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Possible Involvement of IkB Kinase 2 and MKK?7 in
Osteoclastogenesis Induced by Receptor Activator of
Nuclear Factor kB Ligand

AIICHIRO YAMAMOTO,' TSUYOSHI MIYAZAKI,' YUHO KADONO,' HIROSHI TAKAYANAGL,!
TOSHIKI MIURA,! HIROSHI NISHINA,2 TOSHIAKI KATADA,* KENJI WAKABAYASHI,> HIROMI ODA,!
KOZO NAKAMURA,' and SAKAE TANAKA'

ABSTRACT

Recent studies have revealed the essential role of the receptor activator of nuclear factor kB (NF-«xB) ligand
(RANKL) in osteoclast differentiation and activation. Adenovirus vector could efficiently transduce genes into
RAW264.7 cells, which differentiate into osteoclast-like multinucleated cells in the presence of RANKL. The
role of NF-xB and c-jun N-terminal kinase (JNK) activation in RANKL-induced osteoclast differentiation was
investigated using an adenovirus vector carrying the dominant negative IxB kinase 2 gene (AXIKK2"™) or
dominant negative MKK7 gene (AXMKK7"™), IKK2"™ and MKK7”" overexpression in RAW cells specifi-
cally suppressed the NF-«B activation and JNK activation in response to RANKL, respectively, without
affecting other signaling pathways. Either inhibition of NF-xB or JNK pathways dose-dependently inhibited
osteoclast formation induced by RANKL. These results suggest that both NF-«xB and JNK activatien are
independently required for osteoclast differentiation. (J Bone Miner Res 2002;17:612~621)

Key words: adenovirus vectors, RAW264.7 cells, nuclear factor «B, ¢-fun N-terminal kinase, osteoclasto-
genesis

INTRODUCTION factor (TNF)-related cytokine that stimulates osteoclast dif-
ferentiation from hematopoietic precursor cells and acti-
vatcs mature osteoclasts both in vitro and in vive. % Mice

BONE 15 remodeled continuously through the resorption of
lacking in either RANKL or its receptor RANK have de-

old bone by osteoclasts and the subsequent formation of

new bone by osteoblasts.”? Osteoclasts are derived from
hematopoietic myeloid precursors of monocyte/macrophage
lineage under the control of systemic hormonal factors and
local factors produced by supporting cells such as osteo-
blasts and bone marrow stromal cells, Among these factors,
two critical extracellular regulators of osteoclast differenti-
ation and activation recently have been identified: osteopro-
tegerin (OPG) and receptor activator of nuclear factor xB
{NF-«B) ligand (RANKL)."?» RANKL, also known as os-
teaclast differentiation factor (ODF), is a tumor necrosis

The authors have no conflict of interest,

fects in osteoclast differentiation that lead to severe
osteopetrosis.®® OPG is a secreted TNF receptor
(TNFR)-related protein that binds and blocks the activity of
RANKL.® Mice lacking OPG develop severe osteopo-
rosis due to the increased number and activity of oste-
oclasts.! "*¥) These findings indicate that RANKL and OPG
interact together as positive and negative regulators of os-
teoclastogenesis and bone resorption.

RANK is expressed on the surface of osteoclast progen-
itor cells and induces intracellular signals leading to oste-
oclastogenesis on ligand binding or agonistic anti-RANK
antibody stimulation.®'V Like other TNFR superfamily

'"Department of Orthopaedic Surgery, Faculty of Medicine, The University of Tekyo, Tokyo, Japan.
*Department of Physiological Chemistry, Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan.
Lead Discovery Research Laboratories, Sankyo Company, Ltd., Tokyo, Japan.
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members, RANK stimulation can induce NF-xB and c-jun
N-terminal kinase (JNK) activation, probably via associa-
tion with several TNFR-associated factors (TRAFs) such as
TRAF2, TRAFS, and TRAFG.%!1*-18) Recently, the role of
NF-«B and activator protein 1 (AP-1) in osteoclast differ-
entiation has been established by findings in a series of
knockout mice. Mice deficient in both p50 and p52 subuniis
of NF-«B are osteopetrotic because of the failure in oste-
oclast differentiation, indicating a crucial role of NF-kB in
osteoclastogenesis.('®2® The similar phenotype was ob-
served in ¢-Fos knockout mice, which can be rescued by
Fra-1 as well as c-Fos overexpression.”' % These results
indicate that both NF-xB and AP-1 activation are necessary
for osteoclast development. However, the detailed molecu-
lar events leading to NF-xB and AP-1 activation remain
unclear.

