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TR8 is a recently identified member of the tumor necrosis factor (TNF) receptor superfamily.
TR8 seems to play important roles in bone metabolism as stimulation of this receptor with its
ligand, TL8 or osteoclast differentiation factor (ODF), induced the differentiation and activa-
tion of osteoclasts. Despite its important biological functions, the biochemical events ensuing
from TR8 activation have not been revealed in detail. Most of TNF receptor family proteins
provoke the activation of the NF-kB transcription factor. In the present study, we examined
the signaling potential of TR8 to induce NF-B activation. When overexpressed in a human
embryonic kidney cell line by transient transfection, TR8 caused a strong activation of NF-kB,
which was further increased upon stimulation with TL8. The TR8-induced NF-B activation was
abrogated by the co-expression of the TRAF6 mutant lacking the Ring and zinc finger domains
and that of the kinase-inactive mutant NIK. Taken together, our study suggests that the
presence of intact TRAF6 and the kinase activity of NIK may be essential for TR8 to induce

NF-xB activation.
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INTRODUCTION

TR8 was identified by search of an expressed sequence
tag (EST) cDNA database for genes with sequence
homology to TNFR. This gene was also cloned by direct
sequencing of a dendritic cell cDNA library and named
RANK (receptor activator of NF-xB) (Anderson et al.,
1997). The human TR8 protein is a type | transmem-
brane molecule and consisted of 616 amino acids with a
relatively long cytoplasmic domain of 383 amino acids.
The extracellular domain contains 184 amino acids and
shows the highest homology to CD40. The ligand for
TR8, TL8 or RANKL, is a TNF family type Il transmem-
brane protein of 317 amino acids (Anderson et al., 1997).
TL8 is also identical to TRANCE (TNF-related activation-
induced cytokine) induced by T cell receptor stimulation
(Wong et al., 1997) and ODF (osteoclast differentiation
factor) identified as a ligand for OPG (osteoprotegerin)/
OCIF (osteoclastogenesis inhibitory factor) (Lacey et al.,
1998; Yasuda et al., 1998). The interaction between TR8
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and TL8 has been reported to play important roles in the
differentiation and activation of osteoclasts (Fuller et al.,
1998; Lacey et al., 1998) and in the regulation of den-
dritic and T cell functions (Anderson et al., 1997).
Stimulation of many of the TNFR family proteins has
been shown to result in the activation of a transcription
factor NF-xB and a serine/threonine kinase JNK and the
induction of apoptosis (Aizawa et al., 1997; Cao et al.,
1996; Natoli et al., 1997; Rothe et al, 1995). The
activation of NF-xB and JNK by TNFR family proteins is
regulated by cytoplasmic TRAF (TNF receptor-associated
factor) proteins (Baker and Reddy, 1996; Rothe et al.,
1994). TRAF 2, 5, and 6 can interact with NIK (NF-xB-
inducting kinase) (Malinin et al., 1997; Song et al., 1997)
that phosphorylates and activates IKK (IkB-kinase), which
in turn phosphorylates and induces degradation of IkB,
resulting in the translocation of NF-kB into the nucleus
(Regnier et al., 1997). TNF and IL-1 receptors were
shown to employ this TRAF-NIK-IKK-1xB degradation
pathway (Malinin et al., 1997; Regnier et al., 1997). Acti-
vation of NF-kB induced by TR8/RANK has been shown
by electrophoretic mobility shift assays in transfected 293
cells and pre-activated peripheral blood T cells (Anderson
et al., 1997). In the present study, we explored the
mechanism by which TR8/RANK activates NF-xB using a
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NF-xB responsive luciferase reporter system.
MATERIALS AND METHODS

Cells and transfection

293-EBNA cells (Invitrogen) were cultured in DMEM
containing 10% FCS and 250 pg/ml G418. For trans-
fection, 1.5 x 10° cells per well were plated onto 24-well
plates. The next day, transfection was carried out with a
mixture of the indicated amount of TR8 or TRAF DNA
and 3 ul SuperFect reagent (Qiagen) or 4 ul Tfx reagent
(Promega) according to the manufacturers' instructions.
Each transfection contained 100 ng of the NFxB-
responsive reporter construct (kB),-IL-2-Luc plasmid and
the total amount of DNA was kept constant by supple-
mentation with vector control DNAs.

