, 20% acetic acid,
80% ethanol) for 12 hours. After washing in 95% ethanol for 3 hours, they were
treated with 2% KOH for 1 day and stained with Alizarin Red (50 mg/l Alizarin
Red sodium sulfate, 1% KOH) for 12 hours. The skeletons were further cleared
with 1% KOH and 20% glycerol.

RNA isolation and real-time PCR
Total RNA from long bones was isolated using Trifast (Peqlab) according to the
manufacturer’s protocol. For homogenization of long bones a PrecellyH24
Homogenisator (Peqlab) was used. After DNAse digestion, a total of 1 ng RNA
was used for cDNA synthesis. Real-time PCR was performed using the following
primers: for collagen 1a1 (Col1a1) 59-CTGGCGGTTCAGGTCCAAT-39 and
59-TTCCAGGCAATCCACGAGC-39; for Runx2 59-TGTTCTCTGATCGCCTCA-
GTG-39 and 59-CCTGGGATCTGTAATCTGACTCT-39, for osterix (Osx) 59-
GGAGGCACAAAGAAGCCATACGC-39 and 59-TGCAGGAGAGAGGAGTC-
CATTG-39; for osteocalcin 59-CTGACCTCACAGATCCCAAGC-39 and 59-
TGGTCTGATAGCTCGTCACAAG-39; for sclerostin (Sost) 59-AGCCTTCAGG-
AATGATGCCAC-39 and 59-CTTTGGCGTCATAGGGATGGT-39; for PHEX

59-ATTGCTGATAATGGGGGTCT-39 and 59-CTCCTGGCAGCTTCTGGTCT-
39; for dentin matrix protein-1 (Dmp-1) 59-GTGCCCAAGATACCCCCAG-39 and
59GCATCCCTTCATCGAACTCA-39; for OPG 59-CTTGCCTTGATGGAGAG-
CCT-39 and 59-TCGCTCGATTTGCAGGTCT-39: for RANKL 59-GTCTG-
CAGCATCGCTCTGT-39 and 59-CCACAATGTGTTGCAGTTCC-39.

Cell culture
Primary osteoblasts were isolated from calvariae of neonatal (4- to 6-day old)
Rsk22/y and wild-type mice as previously described (Jochum et al., 2000).
Calvariae were digested sequentially in modified Eagle’s medium type a (Gibco)
containing 0.2% dispase II (Sigma) and 0.1% collagenase type IA (Sigma).
Fractions were combined and cultured in a-MEM with 10% FCS (PAN) until
subconfluency. Cells were then plated at a density of 104 cells/cm2. For TUNEL
assays, 104 cells were cultured on chamber slides and either pre-treated for
30 minutes with the RSK2 inhibitor SL0101-1 (Tocris) or left untreated and then
stimulated with 10 ng/ml human TNF-a (R&D Systems) for 48 hours.

Osteoclast differentiation and coculture
Direct differentiation of osteoclast progenitors in response to MCSF and RANKL
(R&D Systems) was performed as previously described (Böhm et al., 2009). Co-
culture experiments for osteoclastogenesis were performed by stimulating the cells
with 1028 M 1a25(OH2)D3-dihydroxyvitamin D3 and 1027 M dexamethasone as
previously described (Jochum et al., 2000). In both cases the efficacy of
differentiation was evaluated by counting the multinucleated TRAP-positive
osteoclasts formed in the culture using a TRAP staining kit (Sigma).

Colony-forming unit (CFU) assay
The colony-forming ability of bone marrow isolated from wild-type, Rsk22/y,
hTNFtg and hTNFtg;Rsk2y/2 mice was determined as follow: the bone marrow of
two mice per genotype was isolated from femurs, tibiae and humeri. The bone
marrow cells of each genotype were filtered and pooled. The erythrocytes were
lysed and 16107 cells were seeded in a-MEM medium (Gibco) with 15% FCS in
three 15 cm dishes per condition. After 18 days the cells were fixed with 10%

formalin and stained for alkaline phosphatase (ALP) activity (Millipore). The
number of ALP-positive colonies was counted. The cells were subjected to
Hematoxylin staining and the number of total colonies was determined.

Western blot analysis

Osteoblasts (56104) were plated and serum-starved for 4 hours (a-MEM with
0.5% FCS). The cells were stimulated with 50 ng/ml human TNF-a (R&D
Systems) for 5, 10, 15 or 30 minutes. No stimulation and 20% FCS for 5 minutes
served as negative and positive control, respectively. TNF-a stimulation of
osteoblasts was stopped using ice-cold PBS. Cells were lyzed in Laemmli buffer
(Bio-Rad) and protein extracts were separated on a 12% sodium dodecyl sulphate
polyacrylamide gel. Protein was transferred onto a nitrocellulose membrane using
a semi-dry transfer chamber. The following antibodies were used for detection:
anti-phosphorylated-p38, anti-phosphorylated-JNK, anti-phosphorylated-ERK,
anti-phosphorylated-BAD (Cell Signaling), anti-RSK2 (Santa Cruz), anti-
phosphorylated-RSK/2 (R&D Systems) and anti-b-actin (Sigma).

Statistical analysis

All statistical analyses were performed using GraphPadPrism software with
Student’s t-test or two-way ANOVA and are presented as means (6 s.e.m.).
*P,0.05, **P,0.01, ***P,0.001.
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Schulz, A., Bergmeister, H., Kollias, G. et al. (2003). Osteoprotegerin protects
against generalized bone loss in tumor necrosis factor-transgenic mice. Arthritis

Rheum. 48, 2042-2051.

Schmidl, M., Adam, N., Surmann-Schmitt, C., Hattori, T., Stock, M., Dietz, U., de
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