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Conclusion: miR-29 promotes osteoclastogenesis.

poietic cells and other lineages.
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(Background: miR-29 is a positive regulator of osteoblastogenesis, but its role in osteoclastogenesis is undefined.
Results: Expression of all miR-29 family members increased during osteoclastic differentiation. miR-29 knockdown impaired
migration, osteoclast commitment, and formation. Six novel miR-29 targets were identified.

Significance: These data expand our understanding of osteoclastogenesis, providing insight into miR-29 function in hemato-
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Osteoclast differentiation is regulated by transcriptional, post-
transcriptional, and post-translational mechanisms. MicroRNAs
are fundamental post-transcriptional regulators of gene expres-
sion. The function of the miR-29 (a/b/c) family in cells of the
osteoclast lineage is not well understood. In primary cultures of
mouse bone marrow-derived macrophages, inhibition of miR-
29a, -29b, or -29¢ diminished formation of TRAP (tartrate-re-
sistant acid phosphatase-positive) multinucleated osteoclasts,
and the osteoclasts were smaller. Quantitative RT-PCR showed
that all miR-29 family members increased during osteoclast dif-
ferentiation, in concert with mRNAs for the osteoclast markers
Trap (Acp5) and cathepsin K. Similar regulation was observed
in the monocytic cell line RAW264.7. In stably transduced
RAW264.7 cell lines expressing an inducible miR-29 competi-
tive inhibitor (sponge construct), miR-29 knockdown impaired
osteoclastic commitment and migration of pre-osteoclasts.
However, miR-29 knockdown did not affect cell viability, actin
ring formation, or apoptosis in mature osteoclasts. To better
understand how miR-29 regulates osteoclast function, we vali-
dated miR-29 target genes using Luciferase 3'-UTR reporter
assays and specific miR-29 inhibitors. We demonstrated that
miR-29 negatively regulates RNAs critical for cytoskeletal orga-
nization, including Cdc42 (cell division control protein 42) and
Srgap2 (SLIT-ROBO Rho GTPase-activating protein 2). More-
over, miR-29 targets RNAs associated with the macrophage
lineage: Gpr85 (G protein-coupled receptor 85), Nfia (nuclear
factor I/A), and Cd93. In addition, Calcr (calcitonin receptor),
which regulates osteoclast survival and resorption, is a novel
miR-29 target. Thus, miR-29 is a positive regulator of osteoclast
formation and targets RNAs important for cytoskeletal organi-
zation, commitment, and osteoclast function. We hypothesize
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that miR-29 controls the tempo and amplitude of osteoclast
differentiation.

Osteoclasts are the only cells able to resorb mineralized
matrix. The activity of these cells is critical for bone growth,
normal bone remodeling, and fracture repair. A fine balance
between the number and activity of osteoblasts and osteoclasts
is necessary for bone homeostasis (1). Pathologies associated
with abnormal osteoclast number or function include osteo-
petrosis, osteoporosis, and inflammatory osteolysis. Osteo-
petrosis is caused by impaired resorption, caused by insufficient
osteoclast formation or activity, and results in augmented bone
density. In this disorder, changes in bone morphology are often
accompanied by immunodeficiency and anemia, caused by nar-
rowing of the bone marrow cavity and reduced expansion of the
hematopoietic cell populations (2, 3). Osteoporosis is caused by
excessive bone resorption coupled with insufficient bone for-
mation. Systemic loss of bone mass can be triggered and sup-
ported by hormonal imbalance, such as estrogen deficiency. In
inflammatory osteolysis, signaling from immune cells in condi-
tions such as rheumatoid arthritis and periodontal disease
determines bone loss localized at the joints or in the oral cavity.
Thus, abnormal osteoclastic activity can result in higher predis-
position to fractures, impaired joint mechanics, and loss of
teeth (4).

The differentiation of osteoclasts from hematopoietic pre-
cursors is a complex multistep process (1). It begins with the
commitment of multipotent precursors to differentiation along
the osteoclast lineage. These committed monocytic cells sub-
sequently migrate and fuse together to form multinucleated
mature osteoclasts (5). Bone resorption is initiated when the
osteoclast polarizes and organizes the cytoskeletal structures
that form the sealing zone and ruffled border. These dynamic
structures, which in vitro appear as an actin-rich ring, mediate
the degradation of the bone surface, creating an acidic environ-
ment and secreting proteolytic enzymes, to degrade the inor-
ganic and organic components of bone matrix, respectively
(6). Tight control of the complex osteoclast differentiation
process is accomplished by the regulation of gene expression
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at multiple transcriptional, post-transcriptional, and post-
translational levels (7).

Substantial progress has been made in describing the mech-
anisms of macrophage colony-stimulating factor (M-CSF)-
driven® and receptor activator of nuclear factor kB ligand
(RANKL)-driven osteoclastogenesis and bone resorption, and
key transcription factors involved include c-FOS, NFATc1, and
NF«kB. In addition, several studies highlight the role of post-trans-
lational modifications, mainly phosphorylation, in regulating the
activity of receptors and kinases important for transducing intra-
cellular signals, such as the M-CSF receptor (c-FMS), SRC, and
JNK (7, 8). However, in the last decade, the importance of an addi-
tional level of gene regulation has emerged: post-transcriptional
control by microRNAs (miRNAs).

miRNAs are short sequences of noncoding, single-stranded
RNA that can bind target mRNAs based on sequence comple-
mentarity. This process involves the RNA-induced silencing
complex, which, for the most part, mediates the inhibition of
gene expression by decreasing translation and/or by decreasing
mRNA stability (9). Often, miRNAs regulate biological func-
tions by modulating the expression of multiple genes that par-
ticipate in the same or correlated pathways (10). miRNA levels
are rapidly altered during embryonic development, as well as in
adulthood, resulting in prompt and efficient post-transcrip-
tional control (11, 12).

The overall importance of the miRNA processing pathway in
the osteoclast lineage was reported. In vitro silencing of key
factors involved in miRNA processing, including DGCRS8
(DiGeorge syndrome critical region 8 gene), AGO2 (Argo-
naute2), and DICER]I, suppressed osteoclast differentiation and
activity (13). In vivo, deletion of Dicer in the monocyte/macro-
phage lineage, using a Cd11b promoter driven-cre recombi-
nase, as well as in mature osteoclasts using a cathepsin K
promoter driven-cre, resulted in the development of a mild
osteopetrotic phenotype (13, 14).

