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Abstract

The tumor necrosis factor (TNF) family has been one of the most intensively studied families of proteins in the past two decades. The

TNF family constitutes 19 members that mediate diverse biological functions in a variety of cellular systems. The TNF family members

regulate cellular functions through binding to membrane-bound receptors belonging to the TNF receptor (TNFR) family. Members of the

TNFR family lack intrinsic kinase activity and thus they initiate signaling by interacting intracellular signaling molecules such as TNFR

associated factor (TRAF), TNFR associated death domain (TRADD) and Fas-associated death domain (FADD). In bone metabolism, it

has been shown that numerous TNF family members including receptor activator of nuclear factor nB ligand (RANKL), TNF-a, Fas

ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) play pivotal roles in the differentiation, function, survival and/or

apoptosis of osteoclasts, the principal bone-resorbing cells. These TNF family members not only regulate physiological bone remodeling

but they are also implicated in the pathogenesis of various bone diseases such as osteoporosis and bone loss in inflammatory conditions.

This review will focus on our current understanding of the regulatory roles and molecular signaling of these TNF family members in

osteoclasts.
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1. Introduction

Since the molecular cloning of cDNAs for TNF-a and

lymphotoxin a (LT-a, also named TNF-h), the first two

members of the TNF family, in early 1980s (Gray et al., 1984;

Pennica et al., 1984), the TNF family has been expanded to

include 19 members (Bodmer et al., 2002; Locksley et al.,

2001). The TNF family proteins are expressed as type II

homo- or hetero-trimeric transmembrane proteins with

exception of only one member VEGI, which lacks a predicted

transmembrane domain and is therefore synthesized as a

secreted soluble protein (Bodmer et al., 2002). Some of the

membrane-bound TNF family members may be cleaved at

membrane proximal residues to generate soluble forms.

Structurally, these proteins are characterized by a conserved

domain termed TNF homology domain (THD) in their C-

terminal domains, which are the extracellular domains of the

membrane-bound members (Pennica et al., 1984). Function-

ally, despite that the founding members TNF-a and LT-a

were initially identified as proteins that possess tumor

cytotoxicity, it has been now recognized that members of

the TNF family regulate a variety of cellular functions such as

cell differentiation, function, survival and/or apoptosis (Gaur

and Aggarwal, 2003).

The TNF family members exert the diverse cellular

functions by binding and activating their respective

receptors belonging to the TNFR family (Bodmer et al.,

2002; Locksley et al., 2001). This receptor family consists

of 29 known members that are typically single-spanning

type I transmembrane proteins with extracellular domains

containing two to four homologous cysteine-rich repeats

(CRD). However, a few TNFR members exist as secreted

soluble proteins. For those members occurring as trans-

membrane proteins, they have a cytoplasmic domain of

variable length bearing little sequence homology (Arch and

Thompson, 1999; Bodmer et al., 2002; Darnay and

Aggarwal, 1999). Moreover, these TNFR family members

can be divided into two subfamilies based on the presence

of a death domain (DD) in their cytoplasmic domains: (1)

the DD-containing receptors such as TNFR1, Fas, TRAIL-

R1 and TRAIL-R2; and (2) the receptors lacking a DD

such as RANK, TNFR2, CD27 and CD40 (Arch and

Thompson, 1999; Bodmer et al., 2002).

Members of the TNFR family lack intrinsic enzymatic

activity in their intracellular domains. As a result, they

transduce signaling by recruiting adapter proteins, primarily

DD-containing proteins and members of the TRAF family.

The DD-containing proteins include FADD and TRADD.

These proteins link the DD-containing receptors to down-

stream proteases of the caspase family necessary for

activation of apoptosis. The TRAF family contains six

members (TRAFs 1, 2, 3, 4, 5 and 6), each containing a ring

and zinc finger motif in their N-terminal and C-terminal

domains that mediate self association and protein interaction

(Inoue et al., 2000). The TRAFs link either the DD-

containing receptors (via other adapter proteins) or the
receptor lacking a DD to activation of various signaling

pathways such as NF-nB, JNK, ERK and p38 (Baud and

Karin, 2001; Locksley et al., 2001).

The TNF family regulates cellular differentiation, func-

tion, survival and/or apoptosis in a variety of cell types/

tissues/organs. As such, the TNF family has been shown to

play important roles in regulating the following key

biological processes such as lymphoid organogenesis, acute

immune response, inflammation, bone homeostasis, mam-

mary gland development, hair follicle and sweat gland

development, and neural development (Locksley et al.,

2001). Given the diverse roles the TNF family plays, it

could not be possible to discuss the actions of all the TNF

family members with enough details in a single review. This

review will focus on the regulatory roles of several TNF

family members in osteoclast biology and the signaling

pathways activated by their corresponding receptors to exert

their effects on osteoclasts.
2. The TNF family and osteoclast biology

Osteoclasts are our body’s principal bone-resorbing cells

that not only play a critical role in skeleton development and

maintenance but are also implicated in the pathogenesis of

various bone diseases including menopausal osteoporosis

(Manolagas, 1998; Pacifici, 2001; Ross and Teitelbaum,

2001). Osteoclasts are multinucleated giant cells that

differentiate from cells of hematopoietic origin (Ross and

Teitelbaum, 2001; Suda et al., 1992; Teitelbaum et al.,

1997). The osteoclast differentiation involves several major

stages outlined in Fig. 1. The hematopoietic stem cells

(HSC) give rise to circulating mononuclear cells termed

colony forming unit-granulocyte/macrophage (CFU-GM).

Macrophage/monocyte-colony forming factor (M-CSF)

stimulates the proliferation of CFU-GM to maintain a pool

of mononuclear cells in monocyte/macrophage lineage,

which are widely viewed as osteoclast precursors and

characterized by lack of two osteoclast markers: tartrate-

resistant acid phosphatase (TRAP) and calcitonin receptor

(CTR). The mononuclear precursors are attracted to

prospective resorption sites by an unknown mechanism

(presumably by chemotaxis) and they will then attach onto

bone matrix to differentiate into prefusion osteoclasts with

the stimulation of M-CSF and RANKL. The prefusion cells

become both TRAP- and CTR-positive. With continuous

stimulation of M-CSF and RANKL, the prefusion osteo-

clasts will further differentiate by fusion to become multi-

nucleated cells. The multinucleated osteoclasts are not

functional since they lack the ruffled membrane that is

critical for bone resorption. RANKL continue to play an

important role in activating osteoclasts by stimulating

formation of the ruffled membrane (Jilka et al., 1999; Lacey

et al., 1998; Suda et al., 1999). In addition, RANKL also

promotes the survival of mature osteoclasts (Fuller et al.,

1998; Lum et al., 1999; Wong et al., 1999a).
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Thus, the critical role for the TNF family in osteoclast

biology can be easily appreciated given that RANKL, a

member of the TNF family, has been recognized as one of

the most prominent factors regulating osteoclast formation,

activation and survival (Fig. 1). Moreover, the importance

of the TNF family in osteoclast biology is further

supported by the findings that a number of other TNF

family members including TNF-a, FasL and TRAIL also

play roles in modulating the differentiation, function,

survival and/or apoptosis of osteoclasts. Together, these

TNF family members not only regulate physiological bone

remodeling but are also implicated in the pathogenesis of

numerous bone disorders. In this review, I will first

provide a concise and updated review of physiological

and/or pathological roles of these TNF family members in

bone metabolism. These TNF family proteins exert their

effects on bone remodeling by activating distinct intra-

cellular signaling pathways in osteoclasts. Enormous

efforts have been devoted to elucidate the signaling

pathways in the past several years. Therefore, as the

second focus, I will review our current understanding of

the signaling pathways activated by these factors in

osteoclasts. A discussion on these TNF members in a

single review may provide an opportunity for comparison

and contrast of the roles and signaling mechanisms of

these distinct TNF family members in osteoclasts.
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Fig. 2. Model on the action of the RANKL/RANK system in osteoclasts.

