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A Customized Retroviral Vector Confers Marker
Gene Expression in Osteoclast Lineage Cells

Daniel J. Selski and Denis R. Clohisy*

Department of Orthopaedic Surgery, The University of Minnesota, Minneapolis, Minnesota

Abstract Osteoclasts play a seminal role in many skeletal diseases and therefore are candidates for cell-based gene
delivery systems to treat disorders of bone. As an initial step toward developing osteoclast-mediated gene delivery systems,
we have made and analyzed a customized Molony–Murine leukemia virus (MMLV)-based retroviral vector containing
elements of the osteoclast-specific tartrate-resistant acid phosphatase (TRAP) gene. RAW 264.7 cells were transduced with
the customized vector (E3) and differentiated along macrophage or osteoclast lineages. E3 contained a truncated form of
the human nerve growth factor receptor (NGFR) as a reporter gene.NGFR expression increased with RANK-ligand (RANK-
L) treatment but not with macrophage (g-IFN/LPS treatment) differentiation. EnhancedNGFR expression peaked 48 h after
RANK-L treatment. Electrophoretic mobility shift assays (EMSA) analysis of the TRAP gene regulatory elements in E3
identified a single 27 bp DNA probe, which specifically bound protein from RANK-L-treated cells. DNA sequence
revealed AP-1 binding sites, and analysis with mutant probes implied that the sites were functional. EMSA supershift
analysis identified Fos protein interacting with the 27 bp probe. In summary, insertion of sequence�962 to�868 from the
TRAP gene into the U3 region of the MMLV LTR confers RANK-L induced retroviral gene expression via Fos family protein
interaction at AP-1 sites. J. Cell. Biochem. 97: 641–650, 2006. � 2005 Wiley-Liss, Inc.
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The pathophysiologic basis for many diseases
of the skeleton can be linked, at least in part,
to osteoclasts. Osteoclasts are multinucleated
cells of monocytic origin whose specialized
function is to resorb mineralized bone matrix.
Skeletal diseases involving rapid bone loss
and intense osteoclastogenesis include cancer-
induced osteolysis, inflammatory arthritis, and
orthopedic implant-associated osteolysis [Kong
et al., 1999; Mundy, 2002]. Novel approaches to
treating these disorders are needed.
In recent years, a new paradigm has devel-

oped using cell-based gene delivery systems. In

these systems, host cells are utilized to deliver
therapeutic genes to sites of disease. An exam-
ple is utilization of transduced endothelial cells
or transduced glial cells to deliver therapies for
angiogenic cancers and gliomas, respectively
[Barresi et al., 2003; Wei et al., 2004]. As
osteoclasts are of hematopoietic lineage, it has
been determined that bone marrow transplan-
tation in experimental animal models and in
humans produces osteoclasts and osteoclast
precursor cells of donor origin. Furthermore, it
has been shown that transplanted bonemarrow
cells will form osteoclasts at sites of tumor
osteolysis [Clohisy et al., 2000; Honore et al.,
2000]. Based on these findings, a new treatment
paradigm for osteoclast-based diseases could
involve osteoclast-mediated gene delivery sys-
tems. In this paradigm, osteoclast precursor
cells would be engineered with a therapeutic
gene, and after transplantation, expression of
the osteoclast-delivered gene at sites of disease
would have a therapeutic benefit, either alone
or in combination with other treatments.

