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Leukemia/lymphoma-related factor (LRF) or osteoclast zinc
finger protein (OCZF) overexpression promotes osteoclast
survival by increasing Bcl-xl mRNA: A novel regulatory
mechanism mediated by the RNA binding protein SAM68
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RANKL induces NFATc1, a key transcriptional factor to induce osteoclast-specific genes such as cathepsin K, whereas transcriptional
control of osteoclast survival is not fully understood. Leukemia/lymphoma-related factor (LRF) in mouse and osteoclast zinc finger
protein (OCZF) in rat are zinc finger and BTB domain-containing protein (zBTB) family of transcriptional regulators, and are critical
regulators of hematopoiesis. We have previously shown that differentiation and survival were enhanced in osteoclasts from OCZF-
Transgenic (Tg) mice. In the present study, we show a possible mechanism of osteoclast survival regulated by LRF/OCZF and the
role of OCZF overexpression in pathological bone loss. In the in vitro cultures, LRF was highly colocalized with NFATc1 in cells of
early stage in osteoclastogenesis, but only LRF expression persisted after differentiation into mature osteoclasts. LRF expression was
further enhanced in resorbing osteoclasts formed on dentin slices. Osteoclast survival inhibitor such as alendronate, a
bisphosphonate reduced LRF expression. Micro CT evaluation revealed that femurs of OCZF-Tg mice showed significantly lower
bone volume compared to that of WT mice. Furthermore, OCZF overexpression markedly promoted bone loss in ovariectomy-
induced osteolytic mouse model. The expression of anti-apoptotic Bcl-xl mRNA, which is formed by alternative splicing, was
enhanced in the cultures in which osteoclasts are formed from OCZF-Tg mice. In contrast, the expression of pro-apoptotic Bcl-xs
mRNA was lost in the culture derived from OCZF-Tg mice. We found that the expression levels of RNA binding splicing regulator,
Src substrate associated in mitosis of 68 kDa (Sam68) protein were markedly decreased in OCZF-Tg mice-derived osteoclasts. In
addition, shRNA-mediated knockdown of Sam68 expression increased the expression of Bcl-xl mRNA, suggesting that SAM68
regulates the expression of Bcl-xl. These results indicate that OCZF overexpression reduces protein levels of Sam68, thereby
promotes osteoclast survival, and suggest that LRF/OCZF is a promising target for regulating pathological bone loss.
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INTRODUCTION
Leukemia/lymphoma-related factor (LRF) in mouse and osteoclast
zinc finger protein (OCZF) in rat are members of the zBTB family of
protein also known as ZBTB7A. LRF is a pleiotropic transcriptional
regulator and has been characterized as an oncogene in human
cancers1,2. ZBTB7A overexpression is associated with tumor
progression which promotes cell survival, proliferation, and
metastasis in lymphoma, breast, lung, liver, and colon cancer3,4.
However, ZBTB7A also suppresses tumor growth of some types of
prostate cancer cells5. On the other hand, LRF has been shown to
be a critical regulator of differentiation and commitment of
hematopoietic and lymphoid cells6,7. LRF acts as a regulator in the
lineage commitment to B cells and the differentiation into

regulatory T cells8,9. In addition to the differentiation process of
early progenitors, LRF plays role in terminally differentiated cells.
LRF is highly expressed in germinal B cells and regulates mature B
cell fate by regulating proliferation and survival10. LRF is induced
by GATA1 and inhibits apoptosis of terminal differentiated
erythrocytes by regulating Bim11.
ZBTB family proteins have two conserved domains, the

N-terminal broad complex/tram-track/bric-a-branc (BTB) domain
and C-terminal zinc finger motifs which bind to DNA. BTB domain
is responsible for dimerization of LRF and interaction with various
corepressors and transcriptional factors1. LRF forms homodimer or
heterodimers with BCL6, and recruits transcription corepressors
such as NCOR and SMRT via BTB domain1. In addition, BTB domain
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serves as the “adaptor” for ubiquitination by binding E3 ubiquitin
ligase CULLIN3 (CUL3). Interaction of ZBTB family proteins PLZF
and BCL-6 with CUL3 modulates lymphocyte development and
function12,13. Amino acids sequences of mouse, rat, and human
orthologues of ZBTB7A are highly conserved, and 98–100%
similarities are detected in BTB region and zinc finger motifs.
Osteoclasts are derived from hematopoietic stem cells, and are

differentiated from cells of the monocyte/macrophage lineage.
Receptor activator of NF-κB ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF) are essential factors for osteo-
clast differentiation. Terminally differentiated osteoclasts are cell-
cycle arrested multinucleated cells. Osteoclasts are then activated
on bone matrix components by integrin-mediated signals.
Activated osteoclasts have a short life span. After the osteoclast
have completed resorbing bone, osteoclasts undergo apoptosis.
Osteoclasts formed in vitro bone marrow culture die by apoptosis
in the absence of cytokines. Cytokines including M-CSF, RANKL, IL-
1β, TNFα, and lipopolysaccharide (LPS) enhanced survival of
osteoclasts formed in culture14,15. It is known that death receptor
pathway and mitochondria pathway including Bcl-2 family
proteins regulate osteoclast apoptosis16–18. Bisphosphonates
down-regulate osteoclast activity and induce osteoclast apopto-
sis19. TNF-α inhibited bisphosphonates-induced apoptosis by
enhancing anti-apoptotic Bcl-xl expression20. Loss of estrogen
causes osteoporosis in postmenopausal women. Estrogen directly
stimulated osteoclast apoptosis by inducing Fas ligand expression
in osteoclasts21, while estrogen stimulated apoptosis of osteoclast
precursors by promoting Bak and Bax-dependent mitochondria
pathway22. Estrogen deficiency influences immune cells to
increase the production of pro-inflammatory cytokines23. These
reports suggest that osteoclast survival is involved in pathological
bone loss.
We have shown that LRF plays stage-specific roles in

