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RANKL induces the formation of osteoclasts, which are 
responsible for bone resorption. Herein, we investigated 
the role of SWAP-70-like adapter of T cells (SLAT) in 
RANKL-induced osteoclastogenesis. Expression levels of 
SLAT were reduced during RANKL-induced osteoclasto-
genesis. Overexpression of SLAT in BMMs inhibited 
TRAP-positive multinuclear osteoclast formation and atte-
nuated the expression of NFATc1, which is an important 
modulator in osteoclastogenesis. Furthermore, silencing 
of SLAT by RNA interference enhanced osteoclast forma-
tion as well as NFATc1 expression. In addition, SLAT was 
involved in RANKL-induced JNK activation in osteoclasts. 
Taken together, our data suggest that SLAT acts as a neg-
ative modulator of RANKL-induced osteoclastogenesis. 
 
 
INTRODUCTION 
 
Bone is a highly dynamic tissue, and bone homeostasis is 
maintained by a delicate balance between bone formation and 
bone resorption under the regulation of systemic factors such 
as cytokines and hormones (Suda et al., 1999; Teitelbaum, 
2000). Bone loss can be easily caused by an imbalance be-
tween osteoclasts, which resorb bone; and osteoblasts, which 
form new bone (Takayanagi, 2007; Walsh et al., 2006). Dysre-
gulation of osteoclasts under various pathological conditions, 
such as inflammation and estrogen deficiency, leads to bone 
loss (Rodan and Martin, 2000). Importantly, osteoporotic frac-
tures are a significant cause of mortality and morbidity in the 
elderly population and represent a substantial economic burden 
to society (Boonen and Singer, 2008; Harvey et al., 2010). 
Therefore, understanding the mechanism of osteoclast forma-
tion is important for the development of new therapeutic strate-
gies for bone diseases. 

Osteoclasts are derived from hematopoietic cells in the 
presence of macrophage colony stimulating factor (M-CSF) and 
RANKL. Binding of RANKL to its receptor RANK activates nuc-
lear factor kappa B (NF-κB), c-Jun N-terminal kinase (JNK), 
p38, and extracellular signal-regulated kinase (ERK), which are 

important for osteoclast differentiation (Lee and Kim, 2003). 
RANKL regulates various transcription factors including NF-κB, 
c-Fos, and NFATc1, which act as positive modulators of os-
teoclast differentiation (Boyle et al., 2003; Teitelbaum, 2000). 
RANKL induces the expression of c-Fos and NFATc1 during 
osteoclastogenesis. NFATc1 induces the expression of target 
genes such as tartrate-resistant acid phosphatase (TRAP), 
cathepsin K, and osteoclast-associated receptor (OSCAR), 
which are important for osteoclast differentiation or function 
(Kim et al., 2005; So et al., 2003; Walsh et al., 2006). 

A T cell receptor (TCR)-regulated protein called switching B-
cell complex 70 kDa subunit (SWAP70)-like adapter of T cells 
(SLAT) was originally isolated based on its abundant expres-
sion in T helper 2 (Th2) cells and its homology with SWAP-70, 
a B cell-enriched guanine nucleotide exchange factor (GEF) 
(Borggrefe et al., 1998; Pearce et al., 2006; Shinohara et al., 
2002; Tanaka et al., 2003). SLAT (also called Def-6 or IBP) is 
abundant in central and peripheral lymphoid tissues, with high 
amounts displayed in thymocytes and in peripheral T cells, and 
it translocates to the immunological synapse upon antigen sti-
mulation (Becart et al., 2007; Gupta et al., 2003). SLAT-defi-
cient mice revealed a role of SLAT in thymic DN1 cell expan-
sion, T cell activation, and Th1 and Th2 cell inflammatory res-
ponses. The defect in Th1 and Th2 cell responses was traced 
to defective Ca2+-NFAT signaling (Becart et al., 2007). Although 
SLAT enhances TCR-mediated NFAT activation and Th1 and 
Th2 differentiation, the role of SLAT in RANKL-induced osteoc-
lastogenesis has not yet been studied. 

In this study, we investigated the role of SLAT in RANKL-
induced osteoclastogenesis. Here we reported that SLAT is 
down-regulated by RANKL. In addition, we demonstrated that 
SLAT is involved in RANKL-induced JNK activation and 
NFATc1 induction. Therefore, our data suggested that SLAT is 
a modulator of RANKL-induced osteoclastogenesis.  
 