As the initial step toward developing an
osteoclast-mediated gene delivery system, we
have created a customized retroviral vector
and have analyzed its expression in osteoclast
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lineage cells. Vector design considerations were
based on principles learned from the develop-
ment of cell type-specific vectors targeted at
melanin-producing and chorioembryonic anti-
gen-producing cells [Marks and Walker, 1981;
Clohisy and Ramnaraine, 1998; Adachi et al.,
2000; Erbs et al., 2000; Luchin et al., 2000;
Chung-Faye et al., 2001; Reddy et al., 2001;
Chiu et al., 2004]. Specifically, the viral enhan-
cer sequence in the U3 region of the Maloney-
murine retroviral LTR is replaced by potential
enhancer regions from a tissue-specific gene.
Customized retroviral constructs analyzed in
this report contained elements from the tar-
trate-resistant acid phosphatase (TRAP) gene
and the marker gene human nerve growth
factor receptor. Findings indicate that (1) the
customized vector was preferentially expressed
during osteoclast differentiation, but not during
macrophage differentiation; (2) the DNA bind-
ing site within the customized vector, which
conferred specificity was an AP-1 binding site;
and (3) the AP-1 binding protein was a member
of the Fos family.

MATERIALS AND METHODS

Retrovirus Construct Design

Subcloning was carried out via standard
recombinant DNA techniques [Sambrook and
Maniatis, 1989]. Using a Stratagene Robocycler
Gradient 96 thermal cycler, a 113 bp fragment
was amplified by PCR from mouse genomic
DNA. The sense and antisense primers were 50-
CGCTCTAGACCTGTAATTCCAACAC-30, and
50-CGCTCTAGATTGTTTTGAGACAGTG-30,
respectively. This fragment contains 95 bp of
the TRAP E region [Reddy et al., 1995] plus the
underlined nucleotides at the 50 end of each
primer to introduce Xba I restriction endonu-
clease sites. The PCR conditions were 1 cycle of
948C for 4 min, then 30 cycles of 948C for 30 s,
658C for 30 s, 728C for 1 min, and 1 cycle of 728C
for 7min. The amplified TRAP sequence corres-
ponds to nucleotides 885–979 of Acc# M85212,
1193–1287 of Acc# M99054, and 894–988 of
Acc# AY187311. The PCR products were then
digested with Xba I, and the purified fragments
were ligated to a 2,833 bp fragment ofNhe I/Xba
I-digested pSK LTR del shuttle vector, which
contains a single copy of the wild-type MoMLV
30 LTR (a gift from Richard Vile, Mayo Clinic,
Rochester, MN [Diaz et al., 1998]). PCR-based
Sanger dideoxy sequencing on an ABI377

(University of Minnesota’s Microchemical
Facility) confirmed three repetitions of the
TRAP E region in the pSK LTR. An 865 bp
truncated form of human nerve growth factor
receptor (NGFR) was obtained by digesting
MFG-TKiNG vector [Orchard et al., 2002,
HGT] at the BamH I sites. The purified piece
was inserted at the BamH I site of the parental
retroviral plasmid vector, pBabe Puro (also a
gift from Richard Vile, Mayo Clinic [Morgen-
stern and Land, 1990]). The modified pSK LTR
was cloned into the pBabe Puro tNGFR con-
struct at Cla I/Sca I sites. The resulting retro-
virus vector was simply named E3.

DNA Transfection and Retroviral
Transduction of Cells

PA317 packaging cells (ATCC) (3� 105) were
plated in a 35 mm dish the day before transfec-
tion. Two micrograms of phenol and chloroform
purified retroviral plasmid DNA was trans-
fected using FuGENE 6 Transfection Reagent
(Roche) according to the manufacturer’s ins-
tructions. Two days later, cells were split 1:20
into medium containing 3.0 mg/ml puromycin
(Sigma-Aldrich). Ten days after selection cells
were frozen in liquid nitrogen. After being
thawed, producer cells were further selected in
7.5 mg/ml puromycin and grown from individual
clones so that the clone with highest titer could
be used for infection of various cell lines. After
screening 37 PA317 clones the highest titers
attainable were 5� 103 and 1� 104 CFU/ml.

The relatively low titers of viral supernatant
required infection at an MOI of approximately
0.01. Successful transduction of all cell lines
was achieved using puromycin selection at 2 mg/
ml for HeLa cells and 10 mg/ml for RAW264. For
each parental cell line, pools of transduced cells
from multiple infections were maintained and
characterized. Raw cells with the E3 virus
construct were named R*E3, and HeLa with
the E3 were named H*E3.

