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Background: Bone remodeling must be precisely controlled to maintain a healthy bone mass.
Results: Knock-out of FBLP-1/migfilin causes a severe osteopenic phenotype in mice.
Conclusion: FBLP-1/migfilin regulates bone remodeling through modulating both osteoblast behavior and osteoclast
differentiation.
Significance: Identifying molecules that regulate bone remodeling is critical for understanding the pathogenesis of bone
diseases and developing novel therapeutic approaches.

Bone remodeling is a complex process that must be precisely
controlled tomaintain a healthy life.We showhere that filamin-
binding LIM protein 1 (FBLP-1, also known asmigfilin), a kind-
lin- and filamin-binding focal adhesion protein, is essential for
proper control of bone remodeling. Genetic inactivation of
FBLIM1 (the gene encoding FBLP-1) inmice resulted in a severe
osteopenic phenotype. Primary FBLP-1 null bone marrow stro-
mal cells (BMSCs) exhibited significantly reduced extracellular
matrix adhesion and migration compared with wild type
BMSCs. Loss of FBLP-1 significantly impaired the growth and
survival of BMSCs in vitro and decreased the number of osteo-
blast (OB) progenitors in bone marrow and OB differentiation
in vivo. Furthermore, the loss of FBLP-1 caused a dramatic
increase of osteoclast (OCL) differentiation in vivo. The level of
receptor activator of nuclear factor �B ligand (RANKL), a key
regulator of OCL differentiation, was markedly increased in
FBLP-1 null BMSCs. The capacity of FBLP-1 null bone marrow
monocytes (BMMs) to differentiate into multinucleated OCLs
in response to exogenously supplied RANKL, however, was not
different from that ofWTBMMs. Finally, we show that a loss of
FBLP-1 promotes activating phosphorylation of ERK1/2. Inhi-
bition of ERK1/2 activation substantially suppressed the
increase of RANKL induced by the loss of FBLP-1. Our results
identify FBLP-1 as a key regulator of bone homeostasis and
suggest that FBLP-1 functions in this process throughmodulat-

ing both the intrinsic properties of OB/BMSCs (i.e., BMSC-
extracellular matrix adhesion and migration, cell growth, sur-
vival, and differentiation) and the communication betweenOB/
BMSCs and BMMs (i.e., RANKL expression) that controls
osteoclastogenesis.

Bone remodeling is a dynamic process whose balance is
maintained through precise control of two functionally oppos-
ing events, namely bone formation and resorption. Imbalance
of bone formation and resorption is a causal factor of many
human metabolic bone diseases including osteoporosis. At the
cellular level, bone formation is controlled by osteoblasts
(OBs),6 a population of bone matrix-producing cells derived
from BMSCs. The behavior of BMSCs (e.g., ECM adhesion and
migration) therefore exerts profound effects on bone forma-
tion. Bone resorption, on the other hand, is mediated by OCLs,
which originate from the bone marrow monocyte (BMM)/
macrophage lineage (1). The formation and maturation of
OCLs are closely regulated by factors produced byOBs/BMSCs
such as RANKL, a member of the TNF cytokine family, and
osteoprotegerin (OPG), a soluble decoy receptor that blocks
RANKL binding to RANK and thereby inhibits OCL differen-
tiation (2–5). During early OCL differentiation, RANKL binds
to its receptor RANK on OCL precursors and recruits TRAF6,
resulting in activation of multiple signaling pathways involving
IKK, NF-�B, MAPKs (p38, ERK, and JNK), and AKT (6–9).
Activation ofMAPKs leads to activation and nuclear transloca-
tion of transcription factor NFATc1 (8), a master regulator of
OCL differentiation and bone resorption.
Whereas bone formation and resorption are dynamic pro-

cesses that are executed through actions of different cell popu-
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lations (i.e., OB/BMSC and OCL), there is intimate communi-
cation between these cell populations, which is essential for
orchestrating the balance of bone formation and resorption
(10–14). This is illustrated by the fact that RANKL is synthe-
sized primarily byOBs/BMSCs. Thus,OBs/BMSCsnot only are
responsible for bone formation but also play an important role
in regulation of bone resorption via control of the expression of
key OCL differentiation factors such as RANKL. Despite the
importance, factors that control RANKL expression in OBs/
BMSCs are incompletely understood.
FBLP-1 (also known as migfilin or Mig2-interacting protein)

is a multidomain adaptor protein that we identified in a search
for binding partners of kindlin-2 (also known as mitogen-in-
ducible gene-2 orMig-2) (15), which binds directly to integrins
and regulates integrin signaling (16–20). Subsequently, we
have found that FBLP-1 interacts with several important actin
cytoskeletal and signaling proteins including filamin (15, 21,
22). Although in vitro studies using cultured cells and/or puri-
fied proteins have pointed to a role of FBLP-1 in regulation of
cell-ECM adhesion, migration, cytoskeletal organization, and
intracellular signaling (15, 21–29), the functions of FBLP-1 in
tissues and organs were not known. To address this question,
we have inactivated FBLIM1 (the gene encoding FBLP-1) in
mice and determined the functional consequences. Our studies
reveal, for the first time, that FBLP-1 is critical for maintenance
of bone homeostasis. Using primary BMSCs derived from
FBLP-1 KO mice, we show that FBLP-1 is required for proper
BMSC-ECM adhesion and migration. Furthermore, we have
found that FBLP-1 is critical for control of OCL differentiation
in vivo. Finally, we provide evidence suggesting that FBLP-1
functions in this process through regulation of signaling events
in OBs/BMSCs that control RANKL expression rather than

altering intrinsically the differentiation potential of OCL
precursors.