sRANKL: soluble RANKL.
3. RANKL

3.1. RANKL and its receptors RANK and OPG

RANKL, also known as OPGL, ODF and TRANCE,

was identified independently by two bone groups (Lacey

et al., 1998; Yasuda et al., 1998) and two immunology

groups (Anderson et al., 1997; Wong et al., 1997) in the

late 1990s. To date, RANKL has been shown to play

pivotal roles in regulating various biological processes
such as bone homeostasis (Teitelbaum, 2000; Yasuda et

al., 1998), immune function (Anderson et al., 1997; Wong

et al., 1999b) and mammary gland development (Fata et

al., 2000). RANKL is involved in bone metabolism by

mediating osteoclast differentiation, function and survival

(Lacey et al., 1998; Yasuda et al., 1998; Hsu et al., 1999).

The discovery of RANKL helped establish that osteo-

blasts/stromal cells support osteoclast differentiation pri-

marily by serving as a source of RANKL as well as M-CSF

(Suda et al., 1999) (Fig. 2). Osteoblasts/stromal cells express

both M-CSF and RANKL (membrane-bound RANKL and

soluble RANKL). M-CSF and RANKL will bind to their

respective receptor c-fms and RANK expressed on osteo-

clast precursors to stimulate osteoclast formation. In vitro,

M-CSF and RANKL have been shown to be sufficient for

osteoclastogenesis (Quinn et al., 1998). In mature osteo-

clasts, RANKL mediates osteoclast activation and survival

(Lacey et al., 1998; Suda et al., 1999; Lum et al., 1999;

Wong et al., 1999a). In addition, osteoblasts/stromal cells

also produce a factor called OPG, which is decoy receptor

for RANKL. OPG inhibits RANKL function by competing
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with RANK for RANKL (Suda et al., 1999; Teitelbaum,

2000).

Moreover, the unraveling of the RANKL/RANK system

has also helped reveal that many osteotropic hormones and

cytokines regulate osteoclast formation and function

through modulating RANKL expression by osteoblasts/

stromal cells (Hofbauer, 1999; Hofbauer et al., 2000; Ross,

2000) (Fig. 2). For instance, it has been known for a quite

long time that in vitro generation of osteoclasts by co-

culturing osteoblasts/stromal cells and osteoclast precursors

requires 1a,25-(OH)2 vitamin D3 and dexamethasone.

However, it was not clear until the discovery of the

RANKL/RANK system that 1a,25(OH)2 vitamin D3 and

dexamethasone stimulate ostoeclast formation in the co-

culture system by up-regulating RANKL production by

osteoblasts/stromal cells (Kitazawa et al., 1999; Yasuda et

al., 1998). In addition, other osteotropic hormones and

cytokines such as IL-1, TNF-a, prostaglandin E2, IL-11 and

parathyroid hormone have also been shown to stimulate

RANKL gene expression in osteoblasts and stromal cells

(Hofbauer et al., 1999; Lee and Lorenzo, 1999; Yasuda et

al., 1998). In contrast, transforming growth factor h (TGF-

h) suppresses RANKL gene expression (Takai et al., 1998).

Both RANKL and RANK are essential for the osteo-

clastogenic process since mice lacking the gene for either

protein developed osteopetrosis due to failure to form

osteoclasts (Dougall et al., 1999; Kong et al., 1999a,b; Li

et al., 2000). Consistently, knockout mice deficient for OPG

developed early onset of osteoporosis due to elevated

osteoclast differentiation (Bucay et al., 1998), whereas

transgenic mice over-expressing OPG exhibited osteopet-

rosis, resulting from a decrease in late stages of osteoclast

differentiation (Simonet et al., 1997). Taken together, these

data indicate that the RANKL/RANK system plays an

essential role in skeletal development and bone remodeling.

On the other hand, the RANKL/RANK system is also

implicated in the pathogenesis of various bone diseases such

as postmenopausal osteoporosis, bone loss in rheumatoid

arthritis (RA) and tumor-induced osteolysis. A recent study

showed that RANKL plays a pathological role in post-

menopausal osteoporosis (Eghbali-Fatourechi et al., 2003).

Specifically, estrogen deficiency leads to the elevated

expression of RANKL on both osteoblasts and lympho-

cytes. Moreover, RANKL expressed on activated T cells is

also implicated in inducing bone loss and joint destruction

in RA (Kong et al., 1999a). Finally, RANKL has been

shown to contribute to bone metastasis and/or osteolysis in

breast and prostate cancers (Kitazawa and Kitazawa, 2002;

Zhang et al., 2001a).

3.2. RANK signaling in osteoclasts

Since the cloning of RANKL and RANK, enormous

efforts have been undertaken to elucidate RANK-initiated

intracellular signaling in osteoclast differentiation, function

and survival. RANK was identified as a TNFR family
member lacking a DD (Anderson et al., 1997). Thus,

presumably RANK transduces intracellular signals by

utilizing TRAF proteins. Indeed, numerous studies showed

that RANK directly interacts with TRAF proteins and these

interactions may be responsible for activating the NF-nB
complex and JNK (Darnay et al., 1998, 1999; Galibert et

al., 1998; Hsu et al., 1999; Kim et al., 1999; Wong et al.,

1998). Collectively, TRAF1, 2, 3, 5 and 6 were shown to be

able to bind to RANK in in vitro binding assays and/or in

transformed cells in context of over-expression. TRAF4

appears to be a nuclear protein (Inoue et al., 2000), which

does not interact with RANK. These early RANK-TRAF

interaction studies suggested that RANK may contain

multiple TRAF-binding motifs that regulate osteoclast

differentiation, function and/or survival. Subsequently,

recent functional studies indicated that RANK indeed

contains multiple domains that are able to mediate

osteoclast formation and function (Armstrong et al., 2002;

Liu et al., 2004). More specifically, three RANK cytoplas-

mic motifs, PFQEP369–373, PVQEET559–564 and

PVQEQG604–609, are capable of independently mediating

osteoclast formation and function (Liu et al., 2004) (Fig. 3).

In addition, PVQEET559–564 and PVQEQG604–609 are more

potent than PFQEP369–373 in mediating osteoclast formation

(Liu et al., 2004). The functional identification of these

RANK motifs has not only revealed the complexity of the

RANK signaling but also laid a foundation for further

elucidation of RANK-initiated signaling in osteoclasts. Just

for convenience of discussion below, PFQEP369–373,

PVQEET559–564 and PVQEQG604–609 are designated as

Motif 1, Motif 2 and Motif 3, respectively.

3.2.1. Signaling initiated by RANK cytoplasmic motif

PFQEP369–373 (Motif 1)

Motif 1 has been previously shown to be a TRAF6-

binding motif (Ye et al., 2002). A cell-permeable decoy

peptide derived from this motif blocked osteoclast formation

(Ye et al., 2002), establishing the functional relevance of this

binding to osteoclast formation. Moreover, the functional

involvement of TRAF6 in RANK signaling was further

substantiated by the finding that TRAF6�/� mice exhibited

defect in osteoclast differentiation and/or function (Lomaga

et al., 1999; Naito et al., 1999).