Cell Culture and Histochemical Techniques

Cells were plated at a density of 4� 104 per
well of a 24-well plate in a-MEM/9% FBS. They
were treated with media alone; with 20 ng/ml
recombinant, soluble RANK-ligand (RANK-
L)(Amgen); with 10 ng/ml IL-4 (R&D Systems);
with 30ng/mlm-CSF (R&DSystems);with 5ng/
ml g-IFN (R&D Systems), or with 500 ng/ml
LPS (Sigma-Aldrich). Treatment times were as
indicated in the figures, generally 1–6 days.
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Cultures were rinsed briefly with PBS, fixed for
20 min on ice in citrate buffered 3% formalde-
hyde in 66%acetone (Sigma’s CAFfixative). For
TRAP staining, the instructions to Sigma Kit
387 were followed with a 20-min incubation at
378C. For immunocytochemistry, cultures were
blocked in 10% normal horse serum (HS) for 1 h
at room temperature, incubated in primary
antibody ME20.4 (anti-NGFR, a gift from Paul
Orchard, University of Minnesota) diluted to
5.4 mg/ml in 1% HS in PBS overnight at 48C,
incubated in biotinylated secondary antibody
(Jackson Immunoresearch) diluted to 1.1 mg/ml
in 1% HS in PBS at room temperature for 2 h,
incubated in avidin–biotin complex perVector’s
recommendations, incubated in DAB per
Zymed’s recommendations for 30 min at 308C.
Several rinses of PBS were done in between
each step except the 10% HS and primary
incubations. Stained cultures were visualized
and photographed on a Nikon TE200 inverted
microscope with a CCD digital camera.

Electrophoretic Mobility Shift Assay (EMSA)

Design and labeling ofDNAprobes: the 113 bp
amplicon from the TRAP gene was used as a
template to design 11 overlapping 27 bp probes
to be used in EMSA. Each probe was con-
structed by purchasing single-stranded 23 base
oligodeoxyribonucleotides (IDT). The two oligos
that annealed for each probe were designed to
generate a 4-base overhang on each 5-prime end
with two Ts in each overhang. Double stranded,
annealed probes were labeled by a fill-in re-
action with the Klenow fragment of DNA
Polymerase I (Roche) with a-32P-dATP (Perkin-
Elmer), cold dCTP, dGTP, and dTTP. Labeled
probes were purified with Sephadex G-25
spin columns (Amersham-Pharmacia). Probe
sequences: NFkB control probe (50-GGTTTA-
CAGGGGACTTCCCTCGGGTT-30 and 50-TTG-
CAACCCGAGGGAAGTCCCCTGTA-30), based
on [Ohmori et al., 1994]. TRAP T7 probe: (50-
TTGCTACCCAGGGAGGAAGTTAG-30 and 50-
TTCCCTAACTTCCTCCCTGGGTA-30). TRAP
T4 probe with putative AP-1 sites underlined:
(50-CTTCTTGAGACACTGTCTCAAAA-30 and
50-ATTGTTTTGAGACAGTGTCTCAA-30). 50mut
probe (of T4 sequence) with mutation indicated
in lowercase: (50-CTTCTTGAGACACgGTCT-
CAAAA-30 and 50-ATTGTTTTGAGACcGTG-
TCTCAA-30). 30mut probe (of T4 sequence) with
mutations indicated in lowercase: (50-CTT-
CTgGAGACACTGTCTCcAAA-30 and 50-ATT-

GTTTgGAGACAGTGTCTCcA-30). AP-1 probe
with AP-1 consensus sequence underlined: (50-
AATTCGCTTGATGAGTCAGCCGGAA-30 and
50-AATTTTCCGGCTGACTCATCAAGCG-30).
mAP probe with mutations indicated in lower
case: (50-AATTCGCTTGATGAGTtgGCCGGAA-
30 and 50-AATTTTCCGGCcaACTCATCAAG-
CG-30).