MATERIALS AND METHODS 

 
Plasmid constructs and reagents 
SLAT was generated by RT-PCR using RNA from bone mar- 
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row-derived macrophages (BMMs) and cloned into pMX-IRES-
EGFP. The primers sequences were as follows: 5′-AAG ATC 
TAT GGC CCT GCG CAA GGA GCT GCT CAA G-3′ (5-SLAT-
BglⅡ) and 5′-CCT CGA GAT TCC CTG GTG CTG GAT CCA 
GTT TTT C-3′ (3-SLAT-XhoI). These amplified PCR fragments 
were digested with BamHI and XhoI, and were cloned into a 
pMX vector. SB203580, LY294002, PD98059, L-l-tosylamide-
2-phenylethyl chloromethyl ketone (TPCK), BAY and SP600125 
were purchased from Calbiochem (USA). All cell culture media 
and supplements were obtained from Hyclone. 

 
Osteoclast formation and TRAP staining 
Murine osteoclasts were prepared from bone marrow cells as 
previously described (Kim et al., 2009). In brief, femurs were 
aseptically removed from 6-8-week-old ICR mice, and bone 
marrow cells were flushed out with a sterile 21-gauge syringe. 
The cells were cultured in α-minimal essential medium (α-
MEM; Hyclone, USA) containing 10% FBS (Hyclone) with M-
CSF (30 ng/ml) for 3 days. Floating cells were removed and 
adherent cells (BMMs) were used as osteoclast precursors. To 
generate osteoclasts, BMMs were cultured with M-CSF (30 
ng/ml) and RANKL (100 ng/ml) for 4 days. Cultured cells were 
fixed and stained for TRAP. TRAP-positive multinuclear cells 
(TRAP + MNCs), containing more than three nuclei were counted 
as osteoclasts. 
 
Retroviral gene transduction 
Retroviral infection was performed as previously described 
(Kim et al., 2008; 2012). To generate retroviral stock, generated 
recombinant plasmids and the parental pMX vector were trans-
fected into the packaging cell line Plat E using FuGENE 6 
(Roche Applied Sciences, USA). Plat E cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% FBS, and 2 × 105 cells were seeded in a 6-well plate. 
On the following day, the medium was changed to α-MEM 
containing 10% FBS. Viral supernatant was collected from 
cultured media 24-48 h after transfection. BMMs were incu-
bated with viral supernatant for 8 h in the presence of 10 μg/ml 
polybrene (Sigma-Aldrich, USA). After removing the viral su-
pernatant, BMMs were further cultured with M-CSF (30 ng/ml) 
and RANKL (100 ng/ml) for 4 days. 
 
RT-PCR and real-time PCR 
Cells were washed with ice-cold PBS and lysed in Qiazol lysis 
Reagent (Qiagen). First-strand cDNA was transcribed from 2 
μg RNA using Superscript II reverse transcriptase (Invitrogen). 
The reverse transcribed cDNA was amplified by PCR. For 
Real-time PCR, PCRs were performed using the QuantiTect 
SYBR Green PCR kit (Qiagen) in triplicates on Rotor-Gene 
6000 (Corbett Research). The thermal cycling conditions were 
as follows: 15 min at 95℃, followed by 40 cycles of 95℃ for 10 
seconds, 58℃ for 15 s, and 72℃ for 20 s. All quantitations 
were normalized to an endogenous control GAPDH. The rela-
tive quantitation value for each target gene compared to the 
calibrator for that target gene is expressed as 2-(Ct-Cc) (Ct and Cc 
are the mean threshold cycle differences after normalizing to 
GAPDH). The relative expression levels of samples are pre-
sented by semilog plot. The primer sequences used for PCR 
amplification were as follows: NFATc1, forward 5′-CTC GAA 
AGA CAG CAC TGG AGC AT and reverse 5′- CGG CTG CCT 
TCC GTC TCA TAG-3′; OSCAR, forward 5′-TGC TGG TAA 
CGG ATC AGC TCC CCA GA-3′ and reverse 5′-CCA AGG 
AGC CAG AAC CTT CGA AAC T-3′; TRAP, forward 5′-CTG 
GAG TGC ACG ATG CCA GCG ACA-3′ and reverse 5′-TCC 

GTG CTC GGC GAT GGA CCA GA-3′; c-Fos, forward 5′-ATG 
GGC TCT CCT GTC AAC ACA CAG-3′ and reverse 5′-TGG 
CAA TCT CAG TCT GCA ACG CAG-3′; SLAT, forward 5'-TGC 
TCA AGT CTA TCT GGT ACG CC-3′ and reverse 5′-GAA 
GAG GCA CCA TAG ACG GAA AG-3′. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an internal 
control. 
 