EXPERIMENTAL PROCEDURES

Generation of Monoclonal Antibodies Recognizing Mouse
FBLP-1—Monoclonal antibodies recognizing mouse FBLP-1
were prepared using a GST fusion protein containing mouse
FBLP-1 residues 1–222 as an antigen based on a previously
described method (15). Hybridomas were initially screened for
anti-FBLP-1 activity by ELISA using an MBP fusion protein
containing mouse FBLP-1 residues 1–222. Mouse monoclonal
antibodies recognizing MBP-FBLP-1 in ELISA were further
tested byWestern blotting using human HEK 293 cells overex-
pressing GFP-tagged mouse FBLP-1. Monoclonal antibody
(clone 43.9) recognizing MBP- and GFP-tagged mouse FBLP-1
was selected and used in subsequent experiments.
Generation of FBLIM1�/� Mice—Mouse FBLP-1 genomic

DNAamplified frommouse embryonic stemcells (129/SvJ)was
used to generate a FBLIM1 targeting construct (Fig. 1A) follow-
ing a protocol that we described (30). Specifically, one LoxP site
was inserted into intron 6, and a second LoxP site together with
a neomyocin (Neo) cassette flanked by two FRT sites were
inserted into intron 7. DTA cassette was used to assist homol-
ogous recombinant. The targeting vector was linearized with
restriction enzyme NotI and electroporated into R1 embryonic
stem cells derived from 129/SvJ mice. Homologous recombi-
nants were identified by Southern blotting. Genomic DNA
from neo-positive cells was digested with restriction enzyme
BamHI and hybridized with the radiolabeled 5�-probe as indi-
cated in Fig. 1A. TheWTallele is represented as a 12.1-kb band,
whereas an 8.2-kb band represents the targeted allele (Fig. 1B).
Two independent homologous recombinant ES cell clones

FIGURE 1. Generation of FBLIM1�/� mice. A, genomic region of interest for FBLIM1 is shown on the top. The middle is the targeting construct for FBLIM1 where
the exon 7 (green box) is floxed by two LoxP sites (blue triangles, center). A neomycin cassette (Neo) flanked by two FRT sites (blue rectangles) is inserted into the
seventh intron. DTA, diphtheria toxic A chain gene; Neo, neomycin resistance gene. The floxed locus for FBLIM1 after homologous recombination is shown at
the bottom. B, DNA from Neo-positive ES cells was digested with restriction enzyme BamHI and analyzed by Southern blot for WT (�/�, 12.1 kb) and targeted
(f/�, 8.2 kb) alleles with probe as shown in A (red rectangle).
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were microinjected into C57BL/6 blastocysts. Male chimeras
were bred with female Black Swiss mice (Taconic Inc., Hudson,
NY) to generate germ line-transmitted heterozygous mice car-
rying neo cassette (FBLIM1fneo/�), which were confirmed by
PCR of mouse tail DNA following a protocol that we described
(31). To generate FBLIM1�/� mice, we crossed the
FBLIM1fneo/� mice with Protamine-Cre mice (32), resulting in
mice that were doubly heterozygous (Pro-Cre; FBLIM1fneo/�).
Cre expression in Pro-Cremice is restricted to male germ cells
undergoing spermatogenesis (32). Therefore Pro-Cre;
FBLIM1fneo/� males were crossed to femaleWTmice to gener-
ate germ line heterozygous null mutant offspring (�/�).
Heterozygous mice were interbred to generate homozygous
FBLIM1�/� mice. Offspring were genotyped by PCR with fol-
lowing primer sets: WT allele primers (P1: 5�-AAT ACT CGT
GGG TGGAGG TG-3� and P2: 5�-AAG CCT TTT GTG TGC
CAA GT-3�) and knock-out allele primers (Frtneo: 5�-AAT
GGG CTG ACC GCT TCC TCG T-3� and P4: 5�-CAC AGC
CTGGTTATGTGGTG-3�). A loss of FBLP-1 in cells derived
from FBLIM1�/� but not WT control mice was confirmed by
Western blotting with monoclonal antibody recognizing
mouse FBLP-1 (see “Results”).
Histological Evaluation, Bone Histomorphometry, and