Cells were plated at a density of 5� 104 per
25 cm2 flask in a-MEM/9% FBS. They were
treated with media alone or with 20 ng/ml
soluble RANK-L for the times indicated in
the figures. Whole cell protein was extracted
according to the method of Schöler et al. [1989]
using Roche’s Cømplete protease inhibitors.
Protein yield was quantitated with Pierce’s
Micro-BCA kit. Typically, 10 mg of protein and
1 ng of labeled probe were used per 25 ml EMSA
reaction for one lane on a gel. Specifically,
protein samples were diluted in water at 48C.
LabeledDNAprobewas diluted at 48C in 40mM
HEPES, pH 7.8, 2 mM MgCl2, 0.2 mM EGTA,
0.8 mM DTT, 80 mM KCl, 8.4% Ficoll (Sigma-
Aldrich), 125 mg/ml sheared denatured salmon
sperm DNA (Eppendorf). Equal volumes of
protein andDNA solutionsweremixed together
at room temperature for 30 min. For antibody
blocking and supershift experiments, 1 ml of
antibody (typically 2 mg) was added to the
protein diluted in water and incubated at room
temperature for 10min prior to addition ofDNA
probe solution. Antibodies used were anti-pan-
Fos (K-25) Santa Cruz #sc-253X; anti-c-Fos (Ab-
5) Oncogene Research #PC38; anti-pan-Jun (D)
Santa Cruz #sc-44X; anti-c-Jun (H-79) Santa
Cruz #sc-1694X; and anti-c/EBP-b(D198) Santa
Cruz #sc-746X. Samples were loaded onto a
native 4%polyacrylamide gel that had been pre-
run for 30 min at 48C in 0.25� TBE. Gels were
run at 270 V for 400 V-h at 48C (until the free
probewasnear thebottomof the20 cmgel), then
dried and exposed to Kodak MS-1 film using
a transcreen intensifying screen. Autoradio-
grams were scanned on a flatbed scanner for
digitization.

RESULTS

E3 Retrovirus Assembly

The MMLV retroviral vector, pBABE, was
used for cloning a portion of theTRAPupstream
regulatory region into the enhancer region of
the MMLV promoter. As indicated in Figure 1,
the enhancer region of the MMLV three-prime
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long terminal repeat (30LTR) was excised,
leaving only the basal promoter, and an element
from the TRAP regulatory region, called the
E region (bases �962 to �868, [Reddy et al.,

1995]), was PCR amplified and cloned into the
MMLV LTR as a concatamer of three repeats;
hence the name E3, for the final retrovirus
construct. As amarker gene, a truncated formof
humanNGFR [Orchard et al., 2002] was cloned
into pBABEunder the transcriptional control of
the altered retroviral LTR.

E3 Expression in RAW Cells

The osteoclastogenic precursor cell line, RAW
264.7, was used to test the responsiveness of the
E3 construct to induction by RANK-L. RAW
cells stably transduced with the E3 retrovirus
(R*E3 cells), were treated for 2 days with
RANK-L. As shown in Figure 2A, R*E3 cells
expressed a basal level of the marker gene,
when grown in culture media alone. Treatment
with RANK-L dramatically induced the expres-
sion of NGFR (Fig. 2B). Intensity of staining
of all cells increased, and the number of posi-
tive cells increased with RANK-L treatment.

Fig. 1. Element from the tartrate-resistant acid phosphatase
(TRAP) promoter replacing the enhancer region of the MoMLV
LTR.PanelAdiagrams a portion of theTRAPgene and the relative
location of the 95 bp E element used for the retrovirus construct.
Panel B shows the E3 retrovirus that was constructed using the
pBABE-puro vector. Truncated human nerve growth factor
receptor (tNGFR) was inserted as a reporter gene, and the U3
region of the 30LTR was replacedwith a triple repeat of the TRAP E
element. (After retroviral DNA integration, the 30LTR is
positioned 50 to the reporter gene in the host genome.)