osteoclastogenesis by analyzing mice that lack LRF gene in the
different stages of osteoclastogenesis24. Mx1-Cre mediated LRF
deletion in the early stage of osteoclastogenesis decreased bone
volume, whereas Ctsk-Cre mediated LRF deletion in the late stage
of osteoclastogenesis increased bone mass. The analysis of bone
phenotypes of these mice indicated that LRF inhibits early
osteoclastogenesis, but stimulates bone resorption in mature
osteoclasts. We have also prepared OCZF transgenic (OCZF-Tg)
mice which overexpress OCZF under the control of the cathepsin
K promoter25. OCZF-Tg mice exhibited osteoporotic phenotypes.
Histomorphometric analysis of femurs showed that osteoclast
number was increased, whereas osteoblast number was not
changed. In vitro cultures of bone marrow cells from mice showed
that osteoclastogenesis was enhanced in OCZF-Tg mice. Addi-
tionally, osteoclasts formed from OCZF-Tg mice have survived for
a longer period of time after withdraw of RANKL and M-CSF,
suggesting a role of LRF in osteoclast survival. However, the
mechanism by which LRF promotes osteoclast survival remains
unclear.
Previous study reported that FBI-1, the human orthologue of

LRF/OCZF, regulates Bcl-x alternative splicing in prostate cancer
cells26. FBI-1 interacts with a RNA-binding splicing regulator
Sam68, and inhibits the interaction of Sam68 with pro-apoptotic

Bcl-xs mRNA. Inhibition of Sam68-mediated Bcl-xs alternative
splicing by FBI-1 leads to increased alternative splicing of anti-
apoptotic Bcl-xl mRNA, which promotes cell survival27. Sam68 was
originally identified as a target of activated Src in fibroblasts28, and
now recognized as an important RNA binding protein that
regulates alternative splicing of several genes27,29. In the present
study, we investigated the role of LRF/OCZF in ovariectomy-
induced bone loss. We have further investigated whether Bcl-xl
alternative splicing by Sam68 is involved in the modulatory
mechanism of LRF/OCZF in osteoclast survival.

MATERIALS AND METHODS
Reagents and chemicals
FBS was purchased from Gibco (Grand Island, NY). Recombinant human
soluble RANKL, M-CSF, IL-1β, and IL-6 were purchased from Pepro-Tech
(Rocky Hill, NJ). TNF-α was purchased from R&D Systems (Minneapolis,
MN). LPS from Escherichia coli O55:B5 was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Rabbit anti-OCZF polyclonal IgG produced by
immunizing the animals with purified recombinant OCZF-GST fusion
protein was used as described25. Anti-GAPDH (sc-25778) rabbit antibody,
anti-cathepsin K (sc-48353), anti-nuclear factor of activated T cell 1
(NFATc1) (sc-7294), and anti-Sam68 (sc-1238) mouse antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). LY294002 (L-
7962), a phosphatidylinositol-3 kinase (PI3K) inhibitor, and Dasatinib (D-
3307), a Src inhibitor were obtained from LC Laboratories (Woburn, MA).
Alendronate was obtained from Calbiochem (San Diego, CA). The tartrate-
resistant acid phosphate (TRAP) assay kit was obtained from Sigma-Aldrich.

Mice and rats
OCZF Tg (C57BL/6) mice (aged 7–12 weeks) expressing OCZF and EGFP
fusion protein under the control of 1.6 kb cathepsin K promoter was used
as described25. OCZF transgene-negative littermates were used as wild-
type (WT) mice. Lewis rats were obtained from Kyudo (Tosu, Saga, Japan).
All mice and rats were housed under pathogen-free conditions and fed
standard rodent diet. All experiments were carried out according to the
protocol approved by the Laboratory Animal Care and Use Committee of
Saga University and Kyushu University.

Cell culture for osteoclastogenesis
Mouse bone marrow culture was performed as described previously25.
Briefly, nonadherent bone marrow cells were isolated from female or male
mice, and nonadherent bone marrow cells were cultured in α-MEM
containing 15% FBS in the presence of M-CSF (10 ng/ml) for 3 days to
generate bone marrow macrophages (BMMs). Osteoclasts were differ-
entiated from BMMs with RANKL (50 ng/ml) and M-CSF (10 ng/ml) for
2–3 days. In some experiments, BMMs stimulated with RANKL for 24 h were
detached from the culture plate by 0.05% trypsin and 0.01% EDTA, and
then re-seeded on dentin slices to form osteoclasts as described30. The
cells were cultured on dentin slices in the presence of RANKL (50 ng/ml)
and M-CSF (10 ng/ml) for an additional 36–48 h. At the end of the culture,
the cells were lysed for protein and RNA analysis or fixed for
immunostaining.