Recent studies identified specific miRNAs and miRNA tar-
gets involved in osteoclast commitment and differentiation.
For example, miR-223 promotes osteoclast formation, at least
in part, through the inhibition of NFIA (nuclear factor 1/A) (13,
15). Decreased NFIA expression is necessary for the terminal
differentiation of osteoclasts (13), as well as granulocytes and
monocytes (16, 17). Further, miR-21 promotes osteoclast dif-
ferentiation, and it was shown to target Pdcd4 (programmed
cell death domain 4) mRNA. PDCD4 represses AP-1 (activator
protein 1)-dependent transcription, and the AP-1 family mem-
ber c-FOS is essential for osteoclastogenesis (7). Therefore, by
suppressing AP-1 function, PDCD4 may exert a negative effect
on osteoclast differentiation. Another report demonstrated a
negative effect of miR-155 on osteoclastogenesis. miR-155 pro-
motes the commitment of progenitor cells to the macrophage
lineage, through repression of Mitf (microphthalmia-associ-
ated transcription factor) mRNA (18). MITF is required in the

2 The abbreviations used are: M-CSF, macrophage colony-stimulating factor;
gRT-PCR, quantitative RT-PCR; miRNA, microRNA; HPRT, hypoxanthine-
guanine phosphoribosyltransferase; DOX, doxycycline; RANKL, receptor
activator of nuclear factor kB ligand; TRAP, tartrate-resistant acid
phosphatase.
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later phases of osteoclast formation, where it promotes the
expression of genes crucial for osteoclast maturation and func-
tion, like Trap, Oscar (osteoclast-associated immunoglobulin-
like receptor), and cathepsin K (19).

We and others have studied the role of the miR-29 family in
cells of the osteoblast lineage. Although miR-29 family mem-
bers target several critical extracellular matrix mRNAs and
limit their expression, this miRNA family promotes osteoblas-
tic differentiation by targeting negative regulators of this pro-
cess (20-22). We considered that miR-29 family members may
also play a role in osteoclastogenesis, given that altered miR-29
levels were associated with hematopoietic malignancies. For
example, diminished miR-29 levels were found in patients with
chronic lymphocytic leukemia and correlate with advanced
clinical features and poor prognosis in acute myeloid leukemia
(23-26).

In this study, we characterized the expression of miR-29 fam-
ily members during the differentiation of murine bone marrow-
derived osteoclast cultures and an osteoclast precursor cell line.
We show that miR-29 is important for cell migration, osteoclast
commitment, and differentiation, and we identified six novel
miR-29 targets in osteoclastic cells.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary osteoclast precursor cultures were
established from bone marrow of 6 — 8-week-old C57BL/6 male
mice that had been depleted of B220/CD45R-positive and CD3-
positive cells (B and T lymphocytes, respectively). Briefly, bone
marrow was isolated from femurs, tibias, and humeri (27). Cells
were incubated with phycoerythrin-conjugated primary antibod-
ies for B220 and CD3 (eBioscience, San Diego, CA), and with mag-
netically labeled anti-phycoerythrin microbeads (Miltenyi Biotec,
Auburn, CA). Magnetic activated cell sorting (MACS®) column
technology (Miltenyi Biotec) was used to capture B220- and CD3-
positive cells in the column, and the flow-through contained a
population of cells enriched for the monocytic and non-lym-
phoid lineage cells (28). Flow cytometric analysis confirmed
that this procedure depleted 93-95% of T and B cells, thereby
decreasing the heterogeneity of the marrow cells that were sub-
sequently plated for experiments (data not shown). Cells were
cultured in a-MEM (Invitrogen) supplemented with 10% FBS
(Atlas Biologicals, Fort Collins, CO) and 30 ng/ml murine
recombinant M-CSF (eBioscience). Bone marrow-derived
osteoclast precursor cells were plated in the presence of 30
ng/ml murine recombinant M-CSF and RANKL (eBioscience)
for up to 6 days.

The mouse monocytic RAW?264.7 cell line was obtained from
American Type Culture Collection (Manassas, VA) (TIB-71™)
and cultured in DMEM (Invitrogen) supplemented with 10%
FBS. Cells were cultured in a-MEM supplemented with 10%
FBS and 30 ng/ml RANKL to stimulate osteoclastic
differentiation.

The human embryonic kidney (HEK293T) Phoenix™™-Eco
cell line was a gift from the Nolan laboratory of Stanford Uni-
versity (29) and was used for retrovirus production. These cells
were cultured in DMEM supplemented with 10% FBS. The
HEK293FT cell line was obtained from Invitrogen and used for
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lentivirus production. 293FT cells were cultured in DMEM
supplemented with 10% FBS.

In Vitro Osteoclast Formation Assay—Cells were fixed in
2.5% glutaraldehyde in PBS, and TRAP activity was detected
according to the manufacturer’s instructions, using the acid
phosphatase leukocyte kit (Sigma-Aldrich). TRAP-positive
multinucleated cells containing more than three nuclei were
counted as osteoclasts under microscopic examination. Osteo-
clast area was quantified using cellSens imaging software
(Olympus, Center Valley, PA).

Quantitative Real Time PCR—Primary osteoclast precursors
and RAW264.7 cells were plated at 53,000 cells/cm?® Total
RNA was isolated from differentiating cultures using the
miRNeasy Mini kit (Qiagen). On-column DNase treatment was
performed to reduce contamination with genomic DNA, and
an additional treatment with RQ1 DNase (Promega, Madison,
WI) was performed prior to gene expression analysis. miR-29
expression levels were analyzed with the TagMan microRNA
assay (Invitrogen). According to the manufacturer’s instruc-
tions, 22.5 ng of RNA were reverse transcribed with specific
primers to generate cDNA. miR-29 expression was detected by
quantitation PCR in a MiQqPCR cycler (Bio-Rad) and normal-
ized to U6 small nuclear RNA (RNUB6) levels using the abso-
lute quantification method.

To quantify mRNA levels in total RNA, DNased RNA was
reverse-transcribed using Moloney murine leukemia virus-re-
verse transcriptase (Invitrogen) and quantified by qPCR with
iQ SYBR Green Supermix (Bio-Rad). The primer sets used are
shown in supplemental Table S1. RNA levels were determined
using absolute quantification and normalized to hypoxanthine-
guanine phosphoribosyltransferase (Hprt) mRNA. RNA exper-
iments were performed at least twice, and each experiment
contained biological triplicates. For qRT-PCR, each sample was
analyzed in duplicate.

Retroviral Constructs—To obtain miR-29 knockdown, dou-
ble-stranded oligonucleotides targeting the miR-29a precursor
were cloned into the retroviral vector pSilencer 5.1-H1 Retro
(Ambion). The sequences of the oligonucleotides used are indi-
cated in supplemental Table S2. The silencing construct was
inserted into the pSilencer vector using BamHI and HindIII
restriction enzymes. As negative control, pSilencer 5.1 Retro
Scrambled was used (Ambion). Retrovirus was produced using
the HEK293T Phoenix"™-Eco cell line (29).