Fig. 2. E3 retrovirus is expressed during osteoclast differentiation. RAW cells transduced with the E3
retrovirus (R*E3) (A–C), HeLa cells with E3 (H*E3) (D–F), or untrasduced RAW cells (G–I) were treated with
media alone (A, D, G), 20 ng/ml RANK-ligand (RANK-L) (B, E, H), or 5 ng/ml g-interferon and 0.5 mg/ml
lipopolysaccharide (C, F, I). RANK-L-induced reporter gene (NGFR) expression in R*E3 cells, but not in H*E3
cells (IHC for NGFR). No staining was detected in untransduced cells (G–I).
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Toward characterizing the specificity of RANK-
L induced expression, the influence of other
cytokines on R*E3 cells was determined.
Neither m-CSF, Interleukin-4, g-interferon (g-
IFN) nor lipopolysaccharide (LPS), alone or in
combinations induced reporter gene expression,
and none synergized with RANK-L to increase
the induction of tNGFR (data not shown).
Interestingly, both g-IFN and LPS caused

a decrease in NGFR expression (Fig. 2C). As
expected, g-IFN and LPS treatment was asso-
ciated with macrophage differentiation. The
specificity of the induction was further char-
acterized by observation of the HeLa fibroblas-
tic cell line transduced with the E3 retrovirus
(H*E3). H*E3 cells expressed basal NGFR, but
expression was neither induced with RANK-L
nor reduced with g-IFN and LPS (Fig. 2D–F).
Taken together these results indicate that the

customized E3 construct promotes retroviral
gene expression under osteoclastogenic but not
macrophage-differentiating conditions.

E3 Expression During Osteoclast Differentiation

To test whether the E3 construct mimicked
expression of the TRAP gene, endogenous TRAP
expression was compared to NGFR expression
following RANK-L treatment. Endogenous
TRAP was induced in R*E3 cells (Fig. 3D–F)
with a similar time course to the parental RAW
cells (Fig. 3G–I). After 1 day of treatment,
TRAP expression (Fig. 3D) and NGFR expres-
sion (Fig. 3A)was low.After 2 days of treatment,
endogenous TRAP and NGFR expression were
increased (Fig. 3B,E). Interestingly, as cells
fused and differentiated into osteoclast-like
cells, the expression of NGFR decreased
(Fig. 3C) despite high levels of endogenous

Fig. 3. E3 construct expression is transient during osteoclast differentiation. R*E3 cells were treated with
20 ng/ml RANK-L for 1, 2, or 5 days. Cells were stained for endogenous TRAP (D–F) or for NGFR (A–C).
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TRAP expression (Fig. 3F,I). Thus the E3
construct was only transiently responsive to
RANK-L treatment.

DNA Binding Proteins and
Analysis of the E3 Region

EMSA were employed to define that por-
tion(s) of the E region that was interacting with
DNA binding proteins in transduced cells. The
E region was used as template to design over-
lapping 27 bp DNA probes for EMSA analysis
(Fig. 4A). Although several probes showed
electrophoretic mobility shift when incubated
with protein extracted from RAW cells (not
shown), only one probe (designated T4) showed
an increase in protein binding after RAW cells
had been incubated with RANK-L. Figure 4B
shows three bands seenwith theT4probe under
control conditions, and an increase in band
intensity after RANK-L treatment. The induc-
tion of these DNA binding proteins was max-
imal 8 h after addition of RANK-L, and
thereafter decreased. A positive control NFkB
probe showed the predicted increase in protein
binding following treatment with RANK-L
(Fig. 4B). The pattern and intensity of bands
seen with probe T7 was unchanged after
treatment with RANK-L, confirming specificity
of the T4 probe response.

Evaluation of Mutated AP-1
Binding Sites in T4 Probe

Sequence analysis of theT4 probe revealed an
inverted repeat of two AP-1 binding sites. To
determine if the T4 probe interacted with AP-1
like proteins, customized T4 probes with point
mutations in the 50 end of one, or the 30 ends of
bothAP-1 binding sites were examined (Materi-
als and Methods and Fig. 5A). Both mutations
eliminated protein binding, suggesting that the
DNA binding protein(s) in the RAW cell lysates
following RANK-L treatment was an AP-1 like
protein (Fig. 5B).