NF-kB exists in the cytoplasm of resting cells but enters
the nucleus in response to various stimuli, including cyto-
kines, pathogens, and stresses. NF-xB activation requires
sequential phosphorylation, ubiquitination, and degradation
of inhibitory subunit IkB as well as consequent exposure of
a nuclear Tocalization signal on NF-kB.%*2® IxB kinase
(IKK) signalsome is the protein complex that contains the
inducible IxB kinase activity and consists of IKK1 (IKKa),
IKK2 (IKKf), and NF-xB essential modulator (NEMO)
(IKKvy). Among these three compenents of IKK signal-
some, both IKK1 and IKK2 appear to play a critical rele in
IxB phosphorylation. However, the studies of IKKI and
IKK2 knockout mice indicate that IKK2 is more potent for
NF-«B activation by proinflammatory stimuli than
IKK1.%9-3% This evidence suggests that IKK2 also may
play a critical rele in RANKL-induced NF-xB activation.

JNK is known to activaie AP-1 and to be activated by the
phosphorylation of Thr and Tyr residues via mitogen-
activated protein kinase kinase (MKK) 4 and/or MKK7.
MKK?7 appears to be more specific in JNK activation than
MKK4 because MKK4 is known to activate p38 mitogen-
activated protein kinase (MAPK) as well. However, the role
and precise mechanism of JNK activation in osteoclasto-
genesis remains unclear.

In this study, using adenovirus vectors carrying dominant
negative IKK2 gene or dominant negative MKK7 gene, we
were able to inhibit separately RANKL-induced NF-«xB
activation and JNK activation, respectively. We found that
the activation of NF-xB and JNK is regulated indepen-
dently, and both of these pathways are crucial for osteoclast
development.

MATERIALS AND METHODS
Animals and chemicals

Newbom ddY mice and 8-week-old male ddY mice were
purchased from Sankyo Laboratories Animal Center (To-
kyo, Japan). a-Modified minimum essential medium (-
MEM) and Dulbecco’s minimal essential medium (DMEM)
were purchased from Gibce BRL, Life Technologies, Inc.
{Rockville, MD, USA), and fetal bovine serum (FBS) was
from Sigma Chemical Co. (St. Louis, MO, USA). Antibod-
ies against I«B-e, INKs (p46 and p54), and phosphorylated
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INKs (Thr183/Tyl185) were purchased from New England
Biolabs, Inc. (Beverly, MA, USA). Anti-IxB kinase 2
(IKK2) and anti-MKK7 (MEK7) antibody were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Human soluble recombinant RANKL (sRANKL})
was purchased from Wako (Tokyo, Japan). Other chemicals
and reagents used in this study were of analytical grade.

Cells and cell cultures

Mouse bone marmmow cells were obtained from tibias of
8-week-old ddY mice as previously reported, and macro-
phage colony-stimulating factor (M-CSF)-dependent bone
marrow macrophages (M-BMMd) were obtained by cultur-
ing the bone marrow cells in a-MEM supplemented with
10% FBS and M-CSF (100 ng/m1).“* The RAW264.7 cell
line (RIKEN, RCB535) was used for osteoclast progenitor
cells and grown in DMEM containing 10% FBS. The cul-
ture medium was replaced every 3 days with fresh complete
medium containing appropriate reagents. For osteoclast dif-
ferentiation assay, RAW cells (10* cells in each well) were
plated on a 24-well culture plate and grown in DMEM
containing 10% FBS and 100 ng/ml of sSRANKL at 37°C in
5% CO, in air. Treated cells were sequentially subjected to
tartrate-tesistant acid phosphatase (TRAP) staining to iden-
tify the osteoclast-like cells formed. Forty-eight hours after
adding 100 ng/mi of SRANKL in culture medium, TRAP*
mononuclear cells appeared and TRAP* multinucleated
osteoclast-like cells containing three or more nuclei were
formed ~72-96 h afier sSRANKL stimulation. The propor-
tion of the TRAP* cells in total cells was ~90% in 48 h
after SRANKL stimulation. The proportion of TRAP*
multinucleated osteoclast-like cells in tolal cells was ~30%
in 96 h after SRANKL stimulation. The efficiency of oste-
oclast formation seems to be different between various
subclones of RAW cells. However, the cells we used were
able to differentiate into TRAP* mononuclear cells at the
efficiency as high as 90% or higher in response to 48 h of
RANKL stimulation as previcusly described.®*®