miR-29 Knockdown and Osteoclast Formation—Whole bone
marrow was isolated from 6 —8-week-old C57BL/6 mice and
plated overnight on a tissue culture plastic plate to limit the
amount of stromal cells. The nonadherent population of cells
was centrifuged on a Ficoll gradient, to enrich for macrophage
precursors (30). These bone marrow-derived macrophages
were seeded at 5,000 cells/well in 96-well plates, in a-MEM
supplemented with 10% FBS in the presence of 30 ng/ml
M-CSF. 48 h after plating, cells were transfected with 50 nm
anti-miRNA inhibitors (Dharmacon) using BioT reagent (Bio-
land Scientific, Paramount, CA). Alternatively, cells were trans-
duced with retroviruses harboring a miR-29a knockdown con-
struct or a scrambled control. Osteoclast differentiation was
induced with RANKL treatment (10 ng/ml), and osteoclast for-
mation was evaluated by TRAP staining.
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PSLIK Lentiviral Constructs—To knock down the activity of
all miR-29 family members, we generated a miR-29 “sponge,”
which works as a competitive target for miR-29, relieving the
repression of its endogenous target mRNAs (see Fig. 3) (31).
The murine osteonectin 3’-UTR contains a pair of miR-29
binding sites, within cDNA bases 1083—1149. Three copies of
this tandem miR-29 binding site were cloned downstream of a
GEFP reporter gene to generate the miR-29 sponge. The GFP
alone control or GFP_Sponge cDNAs were subcloned in the
pEN_Tmcs entry vector (plasmid 25751; Addgene, Cambridge,
MA) (32), which contains a tetracycline inducible promoter
(tetracycline-responsive element). These constructs were sub-
jected to Gateway recombination with the lentiviral construct
pSLIK, harboring a hygromycin resistance selectable marker
gene (plasmid 25737; Addgene) (32). The ubiquitin C promoter
in the pSLIK vector constitutively drives the expression of the
tetracycline activator (rtTA3), which, in the presence of doxy-
cycline (DOX), promotes the expression of the GFP or GFP_
Sponge transgene from the tetracycline-responsive element
promoter.

Lentivirus Production and Transduction—pSLIK constructs
containing GFP alone or GFP_Sponge genes were co-trans-
fected in the HEK293FT cell line, along with the expression
vectors for the viral packaging proteins. These include the viral
transactivators Tat (pHDM-tat1b) and Rev (pRC/CMV-rev1b);
the viral core polyprotein and reverse transcriptase, encoded
by the GAG and POL genes, respectively (pHDM-Hgpm?2); and
the VSV-G (vesicular stomatitis virus) envelope glycoprotein
(pHDM-G) (gift from the Lee laboratory, Harvard Gene Ther-
apy Initiative, Cambridge, MA). Culture medium containing
the lentiviral particles was used to transduce RAW?264.7 cells.
Pools of stably transduced cells were established by culture in
the presence of hygromycin (100 ug/ml).

miR-29 Sponge Expression and Osteoclast Differentiation—
GFP and GFP_Sponge RAW264.7 cell lines were seeded at a cell
density of 1,000 cells/well in 96-well plates, in DMEM supple-
mented with 10% FBS. 24 h later, osteoclast differentiation was
stimulated by treatment with 30 ng/ml RANKL in a-MEM sup-
plemented with 10% FBS. The expression of the transgene was
induced by addition of 500 ng/ml DOX to the culture medium
(Sigma-Aldrich). Osteoclast formation was evaluated by TRAP
staining.

Cell Viability Assay—GFP and GFP_Sponge RAW264.7 cells
were plated in 96-well plates at 5,000 cells/well, in DMEM sup-
plemented with 10% FBS. 24 h later, cells were treated with 30
ng/ml RANKL, to induce osteoclastogenesis, in the presence or
absence of 500 ng/ml DOX, to activate transgene expression.
Cell viability was assessed over 3 days by MTS assay using the
CellTiter 96 AQueous One Solution cell proliferation assay kit,
as indicated by the manufacturer’s instructions (Promega).

Phagocytosis Assay—GFP and GFP_Sponge RAW?264.7 cells
were cultured in a-MEM supplemented with 10% EBS in the
presence of 500 ng/ml of DOX and 30 ng/ml of RANKL for 24 h
prior to the assay. Cells were then plated at 100,000 cells/well in
96-well plates and allowed to adhere to the plate for 3 h. Culture
medium was replaced with a solution of pHrodo Staphylococcus
aureus bacterial particles (250 ug/ml), which will emit fluo-
rescence when phagocytosed (Invitrogen). Cells were incubated
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for 1 h at 37 °C, and nuclei were stained with DAPL Cultures were
analyzed by fluorescence microscopy. Phagocyotosis of pHrodo
particles was quantified by measuring fluorescence emitted at 590
nm and normalized to DAPI fluorescence at 460 nm.

Macrophage Commitment Assay—GFP and GFP_Sponge
RAW?264.7 cells were plated at 26,000 cells/cm? in DMEM sup-
plemented with 10% FBS. Subsequently, cells were cultured in
a-MEM supplemented with 10% FBS in the presence of 500
ng/ml of DOX and 30 ng/ml of RANKL for 24 h. Total RNA was
isolated from the cultures using the miRNeasy mini kit (Qia-
gen), and the expression of macrophage marker genes was ana-
lyzed by qPCR as previously described. The primer sets used are
shown in supplemental Table S1.

Cell Migration Assay—GFP and GFP_Sponge RAW264.7 cells
were cultured in DMEM, in the absence of FBS, and in the pres-
ence of 500 ng/ml of DOX for 24 h prior to the assay. The cells were
then plated at 200,000 cells/well on 8-um pore polycarbonate
membrane inserts in 6.5-mm Transwell membranes (Corning,
Tewksbury, MA). 30 ng/ml M-CSF was added to the bottom
chamber as a chemotactic agent. Cells were incubated overnight,
in the presence of DOX. Cells that did not migrate were removed
from the top side of the Transwell membrane using a cotton swab.
Upon fixation with 3.7% formaldehyde, cells on the bottom side of
the Transwell membrane were stained with 0.05% crystal violet
solution. Crystal violet stain was solubilized using 100% methanol,
and optical density was quantified at 540 nm.

Apoptosis Assay—GFP and GFP_Sponge RAW264.7 were
plated at 3,125 cells/cm® in DMEM supplemented with 10%
FBS. 24 h later, culture medium was switched to a-MEM sup-
plemented with 10% FBS, with the addition of 30 ng/ml of
RANKL. After 2 days of differentiation, expression of the trans-
gene was induced with 500 ng/ml of DOX. 2 days later, osteo-
clast apoptosis was assessed by Caspase-3 colorimetric assay
kit, as indicated by the manufacturer’s instructions (GenScript,
Piscataway, NJ).

Actin Ring Formation Assay—GFP and GFP_Sponge RAW264.7
cells were seeded on glass chamber slides at 3,125 cells/cm?,
in DMEM supplemented with 10% FBS. 24 h later, culture
medium was switched to a-MEM supplemented with 10% FBS,
with the addition of 30 ng/ml of RANKL and 500 ng/ml of
DOX. End point cultures were fixed with 3.7% formaldehyde,
and F-actin was labeled with rhodamine phalloidin conjugate
(Invitrogen). Nuclei were visualized by using mounting
medium containing DAPI (Invitrogen). Cultures were analyzed
by fluorescent microscopy.

Luciferase Constructs—Gene-specific PCR primers were
used to amplify from mouse genomic DNA template the coding
sequences or UTRs for calcitonin receptor, TRAP, cathepsin K,
Cdc42, Srgap2, Gpr85, Cd93, and Nfia, which contained poten-
tial miR-29-binding sites (primer sequences are reported in
supplemental Table S2). Using the appropriate restriction
enzymes, these fragments were cloned downstream from
Luciferase, in the cytomegalovirus promoter-driven Lucifer-
ase reporter vector pMIR-REPORT (Ambion, Austin, TX).
Site-directed mutagenesis, to delete putative miR-29 binding
sites in selected constructs, was performed by overlap exten-
sion (primer sequences are reported in supplemental Table S3).
Luciferase plasmids containing the regions of interest were
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used as templates for mutagenesis. All constructs were verified
by sequencing.