Western blot analysis 
Cells from transduced BMMs were harvested after washing 
with ice-cold PBS and then lysed in extraction buffer (50 mM 
Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-
40, and protease inhibitors). Cell lysates were subjected to 
SDS-PAGE and Western blotting. Primary antibodies used 
included IκB, phospho-p38, p38, phospho-JNK, JNK, phospho-
ERK, ERK (Cell Signaling Technology, USA), actin (Sigma-
Aldrich), Flag (Sigma-Aldrich). HRP conjugated secondary anti-
bodies (Amersham Biosciences, USA) were probed and devel-
oped with ECL solution (Millipore). Signals were detected and 
analyzed by LAS3000 luminescent image analyzer (Fuji, Ja-
pan). 
 
siRNA preparation and transfection 
Predesigned mouse SLAT siRNAs (ID nos. J-045645-09, J-
045645-10, J-045645-11 and J-045645-12) were purchased 
from Dharmacon (Thermo Fisher Scientific). Only the siRNA ID 
no. L-045645-01-0005 (5 nM) had a significant inhibitory effect 
on SLAT expression in BMMs; therefore, we used this siRNA 
for all studies. The siRNAs were transfected into BMMs using 
the DharmaFECT 1 transfection reagent (Thermo Fisher Scien-
tific). 
 
Statistical analysis  
Results are presented as means ± SD. Statistical differences 
were determined by a paired Student’s t-test with significance 
level at p < 0.05. 
 
RESULTS 

 
RANKL down-regulates the expression of SLAT during  
osteoclastogenesis 
In order to examine whether the SLAT gene is expressed in 
osteoclast lineage cells, we observed mRNA expression of 
SLAT during the differentiation of osteoclasts. Osteoclast diffe-
rentiation was induced by culturing BMM cells in the presence 
of M-CSF and RANKL. RANKL down-regulated SLAT expres-
sion during osteoclast differentiation, whereas osteoclast-asso-
ciated genes such as NFATc1, TRAP, and OSCAR were 
strongly induced by RANKL (Figs. 1A and 1B). Since RANKL 
activates NF-κB, JNK, p38, ERK, and AKT during osteoclasto-
genesis, we tested various inhibitors to determine which signal-
ing cascades are essential for RANKL-induced SLAT down-re-
gulation. Among various inhibitors, p38 MAPK inhibitor (SB203580) 
strongly blocked RANKL-induced SLAT down-regulation (Figs. 
1C and 1D). These results suggest that RANKL down-regulated 
expression of SLAT mostly through p38 MAPK pathways dur-
ing osteoclastogenesis. 

 
Overexpression of SLAT inhibits osteoclast formation as  
well as NFATc1 expression 
Since SLAT was expressed in osteoclast lineage cells, we tried 
to find out whether SLAT is required for efficient osteoclast 
differentiation and function. Transduced BMMs were cultured 
with M-CSF alone or M-CSF/RANKL, and were stained for TRAP 
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Fig. 1. SLAT gene expression during osteoclasto-

genesis. (A, B) BMMs were cultured with M-CSF

and RANKL for the indicated times. Total RNA was

collected at each time point. (A) RT-PCR was per-

formed to detect expression of the indicated genes.

(B) Real-time PCR analysis was performed for the

expression of SLAT and GAPDH. (C, D) BMMs

were cultured with M-CSF and RANKL for 2 days in

the presence of various inhibitors; Mock (DMSO),

BAY (20 µM), LY294002 (10 µM), PD98059 (20

µM), SB203580 (20 µM), SP600125 (5 µM), TPCK

(5 µM). RT-PCR (C) and Real-time PCR (D) were

performed for the expression of SLAT and GAPDH.

Fig. 2. Overexpression of SLAT in BMMs

inhibits osteoclast formation. (A, B) BMMs

were transduced with pMX-IRES-EGFP (con-

trol) or SLAT retrovirus and cultured for 4 days

with M-CSF alone or M-CSF and various con-

centrations of RANKL as indicated. (A) Cul-

tured cells were fixed and stained for TRAP.