RT-quantitative PCR (RT-qPCR) and RT-PCR
Total RNA was extracted using RNA Isoplus (Takara Bio, Shiga, Japan). cDNA
was synthesized using random primers with ReverTra Ace qPCR RT Master
Mix (Toyobo, Osaka, Japan). Primers for RT-qPCR are listed in Table 1.
Quantitative real-time PCR was performed using THUNDERBIRD SYBR qPCR

Table 1. List of primers used for RT-qPCR analysis.

Sense Anti-sense

Lrf 5′-GAGAAGAAAATCCGGGCCAAG -3′ 5′- GCAGCTATCGCACTGGTATGG -3′

Ctsk 5′-CTCTCGGCGTTTAATTTGGGAG -3′ 5′-CCCTGGTTCTTGACTGGAGTAACG -3′

Sam68 5′-GTGGAGACCCCAAATATGCCCA -3′ 5′-AAACTGCTCCTGACAGATATCA -3′

Bcl-xl 5′-GCTGGGACACTTTTGTGGAT -3′ 5′-TGTCTGGTCACTTCCGACTG -3′

Bim 5′-CGACAGTCTCAGGAGGAACC -3′ 5′-CCTTCTCCATACCAGACGGA -3′

Gapdh 5′-TGCACCACCAACTGCTTAG-3′ 5′-GGATGCAGGGATGATGTTC-3′
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Mix (Toyobo) with a Step One plus real-time PCR system (Applied Biosystems,
Foster City, CA). mRNA levels were normalized to Gapdh expression. In some
experiments, PCR was performed using Ex Taq (Takara Bio). PCR products
were separated on a 1.5% agarose gel and stained with ethidium bromide.
Reactions were conducted in a 10 µl reaction mixture and were incubated for
1min at 94 °C, followed by 45–50 cycles of a three-step amplification
procedure composed of annealing for 30 s at 55 °C, extension for 1min at
72 °C, and denaturation for 30 s at 94 °C. The following primers were used to
amplify both Bcl-xl and Bcl-xs mRNAs: mouse Bcl2l1 (Bcl-x NM_001289716),
sense, 5′-GCTGGAGTCAGTTTAGTGATG-3′, antisense, 5′- TCACTTCCGACTGAA
GAGTG-3’. PCR reactions generated a 615 bp product from Bcl-xlmRNA and a
426 bp product from Bcl-xs mRNA.

Western blot analysis
To isolate cell extracts, the cells were washed with PBS and the cells were
lysed in RIPA buffer (25mM Tris-HCl, pH 7.4, 5 mM EDTA, 150mM NaCl, 1%
Triton, 2.5 mM sodium pyrophosphate, 0.7 mM β-glycerophosphate)
supplemented with protease inhibitor cocktail (Sigma) and phosphatase
inhibitor cocktail 2 (Sigma) for 30min on ice. Insoluble material was
removed by centrifugation at 12,000 × g for 5 min at 4 °C. Supernatants
were collected. Protein concentration was measured using a BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA). Equal amounts of
proteins were separated by 10% SDS-PAGE and transferred to polyviny-
lidene fluoride membranes (Bio Rad, Hercules, CA). The membranes were
blocked with 5% skim milk in TBS containing 0.1% Tween-20 at room
temperature (20–25 °C) for 1 h. Blots were incubated with primary
antibodies at room temperature for 1 h. HRP-conjugated anti-rabbit
(7074, Cell Signaling Technology, Danvers, MA) or anti-mouse antibodies
(sc-516102, Santa Cruz Biotechnology) were used as secondary antibodies.
The membranes were incubated with secondary antibodies for 1 h at room
temperature. Antibody detection was performed with ECL Prime Western
Blotting Detection Reagent (GE Healthcare, Little Chalfont, UK). Blots were
visualized using the LAS-4000 image analyzer (Fujifilm, Tokyo, Japan).

Immunofluorescence staining of cultured cells
For staining with anti-OCZF and anti-NFATc1 antibodies, cells were fixed in
99:3 cold methanol/formaldehyde for 20min at−20 °C, permeabilized in 0.2%
Triton X-100 for 10min at room temperature. For staining with anti-Sam68
antibody, cells were fixed with 4% paraformaldehyde (PFA) for 20min. The

fixed cells were blocked by incubation in 3% normal goat serum for 60min at
room temperature. The cells were then incubated with rabbit anti-OCZF,
mouse anti-NFATc1, or mouse Sam68 antibodies for 60min. The cells were
washed and then incubated with secondary antibodies. Microscopic
observations were performed using fluorescence microscope (Zeiss) or
LSM5 PASCAL confocal laser microscope (Carl Zeiss). To examine the cells on
dentin, dentin slices were placed upside down on a glass bottom dish and
examined from beneath the dish.