Luciferase Activity Assay—RAW?264.7 cells were plated at
58,000 cells/cm?. After 24 h, cells were co-transfected with
Luciferase constructs and a constitutively expressing 3-galac-
tosidase construct, as a control vector for transfection effi-
ciency (GenBank™ accession number U02451) (Clontech)
using BioT (BioT:DNA ratio 1.5 ul:1 pg). In selected experi-
ments, 50 nM anti-miR-29-a or -c or negative control (scram-
bled) miRNA inhibitors were also transfected. 6 h post-trans-
fection, cells were treated with or without RANKL (30 ng/ml) in
a-MEM supplemented with 10% FBS. Following 48 h, cell
lysates were harvested using reporter lysis buffer (Promega).
Samples were analyzed for Luciferase activity using a Luciferase
assay system (Promega) and normalized to B-galactosidase
activity, which was assessed using Galacton® reagent (Applied
Biosystem, Foster City, CA). Each Luciferase experiment was
performed at least three times, using n = 6.

Data Analysis—The data are presented as the means * S.E.
The data were analyzed by Student’s ¢ test or one-way analysis
of variance with Bonferroni post hoc test as appropriate
(KaleidaGraph; Synergy Software, Reading, PA).

RESULTS

miR-29 Expression Increases during in Vitro Osteoclast
Differentiation—W e analyzed the expression of miR-29 family
members in mouse bone marrow depleted of B220- and CD3-
positive cells and cultured in the presence of M-CSF and
RANKL for up to 5 days. In these cultures, osteoclasts were
evident by day 3, and osteoclast number and size were highest at
day 5 (Fig. 1, B-D). qRT-PCR showed that all the miR-29 family
members, miR-29a, -b, and -c, were expressed at a similar level
and that their expression was not increased until between days
3 and 5 of differentiation (Fig. 14). In contrast, mRNA levels for
the osteoclast markers Trap and cathepsin K were increased
from days 1 to 3 and sustained at day 5 (Fig. 1E).

miR-29 Is a Positive Regulator of Osteoclastogenesis—To
investigate the role of miR-29 in osteoclast differentiation, we
inhibited miR-29 activity in primary cultures of bone marrow-
derived macrophage/osteoclast precursors (bone marrow-
derived macrophages), using transiently transfected miR-
29a, -b, or -c specific oligonucleotide inhibitors. Throughout
the time course analyzed, miR-29 inhibition resulted in a
significant reduction in the number of TRAP positive multi-
nucleated osteoclasts compared with the scrambled, nontar-
geting control (Table 1). These data suggest that miR-29
inhibition does not merely delay osteoclastogenesis and that
miR-29 activity is important for osteoclast formation. Con-
sistent with these data, primary bone marrow-derived pre-
cursors transduced with a retrovirus expressing a miR-29a
inhibitor also showed decreased osteoclast formation com-
pared with control (supplemental Fig. S1).

miR-29 family members have identical seed binding regions
(miRNA bases 2—8). miR-29a and -29c differ by only one base,
whereas miR-29b is more divergent. In the transient transfec-
tion studies shown in Table 1, the miR-29b inhibitor appeared
to be somewhat less efficacious at the early time points, days 3
and 4. However, the isoform-specific inhibitors had similar
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FIGURE 1. miR-29 increases during osteoclast differentiation in vitro. Primary bone marrow osteoclast precursors depleted of B and T cells were differen-
tiated by culturing with 30 ng/ml each M-CSF and RANKL. A, miR-29a, -b, and -c expression was quantified after 1, 3,and 5 days of culture and normalized to U6
(n = 4). B, number of TRAP(+) osteoclasts/well (n = 3, 96-well plate). C, osteoclast area. Box plot lines represent the 25% quartile of the data, the median, and
the 75% quartile. Outliers are denoted by dots (n = 3 wells, 96-well plate). D, representative images of TRAP stained cultures after 1, 3, and 5 days of
differentiation were captured using 10X magnification. E, osteoclast marker mRNAs were quantified by gRT-PCR and normalized to HPRT (n = 4). *, signifi-

cantly different from day 1, p < 0.05. OCS, osteoclasts; CATK, cathepsin K.

TABLE 1
miR-29 knockdown decreases osteoclast formation in vitro

Mature sequences of the nontargeting control (cel-miR-67) and the miR-29 family members are indicated. Divergent bases are underlined. Seed binding regions (bases 2—8)

are in italics. Primary bone marrow macrophages were transfected with 50 nm anti-mi
were treated for 3—6 days with M-CSF (30 ng/ml) and RANKL (10 ng/ml). Osteoclast

R-29a, -b, or -c inhibitor or nontargeting scrambled control oligonucleotides. Cells
formation was evaluated by TRAP staining (n = 4 wells, 96-well plate).

Inhibitor Mature miRNA sequence Day 3 Day 4 Day 5 Day 6
Scrambled ucacaaccuccuagaaagaguaga 52+ 1.6% 21.6 * 6.37 46.0 = 4.3% 203.8 = 17.9¢
miR-29a uagcaccaucugaaaucgguua 0 0 11.0 = 1.7 173 =14
miR-29b uagcaccauuugaaaucgguua 0.7 = 0.5 2.8 £ 1.0 10.2 £ 1.9 178 =19
miR-29¢ uagcaccauuugaaaucaguguu 0 0 6.5+ 23 17.8 = 2.1

“ Significantly different from 29a, 29b, or 29c inhibitor (p < 0.01).

effects at the later time points, days 5 and 6. Overall, the miR-29
isoform inhibitors had similar activity. Given the degree of con-
servation among the miR-29 isoforms, it may be difficult to
tease out isoform-specific effects using an inhibitor strategy.

When bone marrow-derived macrophages were plated at a
higher density, the formation of large osteoclasts (>8 nuclei)
was significantly diminished in cells transiently transfected
with miR-29a inhibitor (large osteoclast number (per well) in
scrambled 108 * 5 versus miR-29a inhibitor 74 = 3; p < 0.01).
This indicates that miR-29 knockdown negatively affects osteo-
clast size, suggesting that miR-29 activity plays a positive role in
osteoclast maturation.

The primary cultures obtained from bone marrow are heter-
ogeneous, even when depleted of lymphocytes (33). For this
reason, we sought a more simplified and homogeneous model
system for the purpose of evaluating the mechanisms by
which miR-29 regulates osteoclast differentiation. There-
fore, we chose to use the monocytic cell line RAW264.7. We
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first characterized the expression of miR-29 family members in
these cells after treatment with RANKL for up to 4 days. We
found that expression of all miR-29 family members was mod-
estly but significantly decreased after 24 h of RANKL treatment
(Fig. 2A). Levels of miR-29a, -b, and -c then increased as osteo-
clastogenesis progressed, in a trend similar to that observed in
the primary cultures (compare with Fig. 14). In these cultures,
osteoclast number and size peaked on day 3 and were decreased
on day 4 because of apoptosis of mature osteoclasts (Fig. 2,
B-D). As observed in the primary cells, the osteoclast marker
genes, Trap and cathepsin K, also increased with osteoclastic
differentiation (Fig. 2E). These data suggested that RAW?264.7
cells could be a valid surrogate for analyzing the mechanisms by
which miR-29 regulates osteoclastogenesis.