Further evidence of AP-1 interaction was
shown by using an unlabeled (cold) AP-1 probe
as competitor against radiolabel led T4 probe.
An AP-1 probe was designed with a single 7 bp
AP-1 consensus sequence in it, and a mutated
version was also designed with 2 bp changes
in the 30 end of the consensus sequence (see
Materials and Methods for details). A 200-fold
excess of cold AP-1 probe blocked the T4 shift as
efficiently as cold T4 probe. Additionally, the
mutatedAP-1 did not block the shift of the three

T4 bands (Fig. 5C). As negative control for the
sequence specificity, an NFkB probe did not
block the shifted T4 bands.

EMSA Antibody Blocked Shift of
Candidate AP-1 Binding Proteins

To further characterize the proteins binding
to the T4 sequence, antibodies to AP-1 proteins

Fig. 4. Electrophoretic mobility shift assays (EMSA) reveal
RANK-L-induced protein binds to the E element. A: EMSA probe
design: oligonucleotide probes, designated T1–T9, were
designed that overlap the sequence of the TRAP E element,
including linkers used in the retroviral construct. B: EMSA with
T4 (lanes 1–6), T7 (7–10), and NFkB probes. Proteins binding the
T4 probe (indicated by arrows) were induced by RANK-L at 8 h
and then declined (lanes 4–6). Protein binding to the T7 probe
was not affected by RANK-L treatment (lanes 8–10). Proteins
binding the NFkB probe were induced with RANK-L (lanes 12–
14). Specificity of binding was shown by blocking the shifted
bands with 50� and 100� excess cold probe (lanes 1–2,
respectively). Arrows indicate shifted bands with T4. Stars
indicate shifted bands with NFkB probe. (�) no protein, probe
only (lanes 3, 7, and 11). Lanes 1, 2, 4, 8, and 12: Protein from
untreated RAW cells. Lanes 5, 9, and 13 protein from RAW cells
treated for 8 h with RANK-L. Lanes 6, 10, and 14; 13 h with
RANK-L.
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wereused to attempt to block the protein–DNA-
probe interactions. Anti-Fos antibody effec-
tively blocked the appearance of the T4 bands
on EMSA. Incubation of RAW cell protein with
the T4 probe and Jun or c/EBPb directed
antibodies did not block the T4 bands or cause
a supershift (not shown). However, incubation
of RAW cell protein with the T4 probe and Fos
directed antibody eliminated the T4 probe
bands (Fig. 5B). This finding indicates that a
Fos family protein, andnot a Jun family protein,
is interacting with the T4 probe. As expected,
incubation of RAW cell protein with either a
control c/EBP probe and c/EBPb antibody, or

with a control AP-1 probe, and either Jun-
directed antibody or Fos-directed antibody cau-
sed supershifts (not shown). These data confirm
that these transcription factors known to inter-
act with Fos were expressed and detectable in
RAW extracts.

DISCUSSION

In this report, we hypothesized that exchange
of the E region from the TRAP gene (�962 to
�868) for the enhancer region of the MMLV
would create a retroviral construct with specific
expression during osteoclast differentiation.
Ourfindings supported thehypothesis by revea-
ling increased retroviral marker gene (NGFR)
expression following osteoclastic (RANK-L), but
not macrophage (gIFN/LPS) differentiation of
E3 transduced RAW cells. Selection of the LTR
U3 enhancer region exchange was based on
previous descriptions of tissue-specific vector
development targeting melanin-producing and
CEA-producing cells [Marks and Walker, 1981;
Clohisy and Ramnaraine, 1998; Adachi et al.,
2000; Erbs et al., 2000; Luchin et al., 2000;
Chung-Faye et al., 2001; Reddy et al., 2001;
Chiu et al., 2004]. In those reports, the most
effective vectors for conferring tissue-specific
gene expression replaced the viral enhancer
sequence in the U3 region with elements of the
tissue specific gene repeated as a concatamer of
three repeats [Clohisy and Ramnaraine, 1998;
Erbs et al., 2000; Luchin et al., 2000].