Motif 1 activates NF-nB and three mitogen-activated

protein kinase (MAPK) pathways (JNK, ERK and p38) in

response to RANKL stimulation (Liu et al., 2004).

Activation of these pathways by Motif 1 involves the

formation of a protein complex containing TRAF6, TGF-h-
activated kinase 1 (TAK1) and an adaptor protein TAB2

(Fig. 3). TAK1 is a member of MAPK kinase kinase

(MAP3K) family that is activated by various cytokines

(Yamaguchi et al., 1995). In RANK signaling, it was shown

that the RANKL-induced formation of the complex con-

taining TRAF6, TAK1 and TAB2 leads to the activation of

TAK1 (Mizukami et al., 2002). TAB2 facilitates the

formation of the complex by linking TAK1 to TRAF6
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(Mizukami et al., 2002). Activated TAK1 phosphorylates

NF-nB-inducing kinase (NIK) to activate the InB kinase

(IKK) ahg complex (Ninomiya-Tsuji et al., 1999), leading

to the activation of NF-nB pathway (Fig. 3). In addition,

activated TAK1 also activates JNK pathway (Lee et al.,

2002b; Shirakabe et al., 1997). Activation of p38 is

mediated by TAB1 which has been shown to be able to

bind and recruit p38 to the TRAF6-TAK1 complex (Ge et

al., 2002). However, how Motif 1 activates ERK pathway

remains unclear but it is likely that TRAF6 is also involved

in the process (Fig. 3).

RANKL activates Akt/protein kinase B (PKB) pathway

through TRAF6 (Wong et al., 1999a) and Motif 1 was shown

to be a TRAF6 binding site. Thus, although it has not been

experimentally confirmed, Motif 1 may also initiate down-

stream signaling leading to the activation of Akt/PKB

pathway. This is achieved by RANKL-induced formation

of a signaling complex containing both c-Src and TRAF6 at

the site (Fig. 3). In the signaling complex, TRAF6 enhances

the kinase activity of c-Src, leading to the activation of

phosphoinositide-3-OH kinase (PI3-kinase) (Wong et al.,

1999a). Activated PI3-kinase in turn stimulates the formation

of phosphatidylinositol-(3,4,5)-phosphate (PIP3) at the

plasma membrane, which results in the recruitment of Akt/

PKB via its pleckstrin homology (PH) domain. Akt/PKB is

then activated at the membrane (Wong et al., 1999a) (Fig. 3).

Recent studies revealed that RANKL activates tran-

scription factor, nuclear factor of activated T-cell 2 (NFAT2,

also known as NFATc1), which plays an important role in

osteoclastogenesis (Ishida et al., 2002; Takayanagi et al.,

2002). Moreover, the activation of NFAT2 is in part

mediated by TRAF6 (Takayanagi et al., 2002). RANKL-
induced recruitment of TRAF6 mobilizes intracellular

calcium, which results in the activation of calcineurin

(Takayanagi et al., 2002). Activated calcineurin in turn

dephosphorylates and activates NFAT1, which will trans-

locate into nuclei to form a ternary complex with c-Fos and

c-Jun at the promoter for NFAT2 gene to stimulates the

expression of NFAT2 (Ikeda et al., 2004) (Fig. 3). But, how

TRAF6 mobilizes intracellular Ca2+ remains unknown.

3.2.2. Signaling initiated by RANK cytoplasmic motifs

PVQEET559–564 (Motif 2) and PVQEQG604–609 (Motif 3)

While the signaling pathways initiated by Motif 1 have

been largely elucidated, those activated by Motif 2 and

Motif 3 still remain obscure. The first issue would be which

TRAF protein functionally binds to each of the motifs (Fig.

3). Previous in vitro data suggested that Motif 2 and Motif 3

may bind TRAF proteins other than TRAF6 (Galibert et al.,

1998). In line with this finding, Galibert et al. (1998)

showed that Motif 2 interacts with TRAF3 and Motif 3 is

capable of binding TRAF1, TRAF2 and TRAF5. But,

another in vitro study demonstrated that neither TRAF1 nor

TRAF3 interacts with RANK (Hsu et al., 1999). Given the

uncertainty, additional studies are needed to functionally

identify TRAF proteins that specifically bind to these

RANK motifs. Nevertheless, it has been shown that Motif

2 activates NF-nB and p38 pathways in osteoclast pre-

cursors, whereas Motif 3 activates only NF-nB pathway

(Liu et al., 2004). Future functional identification of TRAF

proteins bind to Motif 2 and Motif 3 will facilitate the

elucidation of downstream signaling pathways leading to

the activation of NF-nB and/or p38 pathway by these two

motifs.



X. Feng / Gene 350 (2005) 1–136
3.2.3. Role of distinct pathways activated by RANK in

osteoclast formation, function and survival

As summarized in Fig. 3, RANK initiates 6 major

known signaling pathways through different signaling

cascades in response to RANKL. These pathways play

distinct roles in osteoclast differentiation, function and

survival. NF-nB and JNK (leading to AP-1 activation)

pathways are essential for osteoclast differentiation (Fran-

zoso et al., 1997; Grigoriadis et al., 1994). Mice lacking

both p50 and p52, members of NF-nB, develop osteopet-

rosis due to complete lack of osteoclasts (Franzoso et al.,

1997). Similarly, mice lacking c-fos, a component of AP-1,

do not form osteoclasts (Grigoriadis et al., 1994), leading to

osteopetrosis. Moreover, NF-nB also plays a critical role in

osteoclastic bone resorption (Miyazaki et al., 2000) and

osteoclast survival (Jimi et al., 1998). Akt primarily plays a

role in promoting osteoclast survival (Lee et al., 2001;

Wong et al., 1999a), while NFAT2 has been recently shown

to be a critical transcription factor for osteoclastogenesis

(Ishida et al., 2002; Takayanagi et al., 2002) (Fig. 3). Other

two MAPK pathways (ERK and p38) are also involved in

osteoclast differentiation and/or survival. ERK plays a

functional role not only in osteoclast differentiation but

also in survival (Lee et al., 2001, 2002a). In contrast, p38

was shown to be only involved in mediating osteoclasto-

genesis (Lee et al., 2002a; Li et al., 2002, 2003; Matsumoto

et al., 2000b) (Fig. 3).

3.3. Perspectives and future directions

The unraveling of the critical role of the RANKL/RANK

system in osteoclast differentiation, function and survival

represents a major milestone in the understanding of

osteoclast biology. In the past 6 years, we have witnessed

many important advances in the investigation of physio-

logical and pathological roles of the RANKL/RANK system

in bone remodeling. However, the RANK-initiated intra-

cellular signaling pathways have not been completely

elucidated. Notably, despite numerous early studies indi-

cated that RANK may contain multiple motifs that are able

to mediate osteoclast differentiation and function by

recruiting different TRAF proteins (Darnay et al., 1998,

1999; Galibert et al., 1998; Hsu et al., 1999; Kim et al.,

1999; Wong et al., 1998), the prevailing view has still been

that RANK-initiated signaling is primarily mediated through

TRAF6 (Boyle et al., 2003). The recent demonstration of

functional involvement of three different RANK motifs in

osteoclast formation and function has pointed to additional

complexity of RANK signaling that has not yet been fully

recognized (Armstrong et al., 2002; Liu et al., 2004).