Construction of plasmids
Lentivirus shRNA plasmids were constructed as described using pRSI9-U6-
sh-UbiC-RFP-2A-Puro (addgene # 28289)31. The sense strand sequences of
the shRNA specifically targeting Sam68 mRNA were 5′-CCAAGATTCTTAC-
GAAGCCTA-3′. As a control, a previously reported shRNA targeting the
mRNA of Egfp with the sense strand sequence 5′-CGGCATCAAGGT-
GAACTTCAA-3′ was used31.

Lentivirus production and infection of osteoclasts
Recombinant lentiviruses were produced by transfecting 293T cells with
the lentivirus plasmid, packaging plasmid psPAX2 (addgene #12260), and
envelope plasmid pMD2.G (addgene #12259) as described31. The culture
medium containing viruses was harvested at 48 h after transfection and
concentrated by centrifugation at 14,000 rpm for 1 h at 4 °C. Viral titers
were determined by MACS Quant Analysis (Miltenyi Biotec.) for RFP
expression. For infection of osteoclasts, BMMs stimulated with RANKL
(50 ng/ml) for 48 h were transduced with shRNA lentiviruses (Moi=10) for
12 h. The cells were stimulated with RANKL (50 ng/ml) for another 36 h.

Induction of adjuvant arthritis in rats and
immunofluorescence staining
Adjuvant arthritis was induced as described previously32. Briefly, 5-week-
old female Lewis rats were anesthetized with isoflurane inhalation and
were intradermally injected at the base of the tail with complete Freund
adjuvant containing 25mg/kg heat-killed M. butyrium (Difco Laboratories,
Detroit, MI) suspended in mineral oil. The rats were killed on day 21 after
injection. After anesthetizing with isoflurane inhalation followed by
intraperitoneal injection of pentobarbital (1 mg/kg body weight), the rats
were aseptically dissected and fixed by perfusion 4% PFA from the left

LRF NFATC1 merge

24

34

48

RANKL (h)
Phase contrast

Fig. 1 Immunofluorescence colocalization of LRF and NFATC1 in osteoclastogenesis. BMMs were cultured in the presence of M-CSF (10 ng/
ml) and RANKL (50 ng/ml) for the indicated times. After culturing, cells were fixed, and immunostained for LRF (green) and NFATc1 (red). Phase
contract images are also shown in the left panels. Merged fluorescence images are shown in the right panels. Arrow heads indicate small
osteoclasts at 34 h stained with LRF and NFATc1. Arrows indicate large osteoclasts at 48 h stained with LRF but not with NFATc1.
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ventricle. Ankle joints were isolated and immersed in the same fixative for
overnight at 4 °C, followed by washing in PBS. After decalcification in 10%
EDTA for 3 weeks at 4 °C, tissue blocks were embedded in OCT compound.
Frozen sections were prepared and then processed for immunofluores-
cence analysis. After quenching unreacted aldehyde groups with 10mM
glycine, sections were blocked in 10% chick albumin for 60min at room

temperature, followed by further blocking in 3% normal goat serum for 2 h
at room temperature. Sections were then incubated with anti-cathepsin K
and anti-OCZF antibodies at room temperature for 1 h. After washing,
sections were incubated with secondary antibodies for 30min. Microscopic
observations were performed using an C2si confocal laser microscope
(Nikon Instec, Tokyo, Japan)
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Fig. 2 LRF expression is associated with osteoclast survival. A Diagram of experimental setup. BMMs were incubated with M-CSF (10 ng/ml)
and RANKL (50 ng/ml) for 48 h. Cells were detached, re-seeded in culture dishes or dentin slices, and cultured for another 48 h.
B Immunofluorescence staining of osteoclasts formed on culture dishes or dentin slices with LRF and cathepsin K antibodies. Bar= 20 μm.
After culturing, cells were fixed, and stained for LRF (green) and cathepsin K (red). C RT-qPCR analysis of Lrf, Ctsk, or Bcl-xl expression in the cells
formed on culture dishes or dentin slices. D 10 μM LY294002 was added to osteoclasts for 12 h. After culturing, cells were fixed, and stained for
LRF (green). Nuclei were stained with To-Pro-3 iodide (blue). E After 48 h of BMMs stimulated with RANKL, alendronate was added for 24 h. RT-
qPCR analysis of Lrf expression in osteoclasts was performed. In RT-qPCR analysis, expression was normalized with Gapdh (n= 3). Data are
presented as mean ± SD. Student’s t-test was used for statistical analysis in C. *P < 0.05, **P < 0.01 compared to osteoclasts formed on culture
dishes (C). The differences between means and effects of treatments were determined by one-way ANOVA followed by Tukey’s post hoc test in
(E). *P < 0.05, compared to osteoclasts cultured without alendronate (E).
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Ovariectomy and micro-computed tomography
OCZF-Tg female mice and their wild-type counterparts were either
ovariectomized (OVX) or sham-operated at 8 weeks of age, and
subjected to micro-computed tomography (µCT) analyses 4 weeks after
surgery. The bone structure of femurs from 12-week-old mice was
analyzed by µCT as described33. Femurs were dissected, cleaned of
muscle and connective tissues, fixed in 4% PFA overnight at 4 °C, and
then stored in 70% ethanol. Femurs were scanned using the SkyScan-
1076 X-ray micro-computed tomograph at 9 μm pixel size, X-ray tube
voltage of 48 kV, 1550 ms exposure time, and 200 µA source current.
Data series were reconstructed using SkyScan NRecon software and
analyzed with SkyScan CT Analyzer (CTAn) software (Bruker, Billerica,
MA). Trabecular bone was analyzed in the proximal metaphysis region,
0.9–3.5 mm above the distal growth plate of the femur, starting
100 slices proximal to the growth plate for 400 slices, each 9 µm thick.
Cortical bone was analyzed by the central diaphysis regions correspond-
ing to 450 slice. Trabecular and cortical morphometric parameters were
analyzed with adaptive threshold procedure using CTAn software
(SkyScan), and quoted using American Society for Bone and Mineral
Research nomenclature.