For generation of stable TL8-expressing cells, 293-
EBNA cells (4 x 10° cells/35 mm dish) were transfected
with 2 ug of pCEP4-TL8 (see below) and SuperFect
reagent. The next day selection was started with DMEM
medium containing 250 ug/ml hygromycin as well as
250 pg/ml G418. The control stable cell line was
established n the same manner after transfecting pCEP4
vector DNA (Invitrogen).

Reporter assays

16-24 h after transfection, cells were washed with
phosphate buffered saline (PBS) and lysed in Cell Culture
Lysis Reagent (Promega). Luciferase activity was mea-
sured with 4-20 pl of cell lysates after mixing with 100 pl
of Luciferase Assay Substrate (Promega) using a lumino-
meter (EG&G Berthold).

Crude membrane preparation

Cells were washed with PBS and lysed in a hypotonic
lysis buffer (10 mM Tris -HCI, pH 8.0, 60 mM KCl, 1 mM
EDTA, 1 mM DTT). After 15 strokes of homogenation,
whole cell lysates were centrifuged for 5 min at 1000 g
to remove unbroken cells and nuclei. The supernatants
were collected and centrifuged for 10 min at 10,000 g.
The pellet fractions were used as crude membrane
preparations.

Plasmid constructions

The cDNA encoding a full-length human TR8 was
obtained from Human Genome Sciences, Inc (Rockville,
MD) and subcloned into a mammalian expression vector
(pSRa-TR8-WT).

Eukaryotic expression vectors of human full-length
TRAF5 and TRAF6, the TRAF2 mutant lacking the N-
terminal Ring domain, and the kinase-inactive form of
NIK (NIK-KKAA) were generously provided by Dr. H.Y.
Song (Lilly Co. Center, Indianapolis, IN). Deletion mutants
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of TRAF5 and TRAF6 that are lacking the N-terminal
Ring and zinc finger domains were generated by PCR.

The full-length TL8 cDNA was subcloned into pCEP4
eukaryotic expression vector by PCR.

RESULTS

Activation of NF-xB by TR8

Activation of the NF-xB transcription factor is one of
the consequences of signaling by TNF receptor family
proteins. In order to assess the ability of TR8 to signal
NF-kB activation, a plasmid of the luciferase gene placed
under the control of NF-xB transcription factor was
transfected into 293-EBNA cells and a reporter assay was
performed. Stimulation of these cells with TNF caused
an increase in the luciferase activity (3.9 fold) (Fig. 1A),
indicating the presence of some TNF receptors in these
cells. When the cells were transfected with TR8, greater
activation of NF-kB was observed (58.7 fold) (Fig. TA).
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Fig. 1. A: Reporter assay for NF-xB activity induced by TNF,
TR8, and TRAF6. 293-EBNA cells (1 X 10°) were transfected
with 100 ng of the (kB),-IL-2-Luc reporter construct and 500
ng of TR8, 300 ng of TRAF6, or control vector plasmid as
described in "Materials and Methods". Cells were stimulated
with 50 ng/ml TNF-a (TNF lane) or control vehicle (other lanes)
for 5 h. Luciferase activity was measured with cell lysates as
described in "Materials and Methods". Error bars indicate
standard deviations between samples in triplicate. The repre-
sentative data of three independent experiments are presented.
B: Dose response of TR8 in the NF-xB activation. Cells were
transfected with indicated amounts of TR8 plasmid and 100
ng of the reporter construct. 20 h after transfection, cells were
lysed in 150 ul of lysis buffer and luciferase activity was
measured with 20 pl of the lysate. Each bar represents the
meantS.D. from one experiment in triplicate.
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As reported by other researchers (Song et al., 1997),
overexpression of TRAF6 also led to NF-kB activation
(Fig. 1A).