Inhibition of miR-29 Activity Impairs Osteoclastic Differenti-
ation of RAW264.7—To further define the activity of miR-29 in
osteoclastogenesis, we developed an inducible lentiviral knock-
down construct, based on the miRNA sponge strategy (31). The

JOURNAL OF BIOLOGICAL CHEMISTRY 33351



Role of miR-29 in Osteoclasts

A 25 B 1200 * C o004
*
2 2| 1000 | . NE o.03k :
‘é _ 800 f £ .
15 L )
g ¥ 3 e00f g 002} i .
o (/2] (] * .
> 10t 8 400 | » . :
= * 8 0.01 | i t
T sl 200 | :
14
0 | o %
0 M N L L . n ) ) L '
0 1 ] 2 3 4 Day0 Day1 Day2 Day3 Day4
Time (days) Time (day)
E
day 1 60 *
7 —~TRAP I
> 50 |--#-CATK
£
s 40 |
*
S 30f I
$ L * .4
£ 20f (]
o ok
€ 10} ¥
afl " %
0 _&34" 1 1 1
0 1 2 3 4
Time (days)

FIGURE 2. miR-29 expression in RAW264.7 cells recapitulates the pattern observed in primary osteoclast precursor cells. A, the expression of miR-29a,
-b, and -c was analyzed over 4 days of differentiation with RANKL (30 ng/ml). B, number of osteoclasts per well (n = 3, 96-well plate). C, osteoclast area. Box plot
lines represent the 25% quartile of the data, the median, and the 75% quartile. Outliers are denoted by dots (n = 3 wells, 96-well plate). D, representative images
of TRAP stained cultures atdays 0, 1, 2, 3, and 4 of differentiation, respectively, were captured using 10X magnification. E, gene expression levels for osteoclast
markers. ¥, significantly different from day 0, p < 0.05. OCS, osteoclasts; CATK, cathepsin K.

miR-29 sponge consisted of six miR-29 binding sites cloned
downstream of GFP, in a DOX-inducible lentiviral vector (Fig.
3A). Expression of the GFP_Sponge RNA can work as a decoy
or competitive inhibitor for all the members of the miR-29 fam-
ily). RAW?264.7 cells were stably transduced with lentivirus har-
boring the miR-29 sponge (GFP_Sponge cells) or GFP alone (GFP
cells).

To confirm DOX-inducible expression of the transgene, we
quantified GFP mRNA levels in GFP cells treated for 24 h with
different doses of DOX. qRT-PCR verified that GFP RNA was
induced in a dose-responsive fashion, in the presence of
increasing concentrations of DOX (Fig. 3B). The 500 ng/ml
dose of DOX was chosen for the subsequent assays because it
produced a level of transgene expression similar to that of Trap
mRNA, while representing a DOX dose well below that recently
reported to decrease osteoclast differentiation in bone marrow
cells in vitro (34).

We used the GFP_Sponge RAW264.7 cells as a relatively
homogeneous cell population to study the mechanisms by
which miR-29 regulates osteoclastogenesis. In cells treated with
DOX and RANKL, we observed reduced formation of TRAP-
positive multinucleated cells in the GFP_Sponge cultures after
2 days, in comparison with the cells expressing the GFP trans-
gene only (Fig. 3C). After 3 days, this disparity was even more
pronounced, because the formation of TRAP-positive multinu-
cleated cells was increased only in the GFP RAW264.7 cultures.
There was no difference in the ability of GFP and GFP_Sponge
cells to form TRAP-positive multinucleated cells in the absence
of DOX (data not shown). These results confirm the positive
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role of miR-29 in osteoclastogenesis, as observed in primary
cells (Table 1).

To determine whether miR-29 knockdown in the GFP_
Sponge cultures impaired osteoclast formation because of
altered cell proliferation or viability, GFP or GFP_Sponge cells
were cultured in the presence or absence of DOX for up to 3
days. Viable cells were quantified by MTS assay. All cultures
displayed similar growth curves, suggesting that miR-29 did not
promote osteoclast formation by regulating cell growth (Fig. 4).

Inhibition of miR-29 Activity Impairs RAW264.7 Cell Com-
mitment to the Osteoclast Lineage—Some miRNAs regulate
differentiation by promoting commitment to one cell fate at
the expense of another. Because RAW?264.7 cells have the
potential to differentiate into osteoclasts or macrophages,
we evaluated the effect of miR-29 knockdown on their line-
age commitment. RAW?264.7 cells have phagocytic properties,
which are increased when committed to the macrophage fate.
Therefore, we quantified phagocytosis in GFP and GFP_
Sponge cells that had been induced toward osteoclastic differ-
entiation by culture in the presence of RANKL for 24 h. Phago-
cytosis was not altered in the GFP cells treated with DOX.
However, when miR-29 activity was knocked down in GFP_
Sponge cultures treated with DOX, we observed increased
phagocytic activity (Fig. 5, A and B).

In addition, we analyzed the expression of genes associated
with macrophage and osteoclast differentiation. DOX treat-
ment of GFP_Sponge cells increased mRNA for macrophage
markers F4/80 and Mac-1/Cd11b and decreased mRNA for the
early osteoclast marker Nfatcl. In contrast, nRNA for the more
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FIGURE 3. miR-29 knockdown inhibits osteoclastic differentiation of RAW264.7 cells. A, schematic representation of DOX-inducible GFP and GFP_Sponge
constructs. B, GFP RAW264.7 cell line was treated for 24 h with increasing concentrations of DOX. GFP mRNA expression was quantified by qRT-PCR and
normalized to HPRT. C, GFP and GFP_Sponge RAW264.7 cells were treated with 500 ng/ml of DOX. After 2 and 3 days of differentiation with RANKL (30 ng/ml),
osteoclast formation was evaluated by TRAP staining (n = 6, 96-well plate). *, significantly different from GFP, p < 0.05. OC, osteoclasts; TRE, tetracycline-
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FIGURE 4. Inhibition of miR-29 does not affect cell viability. GFP and GFP_
Sponge RAW264.7 cells were treated with RANKL (30 ng/ml) in the presence
or absence of DOX (500 ng/ml). Cell viability was measured over 3 days by
MTS assay (n = 6). Growth curves in the presence or absence of DOX were
superimposable. The lines without symbols illustrate linear growth curves
with similar slopes.

mature osteoclast marker, cathepsin K, was not affected (Fig. 5,
C and D). These data suggest that miR-29 knockdown pro-
motes the commitment of the RAW?264.7 cell line to the macro-
phage lineage, at the expense of osteoclastogenesis.

Inhibition of miR-29 Activity Impairs RAW264.7 Migration—
To form osteoclasts, the migration of precursor cells is critical.
We analyzed the ability of GFP and GFP_Sponge cells to
migrate in response to a chemotactic stimulus using a modified
Boyden chamber (Transwell) assay. We found that GFP-ex-
pressing RAW264.7 cells displayed robust migration toward
M-CSF supplemented culture medium (Fig. 6). However,
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expression of the miR-29 sponge completely abrogated the
capability of these osteoclast precursor cells to respond to the
chemotactic agent, strongly indicating that miR-29 expression
supports cell migration (Fig. 6).