Especially, the three motifs activate different sets of

signaling pathways (Liu et al., 2004), suggesting that these

motifs do not utilize the same TRAF protein to transduce

downstream signaling (Fig. 3). Since Motif 1 has been

previously shown to recruit TRAF6 to activate various

pathways (Ye et al., 2002), Motif 2 and Motif 3 may bind
TRAF proteins other than TRAF6. This is consistent with

the previous data that RANK region containing Motif 2 and

Motif 3 does not interact with TRAF6 (Galibert et al.,

1998). The functional identification of TRAF proteins

binding to these two motifs in the future will be a key step

in elucidation of signaling pathways activated by these two

motifs (Fig. 3). Moreover, although Motif 1 is capable of

activating more signaling pathways (NF-nB, JNK, ERK and

p38) than Motif 2 (NF-nB and p38) and Motif 3 (NF-nB
only), Motif 2 and Motif 3 are more potent in stimulating

osteoclast differentiation (Liu et al., 2004) (Fig. 3). Future

studies directed to address this difference may reveal more

insights into the mechanism underlying RANKL-mediated

osteoclast differentiation.

The previous investigation of RANK signaling in

osteoclasts also generated a few controversies. The most

notable one is regarding the precise role of TRAF6 in

osteoclast biology. Two TRAF6 knockout mice were ge-

nerated by different laboratories (Lomaga et al., 1999; Naito

et al., 1999). Both groups showed that their TRAF6�/� mice

developed osteopetrosis due to impaired bone resorption,

supporting an important role for TRAF6 in bone remodel-

ing. However, one group showed that deletion of TRAF6

blocked osteoclast differentiation while the other group

demonstrated that the absence of TRAF6 impaired only

osteoclast function without affecting osteoclast formation.

The functional identification of three RANK motifs capable

of independently mediating osteoclast formation supports

that TRAF6 is not essential for osteoclast formation,

because only one of the three functional motifs has been

shown to utilize TRAF6 (Fig. 3). Mutation of the TRAF6-

binding RANK motif did not affect osteoclast formation in

vitro (Liu et al., 2004). Nonetheless, additional studies,

better by independent laboratories, are needed to further

clarify the role of TRAF6 in osteoclast differentiation. A

definitive establishment of role of TRAF6 in osteoclast

differentiation is essential for further elucidation of RANK

signaling, and probably for understanding osteoclast

biology as a whole, especially given that several cytokines

have been shown to modulate osteoclast formation and

function through TRAF6. For instance, it was shown that

INF-g inhibits osteoclast differentiation by inducing degra-

dation of TRAF6 (Takayanagi et al., 2000), which is based

on the premise that TRAF6 is essential for osteoclast

formation.
4. TNF-A

4.1. TNF-a and its receptors TNFR1 and TNFR2

TNF-a represents another important member of the TNF

family that modulates osteoclast formation and function

(Lam et al., 2002; Nanes, 2003; Romas et al., 2002). TNF-a

exerts its function via two receptors, TNFR1 (also known as

p55), which contains a DD (Himmler et al., 1990; Loetscher
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et al., 1990; Nophar et al., 1990), and TNFR2 (also known

as p75), which lacks a DD (Gray et al., 1990; Schall et al.,

1990; Smith et al., 1990). As discussed above, RANKL and

its receptor RANK are essential for osteoclastogenesis since

the mice deficient for either RANKL or RANK completely

lack osteoclasts (Dougall et al., 1999; Kong et al., 1999a,b;

Li et al., 2000). In contrast, the mice lacking TNF-a or its

receptors do not exhibit any bone defects (Marino et al.,

1997; Peschon et al., 1998), indicating that TNF-a-mediated

signaling are not essential for skeletal development and

physiological bone remodeling.

Nonetheless, TNF-a has been shown to be implicated in

the pathogenesis of postmenopausal osteoporosis (Nanes,

2003; Pacifici, 1996, 1998, 2001). The pathological role for

TNF-a in postmenopausal osteoporosis was initially pro-

posed based on the early observations that TNF-a is able to

promote osteoclastogenesis in vitro and estrogen inhibits

TNF-a production by cells such as human osteoblasts and

peripheral blood mononuclear cells in vitro (Manolagas and

Jilka, 1995; Pacifici et al., 1991; Pacifici, 1996). Recent

studies demonstrated that knockout mice deficient for either

TNF-a or TNFR1 are resistant to ovariectomy-induced bone

loss (Roggia et al., 2001), confirming the pathological role

of TNF-a in postmenopausal osteoporosis. Moreover, it was

also shown that nude mice, which lack T lymphocytes, are

protected from ovariectomy-induced bone loss (Cenci et al.,

2000), revealing that circulating T cells are the major source

of estrogen-regulated TNF-a. As a key pro-inflammatory

and potent osteoclastogenic cytokine, TNF-a is also

involved in bone loss in various inflammatory conditions

such as rheumatoid arthritis and periodontitis (Assuma et al.,

1998; Lam et al., 2002; Nanes, 2003; Romas et al., 2002).

Activated macrophages are believed to be the major source
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of TNF-a in these inflammatory conditions (Nishimura et

al., 2003; Romas et al., 2002).

4.2. TNFR1 and TNFR2 signaling in osteoclasts

Both TNFR1 and TNFR2 are implicated in osteoclast

formation and function. TNFR1 positively regulates osteo-

clast formation and function (Abu-Amer et al., 2000;

Roggia et al., 2001). In contrast, TNFR2 exerts an inhibitory

effect on osteoclast formation and function (Abu-Amer et

al., 2000). Moreover, it has been established that TNF-a

exerts its effect on osteoclast differentiation and function by

activating various signaling pathways including NF-nB
(Wei et al., 2002), JNK (Wei et al., 2002), p38 (Li et al.,

2003; Matsumoto et al., 2000a; Wei et al., 2002), ERK (Lee

et al., 2001; Wei et al., 2002) and Akt (Wei et al., 2002) in

osteoclast precursors/osteoclasts (Fig. 4). The specific roles

of these pathways in osteoclast biology have been discussed

above and summarized in Fig. 3. Although it is now clear

that TNF-a is capable of activating NF-nB, JNK, p38, ERK
and Akt pathways in osteoclast precursors/osteoclasts, the

precise signaling cascades leading to the activation of these

pathways have largely not been functionally established in

osteoclast precursors/osteoclasts.

TNFR1- and TNFR2-activated signaling pathways have

been intensively investigated in a variety of other cell types.

Fig. 4 summarizes the current understanding of the signaling

pathways initiated by TNFR1 and TNFR2 primarily based

on the studies involving cells other than osteoclast

precursors/osteoclasts. It is worthwhile to emphasize that

many of the pathways described in Fig. 4 have been shown

to be applicable to many different cell types (Dempsey et al.,

2003; Locksley et al., 2001; Wajant et al., 2003). Thus, it is
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reasonable to assume that a considerable portion of the

signaling cascades described in Fig. 4 may hold true for

osteoclast precursors/osteoclasts, too. Nonetheless, future

studies are needed to evaluate whether these signaling

cascades are indeed employed by osteoclast precursors/

osteoclasts to mediate TNF-a-dependent activation of the

NF-nB, JNK, p38, ERK and Akt pathways.