WhileRANK-L treatment induced expression
from the retroviral construct, this enhanced
expression was transient, peaking 2 days after
treatment and disappearing by 5 days after
treatment. Because expression from a retro-
virally integrated gene has the potential to be
stably expressed over time following RANK-L
treatment, the observations that reporter gene
expression actually decreased after 2 days and
was not detectable in multinucleated osteo-
clasts suggest that the regulatory elements in
the E3 retroviral construct are not as complete
as the regulatory elements in the full endogen-
ous TRAP promoter. Presumably some of the
transcription factors controlling TRAP induc-
tion bind to sequence in the E region, but for
sustained expression, other transcription fac-
tors must binding to other regions of the TRAP
promoter to recapitulate endogenous gene exp-
ression. Potential regulatory regions outside
the E3 region include previously characterized

Fig. 5. The factor binding the T4 probe is Fos. A: Altered T4
probes were made with point mutations in either the 50 end
(50mut) or 30 end (30mut) of two candidatel AP-1 binding sites
identified in the T4 sequence of the E element. B: When
incubated with duplicate protein lysates (a and b), these mutated
T4 probes showed strongly diminshed shifts (lanes 5, 6, 8, and 9)
relative to the wild-type T4 probe (2 and 3). Antibody against Fos
proteins (lanes 13,14) inhibited binding of protein from duplicate
lysates (c and d) relative to control with no antibody (11, 12). C:
All lanes are T4 probe with duplicate lysates (e and f). Cold AP-1
probe blocked formation of the shifts (lanes 6 and 7) as well as
cold T4 probe (4 and 5). A cold mutant form, mAP, of the AP-1
probe did not block the shifts (8 and 9). A negative control,
unrelated NFkB cold probe also did not block the shifts (10 and
11). (�) is no protein lysate.
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binding sites for PU.1 [Oddie et al., 2000],MITF
[Luchin et al., 2000], and Pip/IRF4 [Matsumoto
et al., 2001], locateddownstreamof theEregion,
and sites for YY-1, USF1 & 2 [Liu et al., 2003],
and Myc/Max [Daumer et al., 2002] upstream
from the E region. Using the sequence around
the TRAP gene from NCBI database, we have
been able to identify additional putative reg-
ulatory elements upstream at exon 1B. These
potential DNA binding proteins include Pip/
IRF4, NFkB, USF1 & 2, YY-1, AP-1, and PU.1
(data not shown). Because these transcription
factors outside the E region may interact with
binding sites withing the E region, we sought to
first characterize potential DNA binding sites
in the E region. Future work will focus on
identifying regions outside this E region, which
regulate sustained expression of reporter gene.

A more detailed analysis of the E region
identified a 27 bp sequence (termed T4), which
revealed increased protein binding in lysates
from RANK-L treated cells. The T4 probe
identified three shifted bands with EMSA
analysis. These bands could represent three
different DNA-binding proteins with different
gel mobility characteristics. Alternatively, the
lower band could represent a DNA-binding
protein, and the upper bands could represent
proteins such as transcriptional co-activators,
which interact with the DNA-binding protein.
The fact that all three bands increased equally
in intensity followingRANK-L treatment favors
the interpretation that one protein (represented
by the lower band) is induced by RANK-L.