(B) Numbers of TRAP
+
 multinucleated cells

were counted (#P < 0.05, *P < 0.01, ** P < 0.005

vs Control. ns, not significant). (C-F) BMMs

were transduced with pMX-IRES-EGFP (con-

trol) or SLAT retrovirus and cultured with M-

CSF and RANKL for the indicated times. Real-

time PCR analysis was performed to detect

the indicated genes in control or SLAT-over-

expressing samples. 
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(Fig. 2A). RANKL treatment of control vector-infected BMMs 
increased the number of TRAP+ MNCs in a dose-dependent 
manner. Compared with the control vector, the overexpression 
of SLAT in BMMs significantly decreased the formation of 
TRAP+ MNCs mediated by M-CSF and RANKL (Figs. 2A and 
2B). These results suggest that SLAT may have a key role in 
RANKL-mediated osteoclast differentiation. 

Based on our observation that overexpression of SLAT inhi-
bits RANKL-mediated osteoclast differentiation, we examined 
the expression levels of various genes, which are known to be 
important for osteoclastogenesis. Overexpression of SLAT 
attenuated RANKL-mediated induction of NFATc1, TRAP, and 
OSCAR. However, the expression of c-Fos was not affected by 
SLAT overexpression during osteoclastogenesis (Figs. 3C-3F). 
Taken together, our data indicate that overexpression of SLAT 
attenuates RANKL-induced osteoclastogenesis as well as 
NFATc1 gene expression. 
 
Down-regulation of SLAT enhances osteoclast formation  
as well as NFATc1 expression 
To investigate down-regulation of SLAT gene in BMMs by spe-
cific-siRNAs, BMMs were transfected with control siRNA, or 
SLAT siRNA. After 48 h of transfection, the expression of SLAT 

was observed by real-time PCR and RT-PCR. The expression 
of SLAT was reduced by SLAT siRNA, not by control GFP-
specific siRNA (Figs. 3A and 3E). 

To examine the physiological role of SLAT in osteoclastoge-
nesis, BMMs transfected with control siRNA or SLAT siRNA 
were cultured for 5 days with M-CSF and RANKL. Compared 
with the control siRNA, the silencing of SLAT in BMMs resulted 
in a significant increase in the formation of TRAP+ MNCs me-
diated by RANKL (Figs. 3B and 3C). Furthermore, silencing of 
SLAT also enhanced the expression of NFATc1 as well as of 
OSCAR and TRAP during RANKL-mediated osteoclastogene-
sis (Figs. 3D-3G). These results suggest that SLAT may have a 
key role in RANKL-mediated osteoclast differentiation. 
 
SLAT is involved in RANKL-induced JNK signaling  
pathway 
RANKL activates various signaling pathways such as NF-κB, 
JNK, p38 MAPK, and ERK. To investigate the role of SLAT in 
RANKL-induced signaling cascades, BMMs were infected with 
control or SLAT retrovirus. Overexpression of SLAT inhibited 
RANKL-induced JNK activation, whereas other signaling path-
ways such as p38, ERK, and NF-κB were not affected (Fig. 4A). 
Furthermore, silencing of SLAT by RNA interference enhanced 

Fig. 3. Silencing of SLAT enhances osteoclast for-

mation and induction of NFATc1. (A) BMMs trans-

fected with GFP or SLAT siRNA were cultured for 2

days in the absence or presence of RANKL. RT-

PCR was performed. (B) BMMs transfected with

GFP or SLAT siRNA were cultured for 5 days in the

presence of M-CSF and RANKL. Cultured cells were

fixed and stained for TRAP. (C) TRAP(+) MNCs were

counted as osteoclasts. (D-G) BMMs transfected

with GFP or SLAT siRNA were cultured with M-CSF

and RANKL for the indicated times. Real-time PCR

analysis was performed with the primers specific for

SLAT, NFATc1, OSCAR, TRAP, and GAPDH (con-

trol). #P < 0.05, *P < 0.01 vs control. 
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only RANKL-induced JNK activation (Fig. 4B). These data indi-
cate that SLAT is involved in RANKL-induced JNK activation in 
osteoclasts. 