Whereas TNFR2 binds TNF-a more tightly, TNFR1 is

believed to be the predominant receptor mediating intra-

cellular signaling in most cell types (Dempsey et al., 2003;

Locksley et al., 2001; Wajant et al., 2003). TNFR1 is one of

the TNFR family members possessing a DD (Himmler et

al., 1990; Loetscher et al., 1990; Nophar et al., 1990).

Consequently, TNFR1 signaling is primarily initiated by the

DD in its cytoplasmic domain (Dempsey et al., 2003;

Wajant et al., 2003) (Fig. 4). Upon ligand binding, TNFR1

trimerizes and recruits TRADD, which in turn interacts with

FADD to activate the caspase cascade leading to apoptosis.

Both TRADD and FADD contain DD and their interaction

is mediated by their DDs. The associated FADD then

recruits pro-caspase-8 to the complex to activate caspase-8

by removal of the pro-domain (Dempsey et al., 2003). Both

FADD and pro-caspase-8 contain death effector domain

(DED) and the interaction between FADD and pro-caspase-

8 is modulated through their DEDs. Then, activated

procase-8 cleaves and activates caspase 3 (Dempsey et al.,

2003) (Fig. 4). Only in very few cases, TNFR1 transduces

apoptotic signal. In most circumstances, TNFR1 initiates

signals leading to the activation of gene transcription and

cellular functions and the pro-apoptotic signaling is sup-

pressed by an simultaneous activation of NF-nB and JNK

(see below), which protect cells from apoptosis by blocking

the activated apoptotic pathway (Dempsey et al., 2003) (Fig.

4). Given that TNFR1 was shown to primarily promote

osteoclastogenesis and it does not induce apoptosis in

osteoclasts, the TNFR1-initiated apoptotic pathway in

osteoclasts is likely to be suppressed by the same

mechanism.

Furthermore, TNFR1 also mediates the activation of NF-

nB by involving two adaptor proteins TRAF2 and/or RIP

(receptor interacting protein). As shown in Fig. 4, in

addition to FADD, TRADD can also interact with TRAF2

and RIP (Hsu et al., 1996a,b). Both RIP and TRAF2 are

involved in activating NF-nB. TRAF2 recruits the IKK

complex into the TNFR1 signaling complex while RIP is

responsible for activating the IKK complex (Devin et al.,

2000), leading to the activation of NF-nB pathway.

Alternatively, TRAF2 may associate with several MAP3K

including NIK, mitogen-activated protein kinase/ERK kin-

ase kinase (MEKK) 1 and MEKK2 to activate the IKK

complex (Baud et al., 1999; Malinin et al., 1997; Song et al.,

1997; Yang et al., 2001). The precise signaling cascade

leading to the activation of Akt by TNFR1 still remains

unknown. But, a recent study demonstrated that RIP is

involved in mediating the activation of Akt in Toll-like

receptor 4 (TLR4) in response to LPS stimulation (Vivarelli
et al., 2004), proposing a possibility that the activation of

Akt by TNFR1 may also involve RIP (Vivarelli et al., 2004)

(Fig. 4).

Finally, TNFR1-initiated signaling have been shown to

be able to activate the three MAPK pathways: JNK, p38 and

ERK (Luschen et al., 2000; Tran et al., 2001; Wajant et al.,

2003) (Fig. 4). TNFR1-mediated JNK activation involves

TRAF2. TRAF2 interacts with several MAP3Ks such as

apoptosis signal-regulated kinase-1 (ASK1), MEKK1 and

germinal center kinase related (GCKR) to activate JNK

(Baud et al., 1999; Nishitoh et al., 1998). TNFR1-mediated

p38 activation may involve RIP and MAPK kinase 3

(MKK3) since a deletion mutant of RIP led to reduction in

p38 activation (Yuasa et al., 1998) and MKK3-deficient

cells exhibited a dramatic reduction in TNF-a-induced

activation of p38 (Wysk et al., 1999). It has been suggested

that two possible pathways may be used to activate ERK

pathways. First, a DD-containing protein termed MADD

(MAP kinase-activating death domain) has been shown to

be able to associate with TNFR1 via the DD of TNFR1,

leading to activation of ERK (Suarez-Cuervo et al., 2003).

Alternatively, the TNF-a-induced ERK activation may be

mediated by a protein called RIP2 (Kakonen et al., 2002),

which is a homolog of RIP. RIP2 is recruited into the

signaling complex by TRAF1 and TRAF2 (McCarthy et al.,

1998; Thome et al., 1998). RIP2 contains an N-terminal

kinase domain and a C-terminal CARD (caspase recruiting

domain) domain. The kinase domain of RIP2 is involved in

activating ERK by directly phosphorylating ERK (Kakonen

et al., 2002).

TRAF2 plays a central role in TNFR1 signaling. TRAF2

is involved in all four pathways except the apoptotic signal

(Fig. 4). However, TRAF2-deficient mice showed that the

lack of TRAF2 only led to a modest impairment in TNF-a-

induced NF-nB activation (Yeh et al., 1997), suggesting that

an alternative signaling pathways may compensate the

TRAF2-mediated NF-nB activation. Subsequently, TRAF2

and TRAF5 double knockout mice demonstrated that TNF-

a-induced NF-nB activation is severely impaired in the

double knockout mice, revealing that TRAF5 is also

involved in TNF-a-induced NF-nB activation (Nakano et

al., 2000). It is worthwhile to point out that this important

aspect of TNFR1 signaling involving TRAF5 has not

received enough attention. It is still not clear which region

of TNFR1 interacts with TRAF5 (Fig. 4).

As discussed above, although TNFR2 has higher affinity

for TNF-a, TNFR1 is thought to be the predominant

receptor that transduces intracellular signaling in most cell

types. As a result, most efforts have been focused on

delineating the signaling pathways activated by TNFR1 and

our understanding of TNFR2-activated signaling pathways

is unfortunately limited. Nevertheless, it has been shown

that in response to TNF-a binding, TNFR2 trimerizes and

the trimerization will lead to direct binding of TRAFs 1, 2

and c-IAP to the receptor. Interestingly, TRAF1 and TRAF2

were initially cloned as cytoplasmic factors capable of
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directly interacting with a TNFR2 intracellular region,

which mediates cell signaling (Rothe et al., 1994). Binding

of TRAF2 to TNFR2 leads to the activation of NF-nB
(Rothe et al., 1995; Shu et al., 1996). It remains obscure

why TNFR2 exerts inhibitory effect on osteoclast formation

and function, despite the recruitment of TRAF2 by TNFR2

activates NF-nB, a potent transcription factor involved in

osteoclast formation, activation and survival (Franzoso et

al., 1997; Jimi et al., 1998; Miyazaki et al., 2000).

4.3. Indirect effect of TNF-a on osteoclast differentiation

and function

As highlighted in Fig. 5, the predominant action of TNF-

a in osteoclast formation and function is likely mediated by

directly targeting osteoclast precursors and mature osteo-

clasts, i.e., the binding of TNF-a to its receptors on

osteoclast precursors/osteoclasts initiate various signaling

cascades shown in Fig. 4, leading to the modulation of

osteoclast formation, function and survival (Abu-Amer et

al., 2000; Zhang et al., 2001b). Significantly, it has become

clear that TNF-a can also modulate osteoclast formation and

function by enhancing the expression of RANKL by

osteoblasts and stromal cells (Hofbauer et al., 1999; Kitaura

et al., 2004). Regulation of RANKL expression in osteo-

blasts/stromal cells by TNF-a is mediated via TNFR1 (Abu-

Amer et al., 2004). However, the molecular mechanism by

which TNF-a regulate RANKL gene expression in osteo-

blasts/stromal cells has still remained elusive. Presumably,

some, if not all, of the signaling pathways depicted in Fig. 4

may occur in osteoblasts/stromal cells and, therefore, are

also involved in the regulation of RANKL gene expression

in osteoblasts/stromal cells by TNF-a. Future studies aimed

at elucidating the molecular mechanism underlying the

TNF-a-mediated RANKL gene expression in osteoblasts/

stromal cells will provide a better understanding of role of

TNF-a in the pathogenesis of various bone disorders.