Inspection of the T4 sequence revealed an
inverted repeat of two AP-1 binding sites that
appeared functional since point mutations of
AP-1 sites eliminated protein binding in lysates
from RANK-L-treated cells. Both mutations
diagrammed in Figure 5A eliminated protein
binding to the probe, suggesting that both AP-1
sites are functionally important in the E3
retrovirus, as well as in the endogenous TRAP
regulatory region. Additional evidence of AP-1
involvement was shown by blocking the inter-
action between labeled T4 probe and protein
with unlabelled (cold) AP-1 probe; but not with
cold AP-1 probe containing a mutation in the
binding site. Specific to the retrovirus construct,
however, is the triple repeat of the E region,
which generates six functional AP-1 sites
within a relatively small regulatory region.
Identification of the AP-1 binding sequence as
an active site within the T4 probe following

RANK-L treatment suggests that AP-1 proteins
are likely involved in regulating expression
from the E3 retrovirus. AP-1 is a complex of
two proteins dimerized by a basic leucine zipper
(bZIP) [Landschulz et al., 1988]. The proteins
that comprise AP-1 vary depending on cell
phenotype and activation or proliferation state.
Often, the proto-oncogene product, c-Jun, or its
homologue JunB or JunD bind as homodimers
to AP-1 DNA sites. Alternatively, Jun proteins
can heterodimerize with c-Fos, one of the Fos
homologues (FosB, Fra1, or Fra2), c/EBPb, or
members of the ATF/CREB family [Nakabeppu
et al., 1988; Eferl and Wagner, 2003].

Experiments to block the shifted bands
showed alterations with antibodies to Fos but
not Jun family proteins. Specifically, an anti-
body to c-Fos did not alter the T4 protein shift
pattern, but the pan-Fos antibody, which recog-
nizes all four Fos family members did block
the interaction of T4 probe and protein. The
importance of Fos family transcription factors
in osteoclast differentiation has been demon-
strated by the phenotype of c-fos knockout mice
being osteopetrotic [Grigoriadis et al., 1994].
Additionally, Fra-1 can rescue this phenotype
[Fleischmann et al., 2000], and Fra-1 over-
expressing mice have increased bone mass
[Jochum et al., 2000]. Thus, the function of Fos
proteins in osteoclasts is complex and may be
redundant.

The link between RANK on the cell surface
and Fos action in the nucleus has been char-
acterized in osteoclasts via the canonical Fos
activation by the mitogen activated protein
kinase (MAPK) second messenger pathway
involving Ras/Raf, MEK 1/2, and ERK 1/2
[Miyazaki et al., 2000]. The involvement of
other AP-1 factors such as c-Jun and JunB have
been well documented in osteoclasts [Ikeda
et al., 2004; Kenner et al., 2004] acting through
the JNK1 second messenger pathway down-
stream of RANK [David et al., 2002]. The
current findings of Fos binding to the T4 region
within the E element of the TRAP regulatory
region suggest a site where the biologically
relevant actions of Fos activation in osteoclasts
could be taking place, and further, where they
might interact with Jun or other AP-1 proteins,
providing a link between the two second-
messenger systems activated by RANK. This
demonstration of Fos binding to the T4 enhan-
cer region explains only part of the activation of
the endogenousTRAP gene, since the induction
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of reporter gene in the retrovirus construct, and
the binding of protein(s) to the T4 probe, which
were all blocked by Fos antibody, were trans-
ient following RANK-L stimulation. Clearly, to
maintain high levels of induction, other regula-
tory regions of the TRAP gene are required to
bind different transcription factors.
We have begun to explore the possibility of

osteoclast-based gene delivery systems. This
approachmay be feasible based on the ability to
provide osteoclasts in human and experimen-
tal animals via bone marrow transplantation
[Walker, 1975a,b; Coccia et al., 1980; Orchard
et al., 1987; Tondravi et al., 1997; Eapen et al.,
1998]. However, such an approach will require
gene transduction constructs expressed prefer-
entially by osteoclast lineage cells. We devel-
oped a customized, TRAP-based retroviral
vector and determined that its expression is
induced early during osteoclast differentiation,
but not in mature osteoclasts. This finding
may serve as an initial step toward developing
gene delivery vectors that ultimately permit
development of osteoclast-based gene delivery
therapies.
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