When various amounts of TR8 cDNA was transfected
into 293-EBNA cells, the extent of increase in the luci-
ferase activity was dose-dependent between 50 and 500
ng of DNA per well of 24-well plates (Fig. 1B). Fold
increase in the TR8-induced luciferase activity varied
between experiments depending on the transfection rea-
gents and probably on the cellular state at the time of
transfection even when the same amounts of DNA were
used.

Stimulation of TR8 activation of NF-xB by TL8

We next determined whether the stimulation of TR8
with its cognate ligand TL8 can enhance the TR8-
induced NF-xB activation in this transfection system.
Cells were transfected with TR8 and stimulated with
crude membrane preparations from the TL8- or the
control vector-stable transfectant cells. Stimulation with
TL8 increased the TR8-induced NF-xB activation, whereas
the control treatment had no effect (Fig. 2).

Involvement of TRAF proteins in the TR8 activation of
NF-xB

TNF receptor associated factor (TRAF) 2, -5, and -6
have been implicated in the NF-xB activation induced by
many TNFR family proteins. To this end we sought to
determine whether TRAF family proteins are involved in
the TR8 signaling to the NF-kB activation. The effects on
TR8-induced NF-xB activation of TRAF2, -5, and -6
mutants that lack the N-terminal zinc finger and/or Ring
finger domains were assessed. As shown in Fig. 3A,

>‘14
o L
'S 12 -
= R
o 10 |
.g< s L
- 0
S o 6:
2§ 5
& 47
O 2}
= L
- 0_- 1 L 1
- + + + :TR8

None None CTL TL8 :Ligand

Fig. 2. Effect of ligand stimulation on the TR8-induced NF-xB
activation. Cells were transfected with 200 ng of TR8 and 100
ng of the reporter DNA. 16 h after transfection, cells were stimu-
lated with either the crude membrane preparation of TL8-
expressing cells (TL8) or that of the control cells (CTL) for 5 h.
Luciferase activity was determined with cell lysates as des-
cribed in "Materials and Method". The data are presented as
the meantS.D. of triplicate samples from one experiment.
Similar results were obtained in two other experiments.
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the mutants of TRAF2, -5, and -6 had dominant negative
effects on TNF-stimulation of NF-xB activity. The TRAF6
mutant was most effective showing 92% inhibition and
the TRAF2 and TRAF5 mutants resulted in 80% and 67%
inhibition, respectively. Co-transfection of these mutants
with TR8 also resulted in an inhibitory effect on NF-xB
activity (Fig. 3B). Again the TRAF6 mutant was most
efficient and the TRAF2 and 5 mutants inhibited the TR8-
induced NF-kB activation by more than 90%. Therefore,
the TRAF2, -5, and -6 proteins seem to be involved
in the NF-xB activation caused by TR8 overexpression
and perhaps TRAF6 plays most potent role among these
TRAF members.

NIK mediated NF-xB activation by TR8

TRAF6 has been reported to mediate the NF-xB
activation induced by IL-1 receptor through a serine/
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Fig. 3. A. Involvement of TRAF molecules in the NF-xB-
inducing activity of TNF-o. 300 ng of the N-terminal dele-
tion mutant of TRAF2, -5, or -6 or the control vector were cotrans-
fected with 100 ng of the reporter plasmids. The next day
cells were stimulated with 50 ng/ml TNF-o for 4 h and luci-
ferase assay was performed. B. Effect of TRAF mutants on
TR8-induced NF-xB activity. 50 ng of TR8 or the control
vector were co-transfected with 300 ng of the TRAF2, -5, or
-6 mutant and 100 ng of the reporter plasmids. Effect of the
TRAF mutant was examined by the reporter assay. Error bars
denote standard deviations between three samples. These results
are representative of three independent experiments.
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threonine kinase NIK (Cao et al., 1996; Malinin et al.,
1997). In order to determine whether this kinase medi-
ates the TR8-induced NF-xB activation, a kinase-inactive
NIK that contains two lysine-to-alanine mutations in its
kinase domain (NIK-KKAA) was co-transfected and the
effect on luciferase activity was examined. Blocking the
NIK kinase activity abrogated the NF-xB activation of TR8
(Fig. 4). The same NIK mutant also significantly reduced
TNF-stimulation of NF-xB activity (Fig. 4).