Inhibition of miR-29 Activity Does Not Affect the Apoptosis of
Mature Osteoclasts or Actin Ring Formation—Osteoclasts are
terminally differentiated cells, and their ultimate fate is to
undergo apoptosis (i.e., Fig. 2B). It is possible that increased
apoptosis could contribute to the decrease in number and size
of osteoclastic cells observed in the presence of the miR-29
sponge. Therefore, we analyzed Caspase-3 activity in GFP and
GFP_Sponge cells cultured for 4 days in the presence of
RANKL. The miR-29 sponge was only expressed during days 3
and 4 of culture, to allow initiation of osteoclastic differentia-
tion. We did not detect a significant difference in Caspase-3
activity in cells expressing the miR-29 sponge, compared with
the other groups (Fig. 7A). This suggests that miR-29 knock-
down does not affect the survival of mature osteoclasts.

The formation of actin rings is a critical step for osteoclast-
mediated bone resorption. To determine whether miR-29
knockdown affects actin ring formation, the GFP and GFP_
Sponge were cultured for 4 days in the presence of RANKL and
subjected to phalloidin staining. Although fewer and smaller
multinucleated TRAP-positive cells were identified in miR-29
sponge cultures, their actin ring structures were intact (Fig. 7B,
panels i and ii).

miR-29 Targets RNAs Important for the Macrophage/Osteo-
clast Lineage—Our functional assays indicated that miR-29 is
important for osteoclastogenesis and promotes cell migration
and osteoclast commitment. To better understand the under-
lying mechanisms, we focused on identifying the mRNAs that
are targeted by miR-29 and whose functions are important in
the macrophage/osteoclast lineage. We analyzed a list of genes
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FIGURE 5. miR-29 knockdown supports RAW264.7 cell commitment to th

e macrophage lineage. GFP and GFP_Sponge RAW264.7 cells were induced

toward osteoclastic differentiation by 24-h RANKL treatment (30 ng/ml) in the presence or absence of DOX (500 ng/ml). A, lineage commitment was assessed

by phagocytosis assay. The cells were incubated for 1 h with pHrodo bacteria
fluorescence (arrowheads). Nuclei were stained using DAPI reagent. Represent,

| particles (250 wg/ml). Cells that have phagocytosed the particles display red
ative images of the cultures were captured using 10X magnification. Scale bar,

100 wm. B, phagocytosis was quantified by measuring rhodamine fluorescence and normalized to DAPI fluorescence (n = 6). C and D, macrophage marker
mRNAs (C) and osteoclast marker mRNAs (D) were quantified by qRT-PCR and normalized to Hprt mRNA (n = 3). %, significantly different from no DOX, p < 0.05.
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FIGURE 6. miR-29 promotes the migration of RAW264.7 cells. GFP and
GFP_Sponge cells were cultured for 24 h with DOX (500 ng/ml). Cells were
plated on Transwell membranes with 8-um pores and allowed to migrate
overnight toward M-CSF (30 ng/ml). The cells that migrated through the
membrane were stained with crystal violet. Crystal violet staining was quan-
tified. *, significantly different from no M-CSF, p < 0.05 (n = 6).

expressed in osteoclastic cells® for potential miR-29 targets,
using several different algorithms for miRNA target prediction
(miRanda, DIANA-mirExTra, PicTar, and RNAhybrid). The
list of potential targets was refined based on the ability of the

3S.-K. Lee, unpublished data.
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miRNA to base pair with the target mRNA. We chose to clone
and analyze eight candidate genes with a well documented role
in osteoclasts (Fig. 84), with a role in cell migration (Fig. 8C), or
with a role in the macrophage lineage (Fig. 8E) (supplemental
Tables S2 and S4).

We cloned the sequences containing the potential binding
sites for miR-29 into a Luciferase reporter vector. Most con-
structs contained regions of interest =1 kb in length (Fig. 8, A,
C, and E). In these constructs, Luciferase expression was driven
by a strong, constitutive promoter, with the cloned regions
serving as 3'-UTR for the Luciferase gene. Therefore, Lucifer-
ase activity represents the regulatory activity of the sequence of
interest. RAW?264.7 cells were transiently transfected with the
Luciferase reporter plasmids and miR-29c¢ inhibitor oligonu-
cleotides. Increased Luciferase activity in the presence of the
miR-29 inhibitor would suggest that miR-29 targets that RNA
region.

Of the RNAs with a well known function in osteoclastic cells,
Calcr (calcitonin receptor), Trap, and cathepsin K (Ctsk, Catk)
had potential miR-29 binding sites. The potential miR-29 bind-
ing site in the Trap RNA was in the coding region, whereas
those for Calcr and Ctsk were in the 3'-UTR. There were two
potential miR-29 binding sites in the Calcr 3'-UTR. miR-29¢
inhibitor only increased Luciferase activity from the construct
containing the Calcr 3'-UTR, suggesting that Calcr RNA is tar-
geted by miR-29, whereas Trap and Ctsk are not (Fig. 8B). The
potential miR-29 binding site at base 2565 in the Calcr 3'-UTR
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FIGURE 7. Inhibition of miR-29 does not affect apoptosis of mature osteo-
clasts, or actin ring formation. A, GFP and GFP_Sponge RAW264.7 cells
were differentiated for 2 days with RANKL (30 ng/ml). The expression of the
transgene was induced by addition of DOX (500 ng/ml) at day 3. Caspase-3
activity in mature osteoclast cultures was quantified after 4 days of differen-
tiation (n = 6). B, GFP and GFP_Sponge RAW264.7 cells were cultured on glass
chamber slides for 4 days in the presence of DOX (500 ng/ml) and RANKL (30
ng/ml). Actin ring formation was evaluated by phalloidin staining, and nuclei
were visualized with DAPI reagent. Representative images were captured
using 5X magnification. Boxed regions i and ii are visualized at 20X magnifi-
cation. Actin rings are indicated by arrows. Scale bar, 100 um.

had the most complementarity to miR-29 family members.
When we deleted this miR-29 binding site, the ability of the
miR-29 inhibitor to increase Luciferase activity was lost, indi-
cating that this sequence is specific for miR-29-mediated regu-
lation (Fig. 94).

For RNAs important for cytoskeletal organization, we ana-
lyzed Cdc42 (cell division control protein 42) and Srgap2
(SLIT-ROBO Rho GTPase-activating protein 2) (Fig. 8C).
CDC42 is important for osteoclast function and migration, and
srGAP2 participates in the same signaling pathway as CDC42
(35). Although expressed in osteoclasts, srGAP2 has not been
studied in the osteoclast lineage. There were potential miR-29
binding sites in the coding region and in the 3'-UTR of Cdc42,
and the miR-29 inhibitor increased Luciferase activity from
constructs containing either region, as well as the construct
carrying the Srgap2 3’-UTR (Fig. 8D). Deletion of the potential
miR-29 binding site in the coding region of Cdc42 abolished the
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ability of the miR-29c inhibitor to relieve repression of Lucifer-
ase activity, indicating that this is a miR-29 binding site (Fig.
9B). Similarly, deletion of the potential miR-29 binding site in
the Srgap2 3'-UTR construct abrogated the response of the
construct to miR-29c inhibitor, indicating that the Srgap2
3’-UTR is targeted by miR-29 (Fig. 9C). Deletion mutagenesis
was not performed on the mouse Cdc42 3'-UTR construct
because functional miR-29 binding sites in the human 3’-UTR
were previously reported (50).