Next, we investigated whether JNK signaling cascade is in-
volved in SLAT-mediated NFATc1 regulation. Treatment with 
JNK inhibitor (SP600125) strongly inhibited RANKL-induced 
osteoclast formation even in the SLAT knockdown samples 
(Fig. 4C). Furthermore, RANKL-mediated induction of NFATc1 
was strongly blocked by treatment with JNK inhibitor both in 
control and SLAT knockdown samples (Fig. 4D). These data 
suggest that SLAT can regulate NFATc1 via JNK signaling 
pathways. 

 
DISCUSSION 

 
SLAT is abundant in central and peripheral lymphoid tissues, 
with high amounts found in thymocytes and peripheral T cells. 
Def6-/- mice are resistant to Th1- and Th2-mediated inflamma-
tion in a model of lung inflammation. This resistance reflects the 
essential role of SLAT/Def6 in promoting TCR-induced Ca2+ 
release from endoplasmic reticulum stores, and hence, subse-
quent steps in the Ca2+ signaling pathway, including activation 
of the transcription factor NFAT (Becart et al., 2007). 

In osteoclasts, ectopic expression of NFATc1 causes osteoc-
last precursors to undergo efficient differentiation in the ab-
sence of RANKL (Kim et al., 2005; Takayanagi et al., 2002). In 
addition, NFATc1-deficient embryonic stem cells fail to differen-
tiate into osteoclasts in response to RANKL (Takayanagi et al., 
2002), thus suggesting that NFATc1 acts as a master regulator 
of osteoclastogenesis. Since SLAT could enhance TCR-me-
diated NFAT activation in immune cells, we supposed that 

SLAT might positively regulate RANKL-induced osteoclastoge-
nesis via NFATc1 activation. However, overexpression of SLAT 
in osteoclast precursors attenuates osteoclast differentiation via 
down-regulation of JNK/NFATc1 cascades, while knockdown of 
SLAT in BMMs enhances RANKL-induced osteoclastogenesis 
as well as JNK activation and NFATc1 induction. These data 
indicate that SLAT has different roles in different cells, immune 
cells, and osteoclasts. It is interesting that SLAT acts as a posi-
tive modulator for TCR-mediated NFAT activation via Ca2+ 
release in immune cells, and acts as a negative regulator for 
RANKL-induced NFATc1 induction via blocking JNK activation 
in osteoclasts. One of the possible reasons for the dual role of 
SLAT could be that different molecules might be involved in 
different cell signaling pathways. 

RANKL is a potent activator of MAP kinase superfamily 
member, JNK. Activation of JNK by RANKL results in phospho-
rylation of c-jun, an activator protein 1 (AP-1) component, in 
osteoclasts. JNK is also known to be activated by cell stressors 
such as UV radiation and pro-inflammatory cytokines including 
TNF-α and IL-1. JNK stimulates AP-1 transcription factor activi-
ty and up-regulates CaMKII and CaMKIV in committed pre-
osteoclasts. The elevated CaMK level in pre-osteoclasts leads 
to a sustained increase in NFATc1 level, which is required to 
maintain the expression of osteoclast-associated genes in os-
teoclasts (Chang et al., 2008). Our data revealed that SLAT is 
involved in RANKL-induced JNK activation as well as in 
NFATc1 induction in osteoclasts; however, the underlying me-
chanism of SLAT-mediated RANKL-induced JNK activation is 
unknown. A further study will be needed for understanding how 
SLAT plays a role in differentiation of osteoclasts via JNK sig-
naling cascades. 

Fig. 4. SLAT is involved in RANKL-

induced JNK activation. (A) BMMs

were transduced with control (pMX-

IRES-EGFP) or SLAT retrovirus. (B)

BMMs transfected with GFP or SLAT

siRNA were cultured for 2 days in the

presence of M-CSF. (A, B) Cells were

stimulated with RANKL (500 ng/ml) for

the indicated times. Whole cell extracts

were subjected to Western blot analy-

sis with specific antibodies as indicated.

(C, D) BMMs transfected with control or

SLAT siRNA were cultured with M-CSF

and RANKL in the absence or pres-

ence of SP600125 (5 µM). (C) Cultured

cells were fixed and stained for TRAP.

(D) Real-time PCR analysis was per-

formed with the primers specific for

NFATc1 and GAPDH. *P < 0.05 vs

control. 
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In conclusion, this study demonstrates that SLAT acts as a 
negative regulator of RANKL-induced osteoclastogenesis by 
regulating JNK and NFATc1. Therefore, SLAT might be a po-
tential target for treating bone diseases such as osteoporosis. 
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