DISCUSSION

In this study, the ability of TR8, a TNF receptor family
member essential for osteoclast differentiation, to activate
the NF-xB transcription factor and the signal transduction
pathways involved in the TR8-induced NF-kB activation
were investigated. Transient overexpression of TR8 in
human embryonic kidney cell line 293-EBNA induced a
strong activation of NF-xB (Fig. 1) and this activation was
further increased by stimulation with TL8, the ligand for
TR8 (Fig. 2). Overexpression of cell surface receptors has
been thought to lead to receptor aggregation that mimics
the ligand-stimulated state (Brandt - Rauf et al.,1990) and
thus has been employed in biochemical studies on intra-
cellular events initiated by surface receptor activation.

The cytoplasmic domain of TR8 contains sequence
motifs similar to those reported for TRAF binding to other
TNFR family members: the PXQX and EE(D)E(D) motifs
(Boucher et al., 1997). The PXQX motifs are present at
residues 302, 353, 568, and 607 and the EE(D)E(D)
motifs at residues 336, 346, and 480. Deletion of the C-
terminal part of the cytoplasmic domain of TR8 at the
353 amino acid residue caused a complete abrogation
of the NF-xkB activating potential (data not shown),
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Fig. 4. Inhibition of TR8-induced NF-xB activation by the
kinase-inactive NIK. Cells were transfected with 50 ng of
TR8 DNA alone or together with 300 ng of the kinase-
inactive NIK (NIK-KKAA) plasmid. 24 h after transfection, cells
were lysed and the luciferase activity was measured. The
averages and standard deviations of triplicate samples are
shown. Data from one representative experiment are pre-
sented. Similar results were observed in two other experi-
ments.
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indicating that this C-terminal portion is required for NF-
kB activation. The TR8-induced activation of NF-xB
appeared to be mediated by the TRAF2, -5, and -6
proteins (Fig. 3). TRAF6 has been reported to be involved
in the activation of NF-xB in CD40 and IL-1 receptor
signaling (Cao et al., 1996; Ishida et al., 1996). One of
the common downstream targets of NF-xB-activating
TRAFs (TRAF 2, -5, and -6) is NIK. The mutant form of
NIK that lost either the TRAF-interacting capability by
N-terminal deletion or the kinase activity by the substitu-
tion of two lysine residues for alanines in the kinase
domain was shown to inhibit these TRAF-induced NF-xB
activation (Song et al., 1997). The kinase-inactive NIK
abolished TR8-induced NF-kB activation (Fig. 4). Therefore,
| conclude that the NF-xB activation induced by TR8
is mediated through TRAF6 and NIK.

Cellular responses to the activation of most TNFR
superfamily receptors include NF-xB activation, elevated
INK (c-Jun N-terminal kinase) activity, and apoptosis.
We have shown the JNK activation upon overexpression
of TR8 (Kim et al., 1999). The activation of NF-xB and
JNK induced by TR8 may explain in part the physio-
logical roles of TR8 in the differentiation and activation
of osteoclasts and the survival and function of dendritic
cells (Anderson et al., 1997; Lacey et al., 1998; Yasuda
et al., 1998). Mice lacking NF-xB-1 and -2 were found
to develope osteopetrosis due to a defect in osteoclast
differentiation (lotsova et al., 1997), which suggests
that NF-xB plays a critical role in this process. In this
regard, an intriguing question is whether inhibition of
the TR8-induced NF-xB activation would block osteoclast
differen-tiation. NF-kB also seems to have anti-apoptotic
effects (Liu et al., 1996), which supports the role of
TR8 in dendritic cell survival. c-jun, the physiological
substrate of JNK, heterodimerizes with Fos to form
AP-1 transcription factors, which have been shown to be
involved in cell proliferation, survival, and differentiation.
In addition, knock-out and anti-sense studies have
implicated c-Fos in osteoclast formation, especially in the
proliferation of hematopoietic osteoclast progenitor cells
(Grigoriades et al., 1994; Udagawa et al., 1996). The
TR8 protein may participate in several stages of osteo-
clast differentiation and differential signaling pathways
of TR8 may be activated depending on the cellular
context at each stage.
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