Immunohistochemistry—WT and FBLIM1�/� mice were
euthanized, and tibiae were fixed in 10% formalin at 4 °C for
24 h, decalcified in 10% EDTA (pH 7.4) for 10–14 days, and
embedded in paraffin. Sections of tibiae fromWT FBLIM1�/�

mice were used for TRAP staining as described previously (33).
Bone histomorphometry such as OCL surface/bone surface
andOCL number/bone perimeter in both primary and second-
ary spongiosa of tibiae was measured using an Image Pro Plus
6.2 software (Media Cybernetics, Inc.) as previously described
(33). Five-�m sections of tibiae were immunohistochemically
stainedwith an antibody against RANKL (Santa Cruz, sc-9073),
Osx (Abcam Inc., ab22552), or control IgG using the
EnVision�System-HRP (3,3�-diaminobenzidine tetrahydro-
chloride) kit (Dako North America, Inc.) as described previ-
ously (34). Fixed nondemineralized femurs were used for
microcomputerized tomography analysis at the Center for
Bone Biology using a VIVACT40 (SCANCO Medical AG) as
previously described (34).
Quantitative RT-PCR—RNA isolation and reverse transcrip-

tion were previously described (35). Quantitative real time RT-
PCR analysis was performed to measure the relative mRNA
levels using SYBR Green kit (Bio-Rad). The samples were nor-
malized toGAPDH expression. TheDNA sequences of primers
used for real time PCR were summarized in Table 1.
Immunofluorescent Staining—Immunofluorescent staining

was performed as we described (15). Briefly, BMSCs isolated
fromWT and FBLIM1�/� mice were plated on type I collage-
coated coverslips and incubated in a 37 °C incubator under a 5%

CO2, 95% air atmosphere for 20 h. At the end of incubation, the
cells were fixed with 3.7% paraformaldehyde in PBS and per-
meabilized with 0.1% Triton X-100 in PBS. The cells were then
dually stainedwith rhodamine-phalloidin andmousemonoclo-
nal anti-FBLP-1 antibody 43.9, and the latter was detected with
CY2-conjugated anti-mouse IgG antibodies.
Western Blot Analysis—Western blot analysis was performed

as previously described (35, 36). Primary antibody against
RANKL and secondary anti-rabbit or anti-mouse IgG antibod-
ies conjugated with horseradish peroxidase were from Santa
Cruz Biotechnology, Inc. Antibodies recognizing ERK1/2,
phospho-ERK1/2 (Thr-202/Tyr-204), AKT, and phosphor-
AKT (Ser-473) were from Cell Signaling Technology, Inc.
Mouse monoclonal antibody against �-actin was from
Sigma-Aldrich.
Isolation of Primary BMSCs—Isolation of mouse primary

BMSCs from WT and FBLIM1�/� mice was described previ-
ously (37). Briefly, 6-week-old male WT and FBLIM1�/� mice
were euthanized. Femurs and tibias were isolated, and the
epiphyses were cut. Marrow was flushed with �-minimum
essential medium (Invitrogen formula 01-0133DJ) containing
20% FBS and 1% penicillin/streptomycin into a 100-mm dish,
and the cell suspension was aspirated up and down with a
20-gauge needle to break clumps of marrow. The cell suspen-
sionwas then cultured in a T75 flask in the samemedium. After
10 days, the cells reached confluence and were used for
experiments.
Cell-ECM Adhesion Assay—Cell-ECM adhesion was ana-

lyzed using a quantitative centrifugal force assay based on a
protocol that we previously described (38, 39). Briefly, primary
BMSCs were isolated from WT and FBLIM1�/� mice as we
described (37). The cells (4 � 104 cells/well) were plated in
triplicate in type I collagen- or fibronectin-coated 96-well
plates. The plates were sealed with sealing films (USA Scien-
tific) and centrifuged with a Sorvall RT7 Plus centrifuge
equippedwith amicroplate carrier at 600 rpm, 4 °C for 3min to
facilitate cell settlement. The cells were observed under an
Olympus IX70 microscope and recorded with a digital camera
(four randomly selected fields in each well were photographed;
�300 cells/field). The plates were incubated at 37 °C for 15min
and then inverted and centrifuged at 600 rpm, 37 °C for 5 min.
After inverted centrifugation, the sealing films were removed,
and the number of cells that remained was recorded again with
the digital camera. Cell adhesion was calculated as the number
of cells recorded after inverted centrifugation divided by the
number of cells recorded before inverted centrifugation. The
adhesion of FBLIM1�/� BMSCs was compared with that of
WT control BMSCs (normalized to 100%).
Cell Migration Assay—Cell migration was assessed by the

ability of cells tomigrate into a cell-free area in a scratch assay as
we described (22, 40). Briefly, primary BMSCs from WT and

TABLE 1
DNA sequences of real time PCR primers

Name 5� primer 3� primer

GAPDH CAGTGCCAGCCTCGTCCCGTAGA CTGCAAATGGCAGCCCTGGTGAC
Opg GGCTGAGTGTTTTGGTGGACAG GCTGGAAGGTTTGCTCTTGTGA
Rankl GCCGAGGAAGGGAGAGAACG CCCATCTCCTCCGAGCTGC
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FBLIM1�/� mice were cultured in dishes that were precoated
with 10 �g/ml fibronectin. The cell monolayers were wounded
by scratching with a plastic pipette tip. After washing, the cells
were incubated in �-minimum essential medium containing
2% FBS and 10 �g/ml mitomycin C (to minimize cell prolif-
eration) for 6.5 h. Images of five different segments of the
cell-free area were recorded, and the distances traveled by
the cells at the front in five different segments of the wound
were measured. The distances traveled by FBLIM1�/�

BMSCs were compared with those of WT control BMSCs
(normalized to 100%).
RNA Interference—Mouse MC4 cells, an OB-like cell line

derived from MC3T3-E1 cells, were cultured in ascorbic acid-
free �-minimum essential medium containing 10% FBS and 1%
penicillin/streptomycin as we described (41). The siRNA that
specifically targets mouse FBLP-1 transcript (target sequence:
5-GCATGGGAAGGAATTTCCACGAGAA-3) and a control
siRNA that does not recognize anymouse transcripts were pur-
chased from Invitrogen. The cells were transfected with the
FBLP-1 or control siRNAwith Lipofectamine 2000 (Invitrogen)
following the manufacturer’s protocols. Two days after siRNA
transfection, the cells were analyzed by Western blotting and
cell-ECM adhesion assays as described above.
Colony Forming Unit-Fibroblast (CFU-F) Assay and Colony

FormingUnit-OB (CFU-OB) Assay—TheCFU-F assay was per-
formed for the expansion and enumeration of themesenchymal
stem cells from WT and FBLIM1�/� bone marrow using the
Mesencult ProliferationKit (Mouse) according to themanufac-
turer’s instruction (Stemcell Technologies, catalog number
05511). 1 � 106 bone marrow nucleated cells from WT and
FBLIM1�/� mice were seeded in 35-mm culture dishes and
cultured for 10 days, and the numbers of CFU-Fs were counted
under a microscope. For the CFU-OB assay, 1 � 106 bonemar-
row nucleated cells from WT and FBLIM1�/� mice were
seeded in 60-mm culture dishes in OB differentiation
medium (complete �-minimum essential medium contain-
ing 50 �g/ml L-ascorbic acid and 2.0 mM �-glycerophos-
phate). The media were changed every 2 days. At day 21,
alizarin red staining was used to identify and enumerate the
colonies containing mineralized bone matrix, which were
designated CFU-OB colonies.
MTS Assay and TUNEL Staining—MTS assay was used to

measure cell growth as described previously (42). Briefly, the
cellswere planted in a 96-well plate (1� 104 cells/well) in 100�l
of proliferation medium. The cells were incubated at 37 °C for
24 h to allow attachment. Themediumwas changed every 48 h.
At different time points, 20 �l of CellTitre96AQ solution rea-
gent (Promega, Madison, WI) was added into each well and
incubated for 2 h. The absorbance was recorded at 490 nm
using a 96-well plate reader. Apoptosis ofWT and FBLIM1�/�

BMSCs was evaluated by TUNEL staining using the ApopTag
peroxidase in situ apoptosis detection kit according to theman-
ufacturer’s instructions (Millipore) as previously described
(42). This method examines apoptosis by detection of DNA
fragmentation. The DNA is detected by enzyme labeling of the
free 3�-OH termini with modified nucleotides. These ends are
localized in identifiable nuclei and apoptotic bodies.

Statistical Analysis—The data were analyzed with a
GraphPad Prism software (4.0). One-way analysis of variance
analysis was used followed by the Tukey test. The results were
expressed as themeans� S.D. Differences with a p� 0.05 were
considered statistically significant.

RESULTS

FBLP-1 Deficiency Results in Severe Osteopenic Phenotype in
Mice—To determine the functions of FBLP-1 in vivo, we inac-
tivated FBLIM1 in mice as described under “Experimental Pro-
cedures” (Fig. 1). FBLIM1�/� mice were born with a normal
Mendelian frequency, were fertile, and showed normal viabil-
ity. However, comparison of bones from FBLIM1�/� mice with
WT controls revealed a severe osteopenic phenotype. Quanti-
tative microcomputerized tomography analysis of femur histo-
morphometric parameters showed that FBLIM1�/�mice had a
significant reduction in bone volume/tissue volume and trabe-
cular number and a marked increase in trabecular space com-
pared with the WT littermates (Fig. 2). FBLP-1 deficiency
decreased bone volume/tissue volume by 51% (p� 0.0036,WT
versusKO), trabecular number by 34% (p� 0.00028,WT versus
KO), and increased trabecular space by 53% (p � 0.031, WT
versus KO).
Loss of FBLP-1 Compromises BMSC-ECM Adhesion and