Statistical analysis
Data are presented as the means ± SD. Comparison of data from two
unpaired groups was performed using Student’s t-test. To compare more
than two groups, data were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. P-values of less than 0.05 were
considered statistically significant. Data shown are representative results
from two or three independent experiments.

RESULTS
Intracellular colocalization analysis of LRF with NFATC1 in
osteoclastogenesis
To know the role of LRF in osteoclastogenesis in details, we
performed double-immunofluorescence staining analysis of LRF
with NFATc1 in BMMs stimulated with RANKL. After 24–34 h of
RANKL addition, LRF protein was appeared in preosteoclasts and
small osteoclasts containing 2 or 3 nuclei which are also stained
for NFATc1 (Fig. 1). After 48 h of culture, LRF was detected in
nuclei of large osteoclasts, whereas NFATc1 expression was
decreased in nuclei of several osteoclasts (Fig. 1). The results
show that unlike NFATc1, LRF expression is sustained after
differentiation into mature osteoclasts.

LRF expression is associated with osteoclast survival
Adhesion of osteoclasts to bone matrix components induces
terminal differentiation of osteoclasts mediated by integrin

signaling34. We then analyzed the expression of LRF in osteoclasts
formed in culture dishes and those formed on dentin slices
(Fig. 2A). Immunostaining signals of LRF and cathepsin K protein
appeared to be stronger in osteoclasts formed on dentin slices
than those in osteoclasts formed on culture dishes (Fig. 2B). In
addition, LRF protein was detected in nuclei of both osteoclasts
formed on dentin slices and those formed in culture dishes, but
small dot-like signals were detected only in the cytoplasm of
osteoclasts formed on dentin slices. RT-qPCR analysis showed that
the expression of Lrf and Ctsk (cathepsin K) mRNA was significantly
enhanced in the cells formed on dentin slices (Fig. 2C). We then
analyzed the expression of anti-apoptotic Bcl-xl mRNA in
osteoclasts. Expression of Bcl-xl mRNA was increased in the cells
formed on dentin slices compared to those formed on culture
dishes (Fig. 2C). Because the cells formed on dentin slices are
mainly composed of osteoclasts, the results suggest that survival
is enhanced in osteoclasts on dentin slices. Additionally, treatment
of osteoclasts with 10 nM Dasatinib, a Src kinase inhibitor for 12 h
changed the nuclear localization of LRF to diffuse cytoplasmic
localization in osteoclasts on dentin slices (Supplemental Fig. 1),
suggesting that integrin signaling may be involved in regulation
of LRF expression. Addition of LY294002, a specific inhibitor of
PI3K pathway which is involved in osteoclast survival35, decreased
cytoplasmic signals of LRF in osteoclasts (Fig. 2D). Furthermore,
alendronate, a bisphosphonate that induces osteoclast apopto-
sis36 decreased LRF expression in the cells in the osteoclast-
lineage on dentin slices in a dose-dependent manner (Fig. 2E).
These results strongly suggest that LRF expression is associated
with osteoclast survival.

Expression of LRF/OCZF protein in osteoclasts at bone
destruction area of arthritis rats
To evaluate the expression of LRF/OCZF protein in active osteoclasts
in vivo, we analyzed LRF/OCZF expression in osteoclasts in bone
destruction site of rats with adjuvant-induced arthritis by immunos-
taining. In this model, a number of osteoclasts are detected on bone
destruction area of ankle joints of arthritis rats. As shown in Fig. 3,
specific expression of LRF/OCZF protein was detected in nuclei
of mature osteoclasts on bone, which highly express cathepsin K.
Inflammatory cytokines and LPS have been shown to promote
osteoclast survival14,15. We found that TNF-α increased LRF
expression in BMMs two fold, while IL-1β, IL-6, and LPS markedly
upregulated LRF expression in BMMs (Supplemental Fig. 2),
suggesting that LRF/OCZF expression is enhanced under inflamma-
tory conditions.