4.4. Perspectives and future directions

The recognition of TNF-a as an important factor

implicated in postmenopausal osteoporosis and bone loss

in various inflammatory conditions has prompted the

development of therapeutic approach targeting the action
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TNFR1 TNFR2

Osteoclast Formation/FunctionRANKL

RANKL
sRANKL

TNFR1 TNFR2

RANK

Fig. 5. Mode of the action of TNF-a in osteoclast formation and function.
of TNF-a for treating these diseases (Romas et al., 2002). A

promising strategy involves the use of soluble TNFR1 to

neutralize the action of TNF-a (Feige et al., 2000; Romas et

al., 2002). Alternatively, the targeting of TNFR signaling

pathway may represent additional, if not better, therapeutic

strategies for blocking the action of TNF-a. However, we

have not fully elucidated TNFR1 and TNFR2 signaling

pathways in osteoclasts. In particular, despite the revelation

of the inhibitory role of TNFR2 in osteoclastogenesis, the

molecular mechanism underlying the effect still remains

unclear. Furthermore, most of the previous studies on

TNFR1 and TNFR2 signaling were performed in cells other

than osteoclasts or its precursors, supporting the necessity to

further evaluate and confirm the key findings on TNFR1

and TNFR2 signaling using osteoclasts and/or its precur-

sors. Finally, given the recent observations that TNF-a can

also indirectly promote osteoclast formation and function by

up-regulating RANKL expression in osteoblasts/stromal

cells, the investigation of the molecular mechanism con-

trolling TNF-a-induced RANKL expression represents an

integral part of the future investigation of role of TNF-a in

the pathogenesis of various bone diseases.
5. FasL/Fas and TRAIL

Although RANKL and TNF-a are two widely studied

and well recognized members of the TNF family that play

pivotal roles in physiological and/or pathological bone

metabolism, emerging evidence indicate that several other

TNF/TNFR family members, such as FasL/Fas and TRAIL,

are also implicated modulating osteoclast formation and

function. These new findings have further underscored an

important role of the TNF family in bone metabolism.

5.1. FasL and its receptor Fas

The revelation of functional roles for FasL and its

receptor Fas in osteoclasts was partially prompted by the

recent recognition that control of osteoclast apoptosis is a

critical regulatory factor in bone remodeling and alteration

in osteoclast apoptosis is attributed to the pathogenesis of

bone disorders including postmenopausal osteoporosis

(Manolagas, 2000). The FasL/Fas system has been shown

to regulate cellular apoptosis in a variety of cell types,

especially those of the immune system (Nagata, 1999). A

recent study showed that Fas is not only expressed in

osteoclasts but also its expression is increased during

osteoclast differentiation (Wu et al., 2003). In vitro, cross-

linking of Fas by anti-Fas antibody promoted apoptosis of

osteoclasts and the apoptotic pathway in osteoclasts is

mediated by the classical Fas signaling seen in other cell

systems, which include the activation of caspases 3 and 9

and the release of cytochrome c from mitochondria (Wu et

al., 2003). In line with the in vitro findings, aged mice

bearing mutation in FasL or Fas exhibited increased number
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of osteoclasts and/or decreased bone mineral densities (Wu

et al., 2003). Interestingly, several agents including alendr-

onate and sodium chloride promote osteoclast apoptosis by

up-regulating Fas expression in osteoclasts (Sun et al., 2002;

Wang et al., 2000).

5.2. TRAIL

TRAIL, also know as Apo2L, is a widely recognized

TNF family member capable of inducing apoptosis through

interaction with its receptors (Wang and El Deiry, 2003).

TRAIL has multiple receptors: TRAIL-R1, TRAIL-R2,

TRAIL-R3, TRAIL-R4 and OPG. TRAIL-R1 and TRAIL-

R2 are transmembrane receptors containing a conserved DD

in their cytoplasmic tails and they are involved in the

activation of apoptosis. TRAIL-R4 is also a transmembrane

protein with a short cytoplasmic domain lacking conserved

DDs, while TRAIL-R3 lacks transmembrane and cytoplas-

mic regions and is anchored to the plasma membrane

through a glycophospholipid moiety (Wang and El Deiry,

2003). As discussed above, OPG was originally identified as

a decoy receptor for RANKL (Lacey et al., 1998; Simonet et

al., 1997). Interestingly, it was later shown that OPG is also

able to bind TRAIL (Emery et al., 1998), raising the

possibility that TRAIL may also play a role in bone

metabolism. However, the mice deficient for TRAIL

showed no bone phenotype (Sedger et al., 2002), ruling

out that TRAIL plays a role in physiological bone

remodeling. Intriguingly, a recent study demonstrated that

TRAIL inhibited osteoclastogenesis in vitro (Zauli et al.,

2004). Moreover, TRAIL exerts the inhibitory effect by

blocking the activation of p38 pathway induced by RANKL

and M-CSF rather than inducing cytotoxic effects or OPG

expression (Zauli et al., 2004).
6. Conclusions

RANKL and TNF-a are two well recognized members of

the TNF family that play important physiological and/or

pathological roles in bone metabolism. The research in last

several years have not only advanced our understanding of

the regulatory roles of RANKL and TNF-a in osteoclast

differentiation, function and survival but also provided

many important insights into the signaling mechanisms of

these two TNF family members in osteoclasts. Moreover,

emerging evidence indicate that two additional members of

the TNF family, FasL and TRAIL, are also implicated in

regulating osteoclast differentiation or apoptosis, further

supporting the importance of the TNF family to osteoclast

biology.

Nevertheless, the signaling pathways activated by these

TNF family members in osteoclasts and/or its precursors

have been only partially elucidated whereas the regulatory

roles of these TNF family members have largely been

established. Thus, future efforts should be focused on
investigating signaling mechanism by the various factors.

To this end, it will be important to further elucidate

predicted downstream signaling pathways, to identify new

signaling molecules, and/or to test novel modes of signaling

by those proteins already shown to participate in the

signaling process. Probably, it is equally important to

evaluate many of the existing data using authentic osteo-

clasts and/or its precursors since a considerable portion of

the previous data were obtained from studies with cells

irrelevant to osteoclasts. More importantly, the key in vitro

findings need to be further investigated and confirmed in

vivo. Notably, as discussed above, the previous studies have

also created several considerable controversies regarding the

signaling by these TNF family members in osteoclasts.

While some discrepancies may result from the different

model systems used or from the experiments performed

under different conditions, others may simply represent true

biological differences that we have not appreciated. There-

fore, future studies aimed at addressing these controversies

will not only convincingly define the signaling pathways of

these factors in osteoclasts but may also elucidate novel

mechanisms implied by some of these controversies.
Acknowledgements

The original work in the author’s laboratory is in part

supported by NIH grants AR47830 and UAB Core Center

for Musculoskeletal Disorders (P30AR46031).
References

Abu-Amer, Y., Erdmann, J., Alexopoulou, L., Kollias, G., Teitelbaum, S.L.,

2000. Tumor necrosis factor receptors types 1 and 2 differentially

regulate osteoclastogenesis. J. Biol. Chem. 275, 27307–27310.