Migration—The osteopenic bone phenotype that we observed
in FBLIM1�/� mice prompted us to test the effects of FBLP-1
deficiency on cellular behavior of BMSCs, which are known to
be critical for bone remodeling. FBLP-1 was detected byWest-
ern blotting in primary BMSCs isolated fromWT control mice
(Fig. 3E,WT) but not in those from FBLIM1�/� mice (Fig. 3E,
KO). Consistent with this, in WT but not FBLIM1�/� BMSCs,
clusters of FBLP-1 were detected at focal adhesions to which
actin stress fibers were anchored (Fig. 3,A–D). Analyses of cell-
ECM adhesion using a quantitative centrifugal force assay
showed that elimination of FBLP-1 significantly reducedBMSC
adhesion to type I collagen (Fig. 3F) and fibronectin (Fig. 3G),
both of which are key ECM components in bone (43–47).
To confirm a role of FBLP-1 in regulation of ECM adhesion,

we knocked down FBLP-1 fromMC4 cells, an OB-like cell line
derived fromMC3T3-E1 cells (41), by RNAi (Fig. 3H). Consist-
ent with the results obtained with FBLIM1�/� BMSCs, knock-
down of FBLP-1 significantly reducedMC4 cell-ECM adhesion
(Fig. 3I).
We next tested whether FBLP-1 plays a role in regulation of

BMSC migration. To do this, we compared migration of
FBLIM1�/� BMSCs with that of WT BMSCs. The results
showed that a loss of FBLP-1 significantly compromised BMSC
migration (Fig. 3J). Collectively, these results demonstrate an
important role for FBLP-1 in regulation of BMSC behavior in
vitro.
Loss of FBLP-1 Significantly Compromises Primary BMSC

Growth and Survival, Decreases Number of OB Progenitors in
Bone Marrow, and Inhibits OB Differentiation in Vivo—To
investigate the effect of FBLP-1 ablation on the development of
mesenchymal cells, we performed the CFU-F assays using bone
marrow cells from both genotypes. The results showed that
inactivation of the FBLIM1 gene did not markedly alter the
number of CFU-Fs in bonemarrow (Fig. 4,A andB), suggesting
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that FBLP-1 deficiency does not impair the formation of mes-
enchymal stem cells, which can develop into OBs, adipocytes,
chondrocytes, and other cell types under distinct conditions.
To determine whether a lack of FBLP-1 impacts the formation
of OB progenitors from the mesenchymal stem cells, we per-
formed CFU-OB assays using bone marrow cells. The results
revealed that the number of CFU-OBs was significantly
reduced in FBLIM1�/� versusWT bone marrow (Fig. 4, C and
D). Because each colony is derived from a single OB progenitor,
the number of CFU-OB colonies reflects the number of mesen-
chymal progenitors present in the original bone marrow iso-
lates that are capable of differentiating into OBs. These results
suggest that lack of FBLP-1 impairs the formation of OB pro-
genitors in bone marrow. This reduction in CFU-OBs could
result from impaired cell growth, survival, and/or OB differen-
tiation. To differentiate these possibilities, we performed three
sets of experiments. First, MTS assays showed that the growth
of FBLIM1�/�BMSCswas significantly slower than that ofWT
BMSCs in cultures at days 2, 4, and 6 (Fig. 4E). Second, results
from TUNEL staining showed that a loss of FBLP-1 signifi-
cantly increased the percentage of apoptotic cells in
FBLIM1�/� versusWTBMSC cultures (Fig. 4, F andG). Third,
we determined whether ablation of the FBLIM1 gene impacts
OB differentiation in vivo. We analyzed the expression of
Osterix (Osx) protein, a critical transcription factor for OB dif-
ferentiation, by performing immunohistochemical staining of
tibial sections from both genotypes. The numbers of Osx-pos-
itive cells (i.e., differentiating and differentiated OBs) located
on trabecular bone surfaces were counted and normalized to
trabecular bone perimeter (Osx (�) Ob.nb/BPm). Osx-positive
OBswere identified on all surfaces throughout the trabeculae of
WT tibia. Importantly, Osx (�) Ob.nb/BPm was significantly
decreased in FBLIM1�/� tibiae compared with that inWT tib-
iae (Fig. 4, H and I). In addition, the relative intensity of Osx
signal per OB was markedly reduced in FBLIM1�/� OBs rela-

tive to WT OBs (Fig. 4H). Consistent with the immunohisto-
chemical results, quantitative real time RT-PCR analysis con-
firmed that the level of OsxmRNA was significantly decreased
in FBLIM1�/� tibiae relative to that of WT tibiae (Fig. 4J).
These results, together with those described earlier (Fig. 3),
demonstrate that inactivation of the FBLIM1 gene compro-
mises OB behavior in vitro as well as in bone.
Deletion of FBLP-1 Increases OCL Differentiation in Vivo—