B B

B: Bone  BM: Bone marrow  LRF/OCZF cathepsin K Bars=50 �m

BM

BM

B
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B

Fig. 3 LRF/OCZF protein was detected in osteoclasts expressing cathepsin K at bone destruction sites of adjuvant-induced arthritis rats.
Immunofluorescence staining of osteoclasts in bone destruction sites of arthritic rats. Cryosections of ankle joints were incubated with rabbit
anti-OCZF and mouse anti-cathepsin K antibodies, followed by detection with secondary antibodies. Arrow indicates typical osteoclasts
containing three or more nuclei on bone. LRF/OCZF, green; cathepsin K, red; bone marrow, BM; Bone, B; scale bar= 50 μm.
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OVX-induced bone loss was enhanced in OCZF-Tg mice
To know the role of LRF/OCZF in pathological osteolysis in vivo, we
analyzed the effects of OVX on bone loss in OCZF-Tg mice. In the
previous study, peripheral quantitative computed tomography
(pQCT) analysis of 6-week-old male femurs showed that OCZF-Tg
mice displayed lower BMD and BMC25. In this study, we performed
µCT analysis of trabecular bones of distal femurs from 12-week-old
female mice of WT and OCZF-Tg. Bone volume per total volume (BV/
TV) of sham-operated OCZF-Tg female mice were significantly lower
compared to those of sham-operated WT mice (Fig. 4A, B). In WT
mice, OVX-treatment significantly decreased BV/TV and trabecular
number compared to those of sham-operated WT mice (Fig. 4A, B).
In contrast, OVX-treatment of OCZF-Tg mice markedly decreased
not only BV/TV and trabecular number but also trabecular thickness
and cortical thickness compared to those of sham-operated OCZF-

Tg mice (Fig. 4B, C). In addition, effects of OVX on BV/TV (−53.5 %,
p= 0.0007 versus sham), trabecular thickness (−14.0%, p= 0.01
versus sham), trabecular number (−45.3%, p= 0.0001 versus sham),
and cortical thickness (−13.7% p= 0.001 versus sham) in OCZF-Tg
mice was greater than effects of OVX on BV/TV (−39.1%, p= 0.0001
versus sham), trabecular thickness (−6.3%, N.S. versus sham),
trabecular number (−33.7%, p= 0.0003 versus sham), and cortical
thickness (−5.9% N.S. versus sham) in WT mice (Fig. 4B, C). These
results strongly suggest that OCZF overexpression in osteoclasts
promotes pathological bone loss in vivo.

OCZF overexpression promoted the expression of
anti-apoptotic Bcl-xl
Anti-apoptotic Bcl-xl mRNA and pro-apoptotic Bcl-xs mRNA are
formed by alternative splicing of Bcl-x pre mRNA (Fig. 5A). We first
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analyzed the expression of Bcl-x isoforms in the culture of BMMs
stimulated with RANKL. RT-PCR analysis was performed using PCR
primers which detect both anti-apoptotic Bcl-xl (615 bp) and pro-
apoptotic Bcl-xs (426 bp) mRNA. Expression of both Bcl-xl and Bcl-
xs isoform mRNAs was detected at 72 h of culture, when
osteoclasts are formed from WT BMMs (Fig. 5B). In contrast,
expression of Bcl-xl but not Bcl-xs mRNA was detected at 72 h of
culture derived from OCZF-Tg BMMs. To determine the expres-
sion of Bcl-xl mRNA quantitatively, we performed RT-qPCR
analysis. Bcl-xl isoform mRNA was significantly increased at 72 h
of culture derived from OCZF-Tg BMMs compared to that derived
from WT BMMs (Fig. 5C). The results suggest that alternative
splicing of Bcl-xs mRNA was suppressed but Bcl-xl mRNA
alternative splicing was promoted in osteoclasts from OCZF-Tg
mice. We also analyzed the expression of Bim as a pro-apoptotic
gene. The expression of Bim in the culture derived from OCZF-Tg
BMMs was not significantly changed compared to that derived
from WT BMMs (Fig. 5C). The results suggest that OCZF
overexpression enhances osteoclast survival by increasing the
expression of anti-apoptotic genes.

SAM68 protein level was markedly suppressed in osteoclasts
derived from OCZF-Tg mice
Because Sam68 promotes alternative splicing of Bcl-xs, and FBI-1
regulates Sam68 activity, we next analyzed whether Sam68 is
involved in the function of LRF/OCZF in osteoclasts. We first
analyzed the expression of Sam68 in osteoclastogenesis. RT-PCR

analysis showed that Sam68 mRNA expression was upregulated at
38 h of culture, but down-regulated at 72 h of culture (Fig. 6A).
Levels of Sam68 mRNA at 72 h of culture was not significantly
different between WT and OCZF-Tg BMMs. In contrast, Western
blot analysis showed SAM68 protein levels were markedly
decreased at 72 h of culture derived from OCZF-Tg BMMs (Fig. 6B).
Immunostaining of osteoclasts with SAM68 antibody revealed that
high expression of SAM68 protein was found in nuclei of
mononuclear cells and cytoplasm of osteoclasts derived from
WT mice (Fig. 6C and Supplementary Fig. 3). In contrast,
fluorescence signals of SAM68 were markedly decreased in
OCZF-Tg mice-derived osteoclasts (Fig. 6C and Supplementary
Fig. 3). Quantitative analysis of SAM68 fluorescence intensity
showed that SAM68 expression was significantly decreased in
osteoclasts derived from OCZF-Tg mice compared to that in WT
osteoclasts (Fig. 6D), suggesting that OCZF regulates SAM68
protein levels in osteoclasts.