With regard to genes associated with the macrophage line-
age, we chose to examine GPR85 (G protein-coupled receptor
85), NFIA (nuclear factor I/A), and CD93 (Fig. 8E). NFIA
expression inhibits both macrophage and osteoclast matura-
tion, whereas GPR85 and CD93 are expressed during macro-
phage differentiation (13, 17, 46, 49). Nfia and Cd93 each had
two potential miR-29 binding sites in the 3'-UTR segment ana-
lyzed, whereas Gpr85 had one site. The miR-29c¢ inhibitor
increased Luciferase activity for GPR85, CD93, and NFIA con-
structs, suggesting that these UTRs are miR-29 targets (Fig. 8F).
Deletion of the potential miR-29 binding site in the Gpr85
3’'-UTR eliminated the miR-29c inhibitor-mediated increase in
Luciferase activity, indicating that this site is directly regulated
by miR-29 (Fig. 9D). For Cd93, we deleted the potential miR-29
binding site at base 4403, and for Nfia, we deleted the miR-29
site at 2125. These sites were chosen because, of the two present
in the UTR construct, they had the most complementarity to
miR-29 family members. The ability of the miR-29¢ inhibitor to
relieve repression of Luciferase activity in the Cd93 and Nfia
mutant constructs was significantly decreased, but not totally
abolished, likely because of the remaining functional miR-29
binding site in the construct (Fig. 9, E and F) (supplemental
Table S4).

It should be noted that the transfection studies shown in Fig.
8 were performed in cells treated with RANKL, and similar
trends were also noted in the absence of RANKL (supplemental
Fig. S2). Moreover, similar results were obtained when miR-29a
inhibitor was used instead of miR-29c¢ inhibitor (data not
shown). Overall, miR-29 may promote osteoclastogenesis by
repressing RNAs important for differentiation to the alterna-
tive macrophage lineage. miR-29 targeting of RNAs important
for osteoclast function and actin remodeling may allow subtle
regulation of the rate of osteoclast differentiation (Table 2).

DISCUSSION

Osteoclast commitment and maturation is an intricate, mul-
tistep process, modulated by the combined activity of numer-
ous signaling pathways. Because miRNAs can control the
expression of several genes working in one or multiple path-
ways, it is likely that miRNAs orchestrate many of the changes
in gene expression or activity necessary for osteoclast differen-
tiation. In this study, we demonstrate that miR-29 plays a pos-
itive role in osteoclastogenesis. Its expression increases during
differentiation, and miR-29 knockdown impairs migration,
commitment, and osteoclastogenesis. Our study is unique in
that we validated a set of six novel miR-29 targets, which will
contribute to our understanding of miR-29 function in osteo-
clasts and in other cell types (Table 2).
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FIGURE 9. Deletion mutants of miR-29 binding sites. Putative miR-29 binding sites (marked with = in Fig. 8) in the miR-29 target genes were deleted from
pPMIR-REPORT Luciferase vectors. Luciferase activity was quantified in the RAW264.7 cells co-transfected with a miR-29c inhibitor or a scrambled nontargeting
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bled; #, significantly different from 29c inhibitor in the wild-type vector, p < 0.05 (n = 6). CDS, coding sequence. A, calcitonin receptor gene; B, Cdc42 coding
sequence; C, Srgap2; D, Gpr85; E, Cd93; F, Nfia.
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TABLE 2
Newly validated miR-29 targets and their biology

Role of miR-29 in Osteoclasts

Gene

Biology

Calcr, Ctr (calcitonin receptor)

Cdc42 (cell division cycle 42)

Srgap2 (SLIT-ROBO Rho GTPase-activating protein)
Gpr8S (G protein-coupled receptor 85)

Cd93 (complement component 1q receptor 1)

Nfia (nuclear factor I/A)

Decreases resorption and increases osteoclast survival (44)

Promotes osteoclast survival and differentiation; regulates rate of actin ring formation (52)
Induces membrane protrusions; knockdown reduces cell adhesion and increases migration (35, 65)
Transiently induced by LPS in macrophages (48, 49)

Promotes differentiation of monocytes into macrophages (46)

Negatively controls c-FMS; overexpression inhibits osteoclast formation; increased in Dicer™

'~ null

osteoclast precursors (13, 17)

The miR-29 family consists of four genes that encode three
mature miRNAs. These genes are organized in genomic clus-
ters: miR-29a and miR-29b-1 are transcribed as a single poly-
cistronic primary transcript from mouse chromosome 6, and
miR-29b-2 and miR-29c are also transcribed as a polycistronic
transcript from chromosome 1 (36, 37). The three mature miR-
NAs of this family, miR-29a, -b, and -c, present high sequence
conservation and genomic organization in mouse, rat, and
human, and nucleotides in positions 2— 8, seed bases that are
important for target recognition and binding, are identical
(Table 1) (38). Although miR-29 family members may have
overlapping targets, the mature miR-29 family members can be
expressed at different levels, suggesting distinct transcriptional
or post-transcriptional regulation of these genes (39, 40).

The expression of miR-29 family members increased during
the osteoclast differentiation process, in both primary cultures
and in RAW264.7 cells, and miR-29 knockdown decreased
osteoclast formation, suggesting that this miRNA family plays a
positive role in differentiation. Studies from our laboratory and
others demonstrate a positive role of miR-29 in the differenti-
ation of other lineages, including osteoblastic and myogenic
(20, 22, 41, 42). More recently, miR-29 was identified as one of
seven miRNAs that, in concert, can restrict proliferation and
promote differentiation (43). Thus, the increase in miR-29
expression seen in the later stages of osteoclast differentiation
may be in response to RANKL-induced differentiation program
and withdrawal from the cell cycle.

The Calcr 3'-UTR is targeted by miR-29, and CTR plays an
important role in osteoclast function and cell survival. CTR is a
G protein-coupled receptor that mediates the anti-apoptotic
effect of calcitonin on mature osteoclasts while inhibiting their
resorption activity (44). Thus, the targeting of CTR by miR-29
in mature osteoclasts could promote resorption.

We identified three new miR-29 targets that may be involved
in commitment of precursor cells to the osteoclast lineage:
Nfia, Cd93, and Gpr85 (Figs. 8 and 9 and Table 2). Transcript
levels for these genes are decreased in primary cultures of osteo-
clast progenitors treated for 4 days with RANKL.?> NFIA is
known to repress the differentiation of hematopoietic cells,
including granulocytes and monocytes, and NFIA is a negative
regulator of the M-CSF receptor in osteoclasts (16, 17). Because
the M-CSF receptor is a positive regulator of osteoclastogen-
esis, the targeting of Nfia mRNA by miR-29, like miR-223,
could contribute to differentiation (Fig. 104) (13).