Abu-Amer, Y., Abbas, S., Hirayama, T., 2004. TNF receptor type 1

regulates RANK ligand expression by stromal cells and modulates

osteoclastogenesis. J. Cell. Biochem. 93, 980–989.

Anderson, D.M., et al., 1997. A homologue of the TNF receptor and its

ligand enhance T-cell growth and dendritic-cell function. Nature 390,

175–179.

Arch, R.H., Thompson, C.B., 1999. Lymphocyte survival—the struggle

against death. Annu. Rev. Cell Dev. Biol. 15, 113–140.

Armstrong, A.P., Tometsko, M.E., Glaccum, M., Sutherland, C.L., Cosman,

D., Dougall, W.C., 2002. A RANK/TRAF6-dependent signal trans-

duction pathway is essential for osteoclast cytoskeletal organization and

resorptive function. J. Biol. Chem. 277, 44347–44356.

Assuma, R., Oates, T., Cochran, D., Amar, S., Graves, D.T., 1998. IL-1 and

TNF antagonists inhibit the inflammatory response and bone loss in

experimental periodontitis. J. Immunol. 160, 403–409.

Baud, V., Karin, M., 2001. Signal transduction by tumor necrosis factor and

its relatives [Review] [75 refs]. Trends Cell Biol. 11, 372–377.

Baud, V., Liu, Z.G., Bennett, B., Suzuki, N., Xia, Y., Karin, M., 1999.

Signaling by proinflammatory cytokines: oligomerization of TRAF2

and TRAF6 is sufficient for JNK and IKK activation and target gene

induction via an amino-terminal effector domain. Genes Dev. 13,

1297–1308.

Bodmer, J.L., Schneider, P., Tschopp, J., 2002. The molecular architecture

of the TNF superfamily [Review] [53 refs]. Trends Biochem. Sci. 27,

19–26.



X. Feng / Gene 350 (2005) 1–13 11
Boyle, W.J., Simonet, W.S., Lacey, D.L., 2003. Osteoclast differentiation

and activation [Review] [77 refs]. Nature 423, 337–342.

Bucay, N., et al., 1998. Osteoprotegerin-deficient mice develop early onset

osteoporosis and arterial calcification. Genes Dev. 12, 1260–1268.

Cenci, S., et al., 2000. Estrogen deficiency induces bone loss by enhancing

T-cell production of TNF-alpha [see comment]. J. Clin. Invest. 106,

1229–1237.

Darnay, B.G., Aggarwal, B.B., 1999. Signal transduction by tumour

necrosis factor and tumour necrosis factor related ligands and their

receptors. Ann. Rheum. Dis. 58 (Suppl. 1), I2– I13.

Darnay, B.G., Haridas, V., Ni, J., Moore, P.A., Aggarwal, B.B., 1998.

Characterization of the intracellular domain of receptor activator of NF-

kappaB (RANK). Interaction with tumor necrosis factor receptor-

associated factors and activation of NF-kappab and c-Jun N-terminal

kinase. J. Biol. Chem. 273, 20551–20555.

Darnay, B.G., Ni, J., Moore, P.A., Aggarwal, B.B., 1999. Activation of NF-

kappaB by RANK requires tumor necrosis factor receptor-associated

factor (TRAF) 6 and NF-kappaB-inducing kinase. Identification of a

novel TRAF6 interaction motif. J. Biol. Chem. 274, 7724–7731.

Dempsey, P.W., Doyle, S.E., He, J.Q., Cheng, G., 2003. The signaling

adaptors and pathways activated by TNF superfamily [Review] [171

refs]. Cytokine Growth Factor Rev. 14, 193–209.

Devin, A., Cook, A., Lin, Y., Rodriguez, Y., Kelliher, M., Liu, Z., 2000.

The distinct roles of TRAF2 and RIP in IKK activation by TNF-R1:

TRAF2 recruits IKK to TNF-R1 while RIP mediates IKK activation.

Immunity 12, 419–429.

Dougall, W.C., et al., 1999. RANK is essential for osteoclast and lymph

node development. Genes Dev. 13, 2412–2424.

Eghbali-Fatourechi, G., Khosla, S., Sanyal, A., Boyle, W.J., Lacey, D.L.,

Riggs, B.L., 2003. Role of RANK ligand in mediating increased bone

resorption in early postmenopausal women [see comment]. J. Clin.

Invest. 111, 1221–1230.

Emery, J.G., et al., 1998. Osteoprotegerin is a receptor for the cytotoxic

ligand TRAIL. J. Biol. Chem. 273, 14363–14367.

Fata, J.E., et al., 2000. The osteoclast differentiation factor osteoprote-

gerin-ligand is essential for mammary gland development. Cell 103,

41–50.

Feige, U., Hu, Y.L., Gasser, J., Campagnuolo, G., Munyakazi, L., Bolon,

B., 2000. Anti-interleukin-1 and anti-tumor necrosis factor-alpha

synergistically inhibit adjuvant arthritis in Lewis rats. Cell. Mol. Life

Sci. 57, 1457–1470.

Franzoso, G., et al., 1997. Requirement for NF-kappaB in osteoclast and B-

cell development. Genes Dev. 11, 3482–3496.

Fuller, K., Wong, B., Fox, S., Choi, Y., Chambers, T.J., 1998. TRANCE is

necessary and sufficient for osteoblast-mediated activation of bone

resorption in osteoclasts. J. Exp. Med. 188, 997–1001.

Galibert, L., Tometsko, M.E., Anderson, D.M., Cosman, D., Dougall, W.C.,

1998. The involvement of multiple tumor necrosis factor receptor

(TNFR)-associated factors in the signaling mechanisms of receptor

activator of NF-kappaB, a member of the TNFR superfamily. J. Biol.

Chem. 273, 34120–34127.

Gaur, U., Aggarwal, B.B., 2003. Regulation of proliferation, survival and

apoptosis by members of the TNF superfamily [Review] [23 refs].

Biochem. Pharmacol. 66, 1403–1408.

Ge, B., et al., 2002. MAPKK-independent activation of p38alpha mediated

by TAB1-dependent autophosphorylation of p38alpha [see comment].

Science 295, 1291–1294.

Gray, P.W., et al., 1984. Cloning and expression of cDNA for human

lymphotoxin, a lymphokine with tumour necrosis activity. Nature 312,

721–724.

Gray, P.W., Barrett, K., Chantry, D., Turner, M., Feldmann, M., 1990.

Cloning of human tumor necrosis factor (TNF) receptor cDNA and

expression of recombinant soluble TNF-binding protein. Proc. Natl.

Acad. Sci. U. S. A. 87, 7380–7384.

Grigoriadis, A.E., et al., 1994. c-Fos: a key regulator of osteoclast-

macrophage lineage determination and bone remodeling. Science 266,

443–448.
Himmler, A., et al., 1990. Molecular cloning and expression of human

and rat tumor necrosis factor receptor chain (p60) and its soluble

derivative, tumor necrosis factor-binding protein. DNA Cell Biol. 9,

705–715.