Bone remodeling is controlled by not onlyOBs/BMSCs but also
OCLs. Thus, to better understand the functions of FBLP-1 in
bone remodeling, we have analyzed the role of FBLP-1 in OCL
differentiation. We first tested whether FBLP-1 deficiency
alters OCL differentiation in vivo. To do this, the tibiae of
3-month-oldWT and FBLIM1�/�malemice were fixed, decal-
cified, and paraffin-embedded, and histological sections were
stained for theOCL enzyme tartrate-resistant acid phosphatase
(TRAP). The results showed that TRAP activity throughout the
tibiae was dramatically increased in FBLIM1�/� mice com-
pared with WTmice (Fig. 5A). We further measured the effect
of FBLP-1 deficiency on OCL differentiation in both primary
and secondary spongiosa. The results show that OCL surface/
bone surface and OCL number/bone perimeter were signifi-
cantly increased in both primary and secondary spongiosa in
FBLIM1�/� tibiae relative to WT tibiae (Fig. 5, B and C) (p �
0.01, WT versus KO). Thus, FBLP-1 deficiency dramatically
increases OCL differentiation in vivo.
Deletion of FBLP-1 Promotes OCL Differentiation Indirectly

by Increasing RANKL Expression in OBs/BMSCs—We next
determined whether FBLP-1 is intrinsically required in BMMs
for control of OCL differentiation. To do this, we assessed
whether or not OCL differentiation was normal upon the addi-
tion of exogenous RANKL to FBLIM1�/� BMM cultures in
vitro compared with WT BMM cultures by measuring the
numbers of TRAP-positive MNCs generated by each. The
results showed that TRAP-positive MNCs (�3 nuclei/cell)

FIGURE 2. Inactivation of FBLIM1 results in a severe osteopenic phenotype in mice. A, three-dimensional reconstruction from microcomputerized tomog-
raphy scan of femurs from 3-month-old male FBLIM1�/� mice and their WT male littermates. B–F, quantitative analysis of bone volume/tissue volume (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular space (Tb.Sp), and cortical thickness (Cort. Th). *, p � 0.05 (versus WT); n � 4.
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were not significantly different in BMM cultures of the two
genotypes (Fig. 6, A and B). Thus, a lack of FBLP-1 does not
increase the capacity of BMMs to differentiate intomultinucle-
ated OCLs in response to exogenously supplied RANKL. This
result prompted us to determine whether a lack of FBLP-1
increases the ability of BMSCs, which are the main source of
endogenous RANKL, to promote OCL differentiation in
BMMs.Todo this, BMMsandBMSCs fromWTorFBLIM1�/�

mice were cocultured in the absence of exogenously supplied
RANKL. As expected, cocultures of WT BMSCs with WT
BMMs induced the formation of TRAP-positive MNCs. How-
ever, the number of TRAP-positive MNCs formed from the
FBLIM1�/�-BMSC/FBLIM1�/�-BMM cocultures was dra-
matically increased compared with that formed from the WT-
BMSC/WT-BMM cocultures (WT-BMSC/WT-BMM: 1.5 �

2.0 MNC/10� field, FBLIM1�/�-BMSC/FBLIM1�/�-BMM:
7.5 � 6.0 MNC/10� field, p � 0.002) (Fig. 6C). Furthermore,
the number of nuclei per MNC was significantly increased in
FBLIM1�/�-BMSC/FBLIM1�/�-BMM cocultures compared
with WT-BMSC/WT-BMM cocultures (WT-BMSC/WT-
BMM: 4.2 � 1.3, FBLIM1�/�-BMSC/FBLIM1�/�-BMM:
13.7 � 14.8, p � 0.018), and the MNCs that formed in the
FBLIM1�/�-BMSC/FBLIM1�/�-BMM cocultures were strik-
ingly larger than those formed in the WT-BMSC/WT-BMM
cocultures (Fig. 6C). These results, together with those shown
in Fig. 6 (A andB), suggest that FBLP-1 deficiencymay promote
OCL differentiation via up-regulation of RANKL expression in
OBs/BMSCs. To test this experimentally, we measured the
level of Rankl mRNA in primary BMSCs from WT and
FBLIM1�/� mice. The results showed that the level of Rankl

FIGURE 3. Loss of FBLP-1 compromises BMSC-ECM adhesion and migration. A–D, primary BMSCs isolated from WT (A and B) and FBLIM1�/� (C and D) mice
were plated on collage I-coated coverslips and stained with monoclonal anti-FBLP-1 antibody (A and C) or phalloidin (B and D). Bar, 10 �m. E, primary BMSCs
isolated from WT and FBLIM1�/� mice were analyzed by Western blotting with antibodies recognizing FBLP-1 or tubulin (as a loading control). F and G,
BMSC-ECM adhesion. Primary BMSCs isolated from WT and FBLIM1�/� mice were plated in type I collagen-coated (F) or fibronectin-coated (G) 96-well plates
and incubated at 37 °C for 15 min. Cell-ECM adhesion was analyzed using a quantitative centrifugal force assay as described under “Experimental Procedures.”
Adhesion of FBLIM1�/� BMSCs was compared with that of WT BMSCs (normalized to 100%). The bars represent the means � S.D. from three independent
experiments. *, p � 0.05 (versus WT). H and I, MC4 cell-ECM adhesion. MC4 cells were transfected with FBLP-1 or control siRNA. The FBLP-1 siRNA and control
transfectants were analyzed by Western blotting with antibodies recognizing FBLP-1 or tubulin (H) or a quantitative centrifugal force cell-ECM adhesion assay
(I). Adhesion of FBLP-1 knockdown MC4 cells was compared with that of control MC4 cells (normalized to 100%). The bars in I represent the means � S.D. from
three independent experiments. *, p � 0.05 (versus control). J, cell migration was assessed with a scratch assay as described under “Experimental Procedures.”
The distances traveled by FBLIM1�/� BMSCs at the acellular fronts were measured 6.5 h after wounding and compared with those of WT BMSCs (normalized to
100%). The bars represent the means � S.D. from three independent experiments. *, p � 0.05 (versus WT).
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mRNA was indeed dramatically increased in FBLIM1�/�

BMSCs compared with that in WT cells (Fig. 6D). By contrast,
the level ofOpgmRNAwas not significantly altered by the lack
of FBLP-1 in BMSCs (Fig. 6D).Western blot analysis confirmed
that the level of RANKL protein was markedly increased in
FBLIM1�/� versus WT BMSCs (Fig. 6E). Consistent with the

results from the in vitro studies (Fig. 6, D and E), immunohis-
tochemical staining of tibial sections using specific antibody for
RANKL or normal IgG as a control showed that the level of
RANKL was markedly increased in OBs of FBLIM1�/� tibiae
compared with that of WT tibiae (Fig. 6F). Taken together,
these results suggest that a loss of FBLP-1 increases the expres-

FIGURE 4. FBLP-1 ablation compromises the formation of OB progenitors in bone marrow and OB differentiation in vivo. A and B, CFU-F assay. 1 � 106

bone marrow-nucleated cells from WT and FBLIM1�/� mice were cultured for 10 days, and CFU-Fs were quantified as described under “Experimental Proce-
dures.” The bars in B represent the means � S.D. from three experiments. C and D, CFU-OB assay. 1 � 106 bone marrow-nucleated cells from WT and FBLIM1�/�

mice were cultured in OB differentiation medium for 21 days, and the numbers of CFU-OB colonies were quantified as described under “Experimental
Procedures.” The bars in D represent the means � S.D. from four experiments. *, p � 0.05 (versus WT). E, BMSC growth. WT and FBLIM1�/� BMSCs were seeded
at a density of 1 � 104/well in 96-well plates in proliferation medium. MTS assays were performed on days 0, 2, 4, and 6 (d0, d2, d4, and d6, respectively) as
indicated. *, p � 0.05 (versus WT). F and G, TUNEL staining. Apoptosis of WT and FBLIM1�/� BMSCs was analyzed by TUNEL staining as described under
“Experimental Procedures.” The arrows in F indicate TUNEL-positive cells. The bars in G represent the means � S.D. from five experiments. *, p � 0.05 (versus
WT). H and I, Osx staining. Five-�m tibial sections from 3-month-old WT and FBLIM1�/� male mice were immunohistochemically stained with anti-Osx antibody
or control IgG as indicated in H. The arrows in H indicate the nuclei of Osx-positive OBs that were stained brown. Osx-negative cells were stained blue. Original
magnification was �100 (top) and �200 (bottom). I, the numbers of Osx-positive cells (i.e., differentiating and differentiated OBs) located on trabecular bone
surfaces were counted and normalized to trabecular bone perimeter (Osx (�) Ob.nb/BPm) using an Image Pro Plus 6.2 software. *, p � 0.05 (versus WT); n � 4.
J, real time RT-PCR. Tibiae from 2-month-old WT and FBLIM1�/� mice (n � 4) were harvested for RNA isolation. Total RNA was used for quantitative real time PCR
using specific primers for Osx mRNAs, which were normalized to GAPDH mRNA. *, p � 0.05 (versus WT); n � 4.

FBLP-1 in Bone Remodeling

21456 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 25 • JUNE 15, 2012



sion of RANKL in OBs/BMSCs and consequently promotes
OCL differentiation in vivo.
Loss of FBLP-1 Up-regulates RANKL Expression via Promot-

ing ERK1/2 Activation—RANKL expression can be regulated
by ERK1/2 or AKT signaling pathways (48–51). To test how
loss of FBLP-1 promotesRANKLexpression inBMSCs,we ana-
lyzed the levels of ERK1/2, phospho-ERK1/2, AKT, and phos-
pho-AKT in FBLIM1�/� andWT BMSCs. The results showed
that loss of FBLP-1 did not alter the total protein levels of ERK1/2
(Fig. 7A). However, the level of the activating phosphor-
ylation of ERK1/2 was dramatically increased in FBLIM1�/�

BMSCs compared with that in WT BMSCs (Fig. 7A). By con-
trast, no significant change of the protein level or activating
phosphorylation of AKT was detected in response to a loss of
FBLP-1 (Fig. 7A). These results suggest that a loss of FBLP-1
probably increases RANKL expression via promoting ERK acti-
vation. To test this experimentally, we suppressed ERK1/2 acti-
vation with UO126 and found that this effectively blocked the
up-regulation of RANKL expression induced by the loss of
FBLP-1 (Fig. 7B). Collectively, these results strongly suggest
that FBLP-1 deficiency decreases bonemass via, at least in part,
up-regulation of ERK1/2 activation and RANKL expression in
OBs/BMSCs, resulting in increased OCL differentiation and
bone resorption.