Sam68 knockdown promoted expression of Bcl-xl mRNA
Considering the role of SAM68 in alternative splicing of the
apoptotic Bcl-xs isoform, we analyzed the effect of Sam68
knockdown on the alternative splicing of Bcl-x mRNA in the
culture of BMMs stimulated with RANKL. Infection of Sam68 shRNA
lentivirus significantly inhibited the expression of Sam68 mRNA
(Fig. 7A). In the infection of control shEGFP, expression of Bcl-xl and
Bcl-xs mRNA was detected at 72 h of culture, when osteoclasts are
formed (Fig. 7B). In contrast, the expression of Bcl-xs mRNA was
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lost in shSam68 infected cultures (Fig. 7B). In addition, RT-qPCR
analysis showed that the infection of shSam68 significantly
upregulated the expression of Bcl-xl mRNA compared to that
infected with control shEGFP (Fig. 7C). The results suggest that
reduction of Sam68 expression promotes the expression of Bcl-xl
mRNA and that LRF/OCZF promotes osteoclast survival by down-
regulating Sam68 protein levels.

DISCUSSION
After the osteoclast have completed resorbing bone, osteoclasts
die by apoptosis which switches into the bone formation in the
process of bone remodeling37. Therefore, the regulation of
osteoclast apoptosis is critical to maintain bone remodeling.
Inappropriate bone remodeling leads to pathological bone
diseases such as osteoporosis and rheumatoid arthritis16. In this
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study, we show LRF/OCZF which is involved in osteoclast survival
is highly expressed in mature osteoclasts and enhances the
expression of Bcl-xl. LRF/OCZF overexpression in osteoclasts
promoted bone loss in OVX-induced mouse model. In addition,
we found SAM68-mediated alternative splicing of Bcl-xl mRNA is
involved in osteoclast survival enhanced by LRF/OCZF. We show a
novel mechanism of osteoclast survival regulated by LRF/OCZF-
Sam68 axis, and our results strongly suggest that LRF/OCZF is an
important target protein to regulate pathological bone resorption.
We previously reported that osteoclast-specific LRF deletion in

mice developed increased bone mass phenotype with reduced
bone resorption24. We also reported that LRF interacted with
NFATc1, and enhanced the expression of several NFATc1 target
genes including cathepsin K, which are responsible for bone
resorption24. In this study, we analyzed the detailed expression of
LRF and colocalization of LRF with NFATC1 in osteoclastogenesis.
Consistent with previous results, we found that LRF protein was
colocalized with NFATc1 in osteoclast precursor cells and
osteoclasts. In addition, LRF expression was correlated with that
of cathepsin K in vitro and in vivo. Our results indicate LRF plays a
role in osteoclastic bone resorption by enhancing the expression
of bone resorption-related genes (Fig. 8). Notably, NFATc1
expression was reduced in several osteoclasts, whereas LRF
expression persisted after differentiation into mature osteoclasts,
suggesting that LRF/OCZF plays an additional role in bone
resorption. LRF expression was enhanced in osteoclasts formed
in dentin slices, which are activated by integrin signaling. Src
inhibitor altered expression and localization of LRF in osteoclasts.
Additionally, FBI-1 has been identified one of genes induced by
integrin signaling involved in B cell survival38. It seems that
integrin signaling is involved in LRF expression in osteoclasts.
It has been reported that the survival of osteoclasts formed on

bone matrix in vitro was enhanced in comparison with those of
osteoclasts formed on culture dishes16. Integrin signaling induces
survival signals by increasing the expression of Bcl-xl in cancer
cells39. In consistent with previous studies, Bcl-xl expression was
enhanced in osteoclasts formed on dentin slices compared to
those formed on culture dishes. Several lines of evidence
have shown the important roles of Bcl-2 family proteins in
osteoclast apoptosis. Pro-apoptotic Bim is induced in cytokine-
deprived osteoclasts and enhanced osteoclast apoptosis, whereas
anti-apoptotic Bcl-xl, Bcl-2, and Mcl-2 prolonged osteoclast

survival17,18,40,41. Since it is known that FBI-1 inhibits Bcl-x
alternative splicing and apoptosis in cancer cells26, we analyzed
Bcl-xl expression in osteoclasts derived from OCZF-Tg mice. OCZF
overexpression enhanced Bcl-xl expression which contributed to
osteoclast survival. LRF expression is induced by GATA1 in
erythropoiesis, and LRF deletion leads to increased apoptosis of
late-stage erythroblasts with upregulation of pro-apoptotic factor
Bim11. However, LRF/OCZF overexpression did not affect Bim
expression in osteoclasts.
Anti-apoptotic Bcl-x1 isoform and pro-apoptotic Bcl-xs isoform