Constructs and gene transduction

The recombinant adenovirus vector carrying dominant
negative mutant of IKK2 gene (Ser177 and Ser181 to Ala;
AxIKK2PM) was kindly provided by Inder Verma (Salk
Institute, La Jolla, CA, USA), and the B-galactosidase gene
(AxLacZ) was from Izumu Saite (University of Tokyo,
Tokyo, Japan). The recombinant adenovirus vector carrying
kinase negative MKK7 (AxMKK7"™, replaced adenosine
triphosphate {ATP]-binding lysine with glutamate residue)
was constructed following the method previously de-
scribed % AxIKK2PY and AxLacZ contain CAG [cyto-
megalovirus (CMV) immediate early (IE) enhancer +
chicken B-actin promoter + rabbit 8-globin poly (A) signal]
promoter and dominant negative mutant of MKK7 gene
{(AXMKK7°™) contains CMV promoter. Titers of the viral
stock were determined by modified endpoint cytopathic
effect assay with the following modifications. Fifty micro-
liters of DMEM containing 10%FBS was dispensed into
each well of a 96-well tissue culture plate, and then eight
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rows of 3-fold serial dilutions of the vims starting from
10™* dilutions were prepared. The 3 X 10° 293 cells in 50
pl of DMEM containing 10%FBS was added to each well,
The plate was incubated at 37°C in 5% CO, in air, and 50
pul of DMEM containing 10% FBS was added to each well
every 3 days. Twelve days later, the endpoint of the cylo-
pathic effect was determined by microscopy, and the 50%
tissue culture infectious dose (TCID,) was calculated. One
TCIDs/ml approximately corresponds to one plaque-
forming unit (PFU) per millititer.*” The efficiency of in-
fection is affected not only by the concentration of viruscs
and cells, but also by the ratio of viruses to cells, the
multiplicity of infection (MQI). In this study, MO is ex-
pressed as a measure of titer of how many PFUs are added
to every cell. Infection of adenovirus vectors to osteoclast
progenitor cells was carried out as described **® In short, for
RAW cells, cells seeded on culture plates were incubated
with a small amount of DMEM containing the recombinant
adenoviruses for 1 h at 37°C at the indicated MOL The cells
were washed twice with phosphate-buffered saline (PBS)
and further incubated with DMEM containing 10% FBS at
37°C. Experiments were performed 48 h after the infection,

Western blotting

All extraction procedures were performed at 4°C or on
ice. Cells were washed with ice-cold PBS and then lysed by
adding Tris-HCI, NaCl, and EDTA (TNE) buffer (1% NP-
40, 10 mM of Tris-HCI [pH 7.8), 150 mM of NaCl, 1 mM
of EDTA, 2 mM of Na,VO,, 10 mM of NaF, and 10 pg/ml
of aprotinin). The lysates were clarified by centrifugation at
15,000 rpm for 20 minutes. An equal amount of protein was
subjected to 10% sodium dedecyl sulfate—polyacrylamide
gel electrophoresis  (SDS-PAGE), transferred eleciro-
phoretically onto a nitrocellulose membrane, and probed
scquentially with an appropriate primary antibody followed
by secondary antibody coupled with horseradish peroxidase
(Promega, Madison, WI, USA). Immunoreactive proteins
were visualized by enhanced chemiluminescence (ECL)
Western blotting detection reagents (Amersham, Arlington
Heights, IL, USA) following the procedure recommended
by the supplier. The blots were stripped by incubating for 20
minutes in stripping buffer (2% SDS, 100 mM of
2-mercaptoethanol, and 62.5 mM of Tris-HCI1 [pH 6.7]) at
50°C and reprobed with other antibodies.