In hematopoietic cells, the role of the other two miR-29 tar-
gets, Cd93 and Gpr85, is less well characterized. However, it is
known that CD93 (C1qRp) is a transmembrane receptor regu-
lating phagocytosis and cell adhesion and is present on cells of
the myeloid lineage (45). CD93 expression is increased with
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FIGURE 10. Model of miR-29 regulation of osteoclastogenesis. Schematic
representations ofthe potential mechanismsregulated by miR-29in the osteo-
clast lineage are shown. A, cell lineage commitment. B, cell migration.

monocyte differentiation and macrophage activation (46, 47).
Targeting of Cd93 mRNA by miR-29 could promote commit-
ment to osteoclastogenesis, preventing monocytic differentia-
tion. GPR85, also called SREB2 (superconserved receptor
expressed in brain 2) is a G protein-coupled receptor abundant
in neurons and is involved in determining brain size and func-
tionality (48). In macrophages, GPR85 expression increases
upon inflammatory stimulation with LPS (49). Here, we showed
that inhibition of miR-29 activity promotes the commitment of
the RAW264.7 cells to the macrophage fate (Fig. 5). It is possi-
ble that down-regulation of Nfia, Cd93, and Gpr85 mRNAs by
miR-29 could play a role in decreasing the potential of the cell to
differentiate into the macrophage lineage, thus promoting
osteoclastogenesis (Fig. 104).

Osteoclast migration and fusion require extensive cytoskel-
etal reorganization, as does polarization and actin ring forma-
tion, initial steps for bone resorption. In this study, we demon-
strated that knockdown of miR-29 family members, through
the expression of an inducible miRNA sponge construct, sup-
pressed the chemotactic migration of RAW?264.7 cells (Fig. 6).
Decreased cell motility in the presence of the miR-29 sponge
likely contributed to the observed decrease in osteoclast size.
However, not all functions involved in cytoskeletal remodeling,
such as actin ring formation, were affected by knockdown of
miR-29 activity (Fig. 7B). It is possible that the factors or path-
ways specific for regulating actin ring formation may be less
affected by miR-29 in osteoclasts.

Cdc42 mRNA was identified as a miR-29 target in humans,
and we confirmed miR-29 targeting of the mouse homolog
(Figs. 8 and 9) (50). CDC42 is a small GTPase that regulates
actin remodeling, as well as cell cycle control and survival (51).
Although not required for actin ring formation, CDC42 regu-
lates the rate of formation, as well as cell polarization (52).
CDC42 also regulates migration by controlling podosome turn-
over, and it is important for the movement of hematopoietic
progenitors and macrophages toward chemotactic signals (53,
54). Although CDC42 is critical for osteoclast formation and
survival (52), Cdc42 transcript levels in osteoclasts are less than
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those found in macrophages or monocytes (55). Further, the
levels of Cdc42 mRNA do not change dramatically during osteo-
clastic differentiation (56). It is possible that translational reg-
ulation by miR-29 family members could play a role in fine-
tuning the CDC42 levels during osteoclastogenesis. However, it
is also important to consider that Cdc42 transcripts are subject
to alternative splicing, which can give rise to alternative
3'-UTRs. There is little known about Cdc42 splice variants in
cells of the osteoclast lineage. It is possible that alternative
3’-UTR usage may be one means to vary the ability of Cdc42 to
be targeted by miRNAs.

Srgap2 mRNA is one of the novel miR-29 targets identified in
this study. srGAP2 is a Rho-GTPase-activating protein that
participates in the same signaling pathway as CDC42 (35).
Although srGAP2 function in osteoclasts has not been investi-
gated, it has been shown to repress cell migration during neu-
ronal development (35, 57) (Fig. 10 and Table 2). Knockdown of
miR-29 activity could decrease cell motility, in part by causing
an increase in srGAP2. Intriguingly, in other cell systems,
miR-29 was shown to target Pten (tumor-suppressor phospha-
tase and tensin homolog), a lipid phosphatase involved in the
phosphatidylinositol metabolism. Recent studies identified the
suppression of PTEN as one mechanism by which miR-29 pro-
motes migration in endothelial cells, breast cancer cells, and
hepatocellular carcinoma cells (58). In RAW?264.7 cells, activa-
tion of PTEN inhibits RANKL-mediated osteoclastogenesis
and osteopontin-induced migration (59). It is possible that
miR-29 knockdown could increase PTEN levels and contribute
to repressed migration of RAW?264.7 cells (Fig. 10).

It should be noted that our results appear to conflict with a
recent report that lentivirus-mediated overexpression of miR-
29b in human CD14" peripheral blood mononuclear cells
reduced osteoclast formation (60). In that paper, Rossi et al.
reported that miR-29b expression decreased during osteoclast
formation and that constitutive overexpression of miR-29b
decreased the expression of osteoclast marker genes and
impaired collagen degradation. However, the miR-29 overex-
pression study by Rossi et al. differs from our work in several
key areas. First, Rossi et al. used semisorted circulating human
osteoclast precursors from the periphery, whereas we used
murine bone marrow resident osteoclast precursors, which
may not circulate. Second, the study by Rossi et al. did not
report on the expression of other miR-29 family members,
which should be present, because miR-29b is transcribed on the
same pri-miRNA as miR-29c and miR-29a. Third, Rossi et al.
overexpressed miR-29b. It has been shown that superphysi-
ological expression of a particular miRNA can alter global
recruitment of miRNAs to the RNA-induced silencing com-
plex, which can confound interpretation of a resulting cell phe-
notype (61, 62). Further, knockdown of components important
for miRNA processing, such as DGCRS8, Ago2, and Dicerl,
inhibits osteoclastogenesis (13). It is possible that the miR-29b
precursor overexpressed by Rossi et al. could compete for
miRNA processing machinery, providing an alternative expla-
nation for the inhibition of osteoclastogenesis observed by
those investigators.

In our study, we observed similar inhibitory effects on osteo-
clastogenesis when miR-29a, -29b, or -29c were individually
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targeted by transiently transfected inhibitors (Table 1) and
when their activity was inhibited by the miR-29 sponge com-
petitive inhibitor (Fig. 3C). These data, and the rest of the data
herein, strongly support the conclusion that miR-29 family
members promote osteoclastogenesis by several mechanisms.
Whereas some miRNAs may act as “switches” for the commit-
ment to one cell fate or another, many miRNAs are more subtle
regulators of gene expression, modulating the amplitude and
tempo of a differentiation program (13, 18). miR-29 family
members are likely subtle regulators of multiple osteoclast
mRNA targets.

In conclusion, we demonstrated that miR-29 family mem-
bers sustain migration and commitment of the precursor to
osteoclastogenesis, and we validated six novel targets for this
miRNA family. These data contribute to our understanding of
the basic mechanisms regulating osteoclast differentiation and
provide insight into the function of miR-29 family members in
cells of the hematopoietic lineage and in other tissue types.
Dysregulation of miR-29 family members is implicated in the
pathology of multiple malignancies and in conditions such as
diabetes and fibrosis, and aging (63). Additional studies, in vivo,
will better define the role of miR-29 in osteoclastogenesis. It is
possible that increased miR-29 levels could contribute to
increased osteoclast formation with aging (64).
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