mRNAs are produced by alternative splicing of Bcl-x pre-mRNA
(Fig. 5A). Interestingly, we found alternative splicing of Bcl-xl
mRNA was enhanced, whereas alternative splicing of Bcl-xs mRNA
was decreased in osteoclasts derived from OCZF-Tg mice. FBI-1
regulates Bcl-x alternative splicing by regulating the activity of
RNA binding protein SAM6826. SAM68 is a member of signal
transduction and activator of RNA (STAR) family of RNA binding
protein and identified as a specific target of Src tyrosine kinase in
mitosis42. Sam68 has been identified as regulator of alternative
splicing of CD44 and Bcl-xl, which are involved in tumor
progression and apoptosis43. Sam68 binds to Bcl-x mRNA and
affects alternative splicing. Sam68 upregulation increased the
levels of Bcl-xs mRNA, whereas Sam68 depletion caused the
accumulation of Bcl-xl mRNA, thereby regulates apoptosis27 We
found that Sam68 protein levels were markedly decreased in
osteoclasts in OCZF-Tg mice, suggesting that OCZF facilitates
alternative splicing of Bcl-xl. In addition, we confirmed that shRNA-
mediated Sam68 inhibition reduced Bcl-xs alternative splicing and
promoted Bcl-xl alternative splicing in osteoclasts. BTB domain of
zBTB family proteins is known as an adaptor of CUL3 ubiquitin
ligase complexes44. It is possible to hypothesize that LRF/OCZF
interacts with CUL3 which induces degradation of SAM68 protein.
zBTB family proteins have another domains such as zinc finger
motifs to recruit substrates of CUL345. Since FBI-1 interacts with
SAM68 in the C-terminal region including zinc finger motifs26, BTB
domain of LRF/OCZF interacts with CUL3 via BTB domain, which
may stimulate the degradation of SAM68 binds to zinc finger
domain (Fig. 8). Our results suggest a novel regulatory mechanism
of osteoclast survival mediated by LRF/OCZF-SAM68-Bcl-xl (Fig. 8).
To analyze the function of OCZF in osteoclasts, we used OCZF-

Tg mice that overexpress OCZF in late stage of osteoclastogenesis.
We previously showed that OCZF-Tg male mice exhibited

Fig. 8 A possible mechanism of the promotion of bone resorption and osteoclast survival by LRF/OCZF overexpression. In
osteoclastogenesis, LRF expression is upregulated by RANKL and inflammatory cytokines, and further increased by integrin signaling. LRF/
OCZF enhances the expression of NFATc1 target genes which promotes bone resorption. In osteoclasts, Bcl-xl and Bcl-xs mRNA are formed by
alternative splicing, and RNA binding protein SAM68 mediates Bcl-xs alternative splicing. LRF has two conserved domains, the N-terminal BTB
domain and the C-terminal zinc finger motifs (shown in framed box). SAM68 binds to zinc finger motifs of LRF, and BTB domain of LRF
interacts with CUL3 ubiquitin ligase which leads to the degradation of SAM68 protein. The degradation of SAM68 promotes alternative
splicing of Bcl-xl and osteoclast survival. Under inflammatory conditions, increased expression of LRF/OCZF may be involved in the
pathological bone loss.
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osteoporotic phenotype25. In this study, we found OCZF-Tg
female mice also displayed osteoporotic phenotype. In addition,
OCZF overexpression promoted bone loss induced by OVX in
mice. The results suggest that overexpression of LRF/OCZF in
osteoclasts causes physiological and pathological bone loss in
mice. Recent reports show the important roles of osteoclast
apoptosis in physiological bone mass and pathological bone loss.
5-Azacytidine-induced protein 2 (AZI2), TNF receptor-associated
factor family member-associated NF-κB activator-binding kinase
1-binding protein regulate bone mass by suppressing Src-
mediated osteoclast survival46. On the other hands, analysis of
in vitro osteoclastogenesis from peripheral blood mononuclear
cells showed that osteoclasts derived from patients with active
erosive rheumatoid arthritis displayed resistant to apoptosis47,48.
Targeted delivery of cytotoxic chemotherapeutic drug to induce
apoptosis of osteoclasts suppressed bone destruction in arthritic
joints of arthritis rats49. In addition, estrogen deficiency altered
the expression of gene which is involved osteoclast apoptosis50.
Thus, the regulation of osteoclast apoptosis is important to
control not only inflammatory bone destruction but also
osteoporotic bone loss. However, adenovirus-mediated Bcl-xl
overexpression prolonged osteoclast survival but reduced bone
resorption, and osteoclast-specific Bcl-xl deletion in mice
displayed decreased bone mass phenotype18. It seems that only
enhanced expression of Bcl-xl by LRF/OCZF may not be
responsible for bone loss. However, a recent analysis of LRF
binding promoter sequences revealed that LRF affects transcrip-
tion of a wide range of genes51. It is possible that OCZF
overexpression may affect the suppressive effect of Bcl-xl on
bone resorption. Interestingly, LRF collaborates with transcrip-
tional factor p65 to modify the accessibility of gene transcription
regulatory regions to secondary transcriptional factors, thereby
influences multiple genes51. Since LRF/OCZF expression is
augmented by inflammatory cytokines, our results suggest that
enhanced LRF/OCZF expression may contributes to bone
destruction under inflammatory conditions.
In conclusion, we have shown LRF/OCZF expression is

associated with osteoclast survival, and LRF/OCZF overexpression
causes bone loss and also markedly promotes OVX-induced bone
loss. LRF/OCZF overexpression enhanced osteoclast survival by
regulating SAM68-mediated alternative splicing of Bcl-xl mRNA.
Our findings show a novel mechanism of osteoclast survival
regulated by zBTB family protein LRF/OCZF and RNA-binding
protein SAM68. Our results suggest that LRF/OCZF induced by
inflammatory cytokines play an important role in pathological
bone loss, and the current study provides a novel insight into the
development of therapeutic drugs to treat pathological bone
diseases.
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