3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide assay

RAW cells were plated on a 96-well culre plate (5 X
10* cells in each well) in DMEM supplemented with 10%
FBS for 24 h and either noninfected or infected with
AXIKK2PN, AxMKK7”N, or AxLacZ at vardous MOIs.
Forty-eight hours after infection, the number of viable cells
was quantified by Cell Counting Kit-8 (Wako) according to
the conditions recommended by the supplier.

In vitro kinase assay

For the determination of JNK activily, in addition to
Western blot analysis, in vitro kinase assay was performed
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FIG. 1. Efficiency of adenovirus-mediated gene transduction to
RAW cells. The 10° RAW cells were seeded on a 24-well culture plate
and infected with AxLacZ at the various MOI as indicated. Forty-eight
hours after infection, cells were subjected to B-gal staining, (A) AxLacZ
strongly induced £-gal activity in cells in an MOI-dependent manner.
(B) The ratio of B-gal™ cells to total cells in each well was counted.
Bars represent mean ratio = SEM (s = 6). *p < 0.000! versus control.

as follows. The 2 X 10%° RAW cells were plated on a 6-cin
culture dish and infected with AxMKK7°N or AxLacZ at
the MO1 100. After 24 h of culture in serum-free DMEM,
cells were stimulated with 100 ng/ml of sSRANKL for the
indicated times. Treated cells were washed (wice with ice-
cold PBS and then lysed in lysis buffer (20 mM of Tris-HCI
[pH 7.5], 150 mM of NaCl, | mM of EDTA, 1 mM of
EGTA, 1% Triton X-100, 2.5 mM of sodium pyrophos-
phate, 1 mM of B-glycerophosphate, 1 mM of Na;VO04, 1
pe/ml of leupeptin, and | mM of phenylmethylsulfonyl
fluoride [PMSF]). The JNK activity of the cell lysates was
determined using a stress-activated protein kinase (SAPK)/
INK kinase assay kit (New England Biolabs) according to
the supplier’s protocol.

Electrophoretic mobility shift assay

The 2 X 10° RAW c¢ells were cultured in DMEM sup-
plemented with 10% FBS in a 6-cm dish for 24 h and
infected with AxIKK2"N, AxMKK7"N, or AxLacZ at the
indicated MOI. Twenty-four hours before stimulation, the
culture medium was changed to serum-free DMEM. The
cells were treated with 100 ng/ml sRANKL for various
periods and then washed with ice-cold PBS and lysed with
total lysis buffer (20 mM of HEPES [pH 7.9], 50 mM of
NaCl, 10% glycerol, 0.1% NP-40, 10 mM of EDTA, 2 mM
of EGTA, 10 mM of Na,MoO, 2H,0, 10 mM of Na,VO,,
100 mM of NaF, 1 mM of dithiothreito! [DTT}, 100 ug/ml
of leupeptin, and 0.5 mM of PMSF} to obtain total cell
lysate. The total cell lysate {30 pg of protein) was incubated
with an end-labeled, double-stranded, oligonuclectide de-
rived from an NF-xB binding sequence in interferon 8
promoter as described (5'-CCGGGAAATTCCGCCGGG-
AAATTCCGCCGGGAAATTCCG-3').%” The binding re-
action was carried out in 10 mM of Tris [pH 7.5], 1 mM of
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FIG. 2. Adenovirus vector—mediated overexpression of IKK2"™ and

MKK7™ in RAW cells. Cells were infected with either AxXIKK2®™ or
AXMKK7PY at the MOI indicated and lysed as described. An equal
amount of protein was subjected to SDS-PAGE, transferred onto a
nitrocellulose membrane, and probed with the antibody specific to (A)
1KK?2 or (B) MKK7. Both AxIKK2PY and AxXMKK7PV clearly induced
overexpression of IKK2P™ and MKK7°Y in an MOI-dependent man-
ner, respectively.