DISCUSSION

Bone remodeling is a tightly regulated process whose altera-
tion is a major cause of common human bone diseases includ-
ing osteoporosis. Recent studies have pointed to an important
role for OB/BMSCs-OCL communication in maintaining the
balance of bone formation and resorption, but the molecular
mechanism that governs this process is incompletely under-
stood. Using a genetic KO approach, we have demonstrated
that FBLP-1 is indispensable for maintaining bone homeostasis

in mice. Furthermore, our studies have revealed important
roles for FBLP-1 in regulation of OB/BMSC behavior including
ECM adhesion, migration, growth, survival, formation of OB
progenitors in bone marrow, OB differentiation, and RANKL
expression. Additionally, we have found that FBLP-1 functions
in maintaining the balance of bone remodeling via regulation
not only of intrinsic properties of OBs/BMSCs but also of
OB/BMSC-OCL communication that controls osteoclastogen-
esis. Specifically, we have found that a loss of FBLP-1 results in
a dramatic increase of RANKL expression and OCL differenti-
ation in vivo, whereas the capacity of OCL differentiation in
response to exogenously supplied RANKL was not altered in
response to loss of FBLP-1. Because RANKL plays a pivotal role
in bone remodeling and pathogenesis of common human bone
diseases, we sought to further test the signaling intermediate
that links FBLP-1 to RANKL expression. Our results show that
a loss of FBLP-1 increases the activation of ERK1/2 but not that
of AKT. Furthermore, suppression of ERK1/2 activation effec-
tively reduces the increase of RANKL expression induced by
the loss of FBLP-1, validating that the increased activation of
ERK1/2 is responsible for, at least in part, the up-regulation of
RANKL expression in FBLIM1�/� BMSCs.
When the current study was in progress, Moik et al. (52)

reported that a loss of FBLP-1 expression permits normal
embryonic development in mice. Bone or bone cells, however,
were not analyzed in the study byMoik et al. (52). Interestingly,
Moik et al. (52) observed different effects of loss of FBLP-1 on
the two cell types (embryonic fibroblasts and keratinocytes)
that they have analyzed; loss of FBLP-1 causes a migratory
defect in keratinocytes but not embryonic fibroblasts. Thus, the
functions of FBLP-1 appear to be cell- and tissue context-de-
pendent. The severe osteopenic phenotype discovered in the
current study reveals a particularly important role of FBLP-1 in
bone. Although our studies have clearly demonstrated impor-
tant roles of FBLP-1 in regulation of OB/BMSC behavior
including ECM adhesion, migration, BMSC growth, survival,
OB formation, differentiation, and RANKL expression, we can-
not exclude the possibility that FBLP-1 may also play a role in
other bone cell types, although the capacity of FBLIM1�/�

BMMs to differentiate intomultinucleatedOCLs in response to
exogenously supplied RANKL appears to be normal.
FBLP-1 possesses multiple protein binding activities but no

catalytic activities (15, 21–22, 27). Thus, the strong dependence
of healthy bone onFBLP-1 likely reflects a critical role for one or
multiple FBLP-1-mediated interactions in this organ that is
undergoing continuous cycles of remodeling. In this regard, it is
worth noting that kindlin-2 and filamin, which directly bind
FBLP-1 (15), have been implicated in regulation of bone remod-
eling. For example, Brunner et al. (53) recently showed that
kindlin-2 plays an important role in regulation of OB behavior.
Hence, the interaction of FBLP-1 with kindlin-2 could contrib-
ute to, at least in part, FBLP-1-mediated regulation of bone
remodeling. Numerous genetic and biochemical studies have
also pointed to a critical role of filamin in bone. For example,
mutations in genes encoding filamin have been associated with
human genetic diseases with defects in bone (54). Furthermore,
loss or mutation in genes encoding filamin A or B in mice also
cause dramatic bone phenotypes including skeletal dysplasia or

FIGURE 5. FBLP-1 deficiency dramatically increases OCL differentiation in
vivo. A, TRAP staining. Tibial sections of 3-month-old WT and FBLIM1�/� male
mice were stained for TRAP activity for 30 min at 37 °C. B, TRAP activity in
metaphyseal regions of tibias is shown. The arrows indicate TRAP-positive
MNCs on trabecular surfaces. C, OCL surface/bone surface (Oc.S/BS) and OCL
number/bone perimeter (Oc.Nb/BPm) in both primary and secondary spon-
giosa of tibiae in A were measured as described previously (33). *, p � 0.05
(versus WT); n � 4

FBLP-1 in Bone Remodeling

JUNE 15, 2012 • VOLUME 287 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 21457



reduced bone mineral density (55, 56). Finally, filamin A can
directly interact with Runx2, a master regulator of OB differen-
tiation and bone formation, and regulate Runx2-mediated gene
expression in these cells (57). Thus, it is conceivable that

FBLP-1maywork in concert with its binding partners kindlin-2
and filamin in bone. Future studies are required to define the
role of each of these interactions in bone, which may lead to
novel strategies to battle human diseases associated with
abnormal bone remodeling. Clearly, the findings presented in
this communication will greatly facilitate the design and execu-
tion of future studies.
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