EDTA, 1| mM of DTT, 50 mM of NaCl, 5% glycerol, 2 pg
of poly (dI/dC), and 10° cpm of [**P]-labeled probe in a
total volume of 25 ul. The reaction mixture was incubated
at room temperature for 30 minutes and then was fraction-
ated by 4% acrylamide gel. The DNA-protein complex was
detected by exposure to X-ray film.

Luciferase reporter gene assay

RAW264.7 cells were grown at ~80% confluence on
10-cm tissue culture plates until the day of transfection,
Transfection were performed with 11 pg of NF-kB-Luc
reporter plasmid and 1 ug of pWL-neo (Stratagene, La
Jolla, CA, USA) using FuGENEG transfection reagent
(Roche Diagnostics, Basel, Switzerland) and incubated for 1
day. G418 selection (Geneticin; final effective concentra-
tion 1 mg/ml; Gibco BRL) was started the next day after
transfection. Six ¢lones that were responsible to sSRANKL
(RAW-kB-Luc cells) were identified. RAW-xB-Luc cells
were infected with AxIKK2™, AXMKK7N, or AxLacZ at
the indicated MOI. Forty-eight hours after infection, the
cells were cultured in a serum-free condition for 24 h and
then stimulated with 25 ng/ml of RANKL for the indicated
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FIG. 3. Effect of adenovirus vector infection in the number of viable
RAW cells. The 10° RAW cells were seeded on a 96-well culture plate
and infected with either AxLacZ, AxIKK2®™, or AXMKK7™ at the
MO indicated. Forty-eight hours after infection, the number of viable

cells was quantified by MTT assay (see Materials and Methods sec-
tion). Bars represent mean absorption unit £ SEM (n = 8).

times. Luciferase activity was determined with the Luciferase
Assay System (Wako) according to the supplier’s protocel.

RESULTS

Adenovirus vector efficiently transduces gene to
RAW264.7 cells

We previously reported that adenovirus vectors can effi-
clently transduce foreign genes into mature osteoclasts. #3442
To determine the efficiency of adenovirus vectors for gene
transduction into osteoclast precursors, M-BMM4¢ and
RAW cells were infected with the adenovirus vector carry-
ing B-galactosidase (B-gal) gene (AxLacZ) and stained for
B-gal activity using X-gal as a substrate after 48 h of
infection. Figure 1A shows that AxLacZ induced strong
B-gal activity in RAW cells in an MOI-dependent manner,
and almost 100% of the cells were stained positively for
B-gal activity at MOI 100 (Fig. 1B). It should be noted that
the number of adherent RAW cells was decreased when
cells were treated with high titers of virus solution (Fig.
1A), probably because of the inhibitory effect of the ade-
novirus vectors on cell adhesion or their cytotoxic effects. In
contrast, B-gal” cells were scarcely observed in M-BMMd
even at MOT 100 (data not included). This indicates that
adenovirus vectors are useful for gene transduction into
RAW cells but not for M-BMM¢. Therefore, we used RAW
cells and the adenovirus vector system to investigate the intra-
cellular signaling of RANKL in the following experiments.
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FIG. 4. Specific inhibition of NF-«B activation in RAW cells by adenovirus vector-mediated IKK2DN expression. The 108 RAW cells were
plated on a 6-cm culture plate and infected with AxLacZ or AxIKK2"™ at MOI 100. Cells were cultured for a further 48 h and then stimulated
with 100 ng/m] SRANKL for the indicated times. (A} Degradation of [xB-a was detected by Western blotting using specific antibddy to IkB-a.
Rapid induction of IxB-a degradation was seen in AxLacZ-infecied celis. In contrast, averexpression of IKK2P™ clearly inhibited the process.
To detect the total amount of protein loaded, the blot was stripped and reprobed with the antibody specifi¢ 1o actin (lower panel), (B} Activation
of INK was detected by Western blotting using specific antibody to phosphorylated JNK. Rapid induction of JNK activation was seen in both
AxLacZ and AxIKK2-infected cells. To detect the total amount of protein loaded. the blot was stripped and reprobed with the antibody specific
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