Hofbauer, L.C., 1999. Osteoprotegerin ligand and osteoprotegerin: novel

implications for osteoclast biology and bone metabolism [Review] [88

refs]. Eur. J. Endocrinol. 141, 195–210.

Hofbauer, L.C., Lacey, D.L., Dunstan, C.R., Spelsberg, T.C., Riggs, B.L.,

Khosla, S., 1999. Interleukin-1 beta and tumor necrosis factor-alpha,

but not interleukin-6, stimulate osteoprotegerin ligand gene expression

in human osteoblastic cells. Bone 25, 255–259.

Hofbauer, L.C., Khosla, S., Dunstan, C.R., Lacey, D.L., Boyle, W.J.,

Riggs, B.L., 2000. The roles of osteoprotegerin and osteoprotegerin

ligand in the paracrine regulation of bone resorption. J. Bone Miner.

Res. 15, 2–12.

Hsu, H., Huang, J., Shu, H.B., Baichwal, V., Goeddel, D.V., 1996a. TNF-

dependent recruitment of the protein kinase RIP to the TNF receptor-1

signaling complex. Immunity 4, 387–396.

Hsu, H., Shu, H.-B., Pan, M.-G., Goeddel, D.V., 1996b. TRADD-TRAF2

and TRADD-FADD interactions define two distinct TNF receptor 1

signal transduction pathways. Cell 84, 299–308.

Hsu, H., et al., 1999. Tumor necrosis factor receptor family member RANK

mediates osteoclast differentiation and activation induced by osteopro-

tegerin ligand. Proc. Natl. Acad. Sci. U. S. A. 96, 3540–3545.

Ikeda, F., et al., 2004. Critical roles of c-Jun signaling in regulation of

NFAT family and RANKL-regulated osteoclast differentiation [see

comment]. J. Clin. Invest. 114, 475–484.

Inoue, J., et al., 2000. Tumor necrosis factor receptor-associated factor

(TRAF) family: adapter proteins that mediate cytokine signaling. Exp.

Cell Res. 254, 14–24.

Ishida, N., et al., 2002. Large scale gene expression analysis of osteoclasto-

genesis in vitro and elucidation of NFAT2 as a key regulator. J. Biol.

Chem. 277, 41147–41156.

Jilka, R.L., Weinstein, R.S., Bellido, T., Roberson, P., Parfitt, A.M.,

Manolagas, S.C., 1999. Increased bone formation by prevention of

osteoblast apoptosis with parathyroid hormone. J. Clin. Invest. 104,

439–446.

Jimi, E., Nakamura, I., Ikebe, T., Akiyama, S., Takahashi, N., Suda, T.,

1998. Activation of NF-kappaB is involved in the survival of

osteoclasts promoted by interleukin-1. J. Biol. Chem. 273, 8799–8805.

Kakonen, S.M., et al., 2002. Transforming growth factor-beta stimulates

parathyroid hormone-related protein and osteolytic metastases via Smad

and mitogen-activated protein kinase signaling pathways. J. Biol.

Chem. 277, 24571–24578.

Kim, H.H., et al., 1999. Receptor activator of NF-kappaB recruits multiple

TRAF family adaptors and activates c-Jun N-terminal kinase. FEBS

Lett. 443, 297–302.

Kitaura, H., et al., 2004. Marrow stromal cells and osteoclast precursors

differentially contribute to TNF-alpha-induced osteoclastogenesis in

vivo. J. Immunol. 173, 4838–4846.

Kitazawa, S., Kitazawa, R., 2002. RANK ligand is a prerequisite for cancer-

associated osteolytic lesions. J. Pathol. 198, 228–236.

Kitazawa, R., Kitazawa, S., Maeda, S., 1999. Promoter structure of mouse

RANKL/TRANCE/OPGL/ODF gene. Biochim. Biophys. Acta 1445,

134–141.

Kong, Y.Y., et al., 1999a. Activated T cells regulate bone loss and joint

destruction in adjuvant arthritis through osteoprotegerin ligand. Nature

402, 304–309.

Kong, Y.Y., et al., 1999b. OPGL is a key regulator of osteoclastogenesis,

lymphocyte development and lymph-node organogenesis. Nature 397,

315–323.

Lacey, D.L., et al., 1998. Osteoprotegerin ligand is a cytokine that regulates

osteoclast differentiation and activation. Cell 93, 165–176.

Lam, J., Abu-Amer, Y., Nelson, C.A., Fremont, D.H., Ross, F.P.,

Teitelbaum, S.L., 2002. Tumour necrosis factor superfamily cytokines

and the pathogenesis of inflammatory osteolysis [Review] [13 refs].

Ann. Rheum. Dis. 61 (Suppl. 2), ii82– ii83.



X. Feng / Gene 350 (2005) 1–1312
Lee, S.K., Lorenzo, J.A., 1999. Parathyroid hormone stimulates TRANCE

and inhibits osteoprotegerin messenger ribonucleic acid expression in

murine bone marrow cultures: correlation with osteoclast-like cell

formation. Endocrinology 140, 3552–3561.

Lee, S.E., et al., 2001. Tumor necrosis factor-alpha supports the survival of

osteoclasts through the activation of Akt and ERK. J. Biol. Chem. 276,

49343–49349.

Lee, S.E., et al., 2002a. The phosphatidylinositol 3-kinase, p38, and

extracellular signal-regulated kinase pathways are involved in osteoclast

differentiation. Bone 30, 71–77.

Lee, S.W., Han, S.I., Kim, H.H., Lee, Z.H., 2002b. TAK1-dependent

activation of AP-1 and c-Jun N-terminal kinase by receptor activator of

NF-kappaB. J. Biochem. Mol. Biol. 35, 371–376.

Li, J., et al., 2000. RANK is the intrinsic hematopoietic cell surface

receptor that controls osteoclastogenesis and regulation of bone mass

and calcium metabolism. Proc. Natl. Acad. Sci. U. S. A. 97,

1566–1571.

Li, X., et al., 2002. p38 MAPK-mediated signals are required for inducing

osteoclast differentiation but not for osteoclast function. Endocrinology

143, 3105–3113.

Li, X., Udagawa, N., Takami, M., Sato, N., Kobayashi, Y., Takahashi, N.,

2003. p38 Mitogen-activated protein kinase is crucially involved in

osteoclast differentiation but not in cytokine production, phagocytosis,

or dendritic cell differentiation of bone marrow macrophages. Endo-

crinology 144, 4999–5005.

Liu, W., et al., 2004. Functional identification of three RANK cytoplasmic

motifs mediating osteoclast differentiation and function. J. Biol. Chem.

279, 54759–54769. (Epub ahead of print).

Locksley, R.M., Killeen, N., Lenardo, M.J., 2001. The TNF and TNF

receptor superfamilies: integrating mammalian biology [Review] [115

refs]. Cell 104, 487–501.

Loetscher, H., et al., 1990. Molecular cloning and expression of the human

55 kd tumor necrosis factor receptor. Cell 61, 351–359.

Lomaga, M.A., et al., 1999. TRAF6 deficiency results in osteopetrosis and

defective interleukin-1, CD40, and LPS signaling. Genes Dev. 13,

1015–1024.

Lum, L., et al., 1999. Evidence for a role of a tumor necrosis factor-alpha

(TNF-alpha)-converting enzyme-like protease in shedding of TRANCE,

a TNF family member involved in osteoclastogenesis and dendritic cell

survival. J. Biol. Chem. 274, 13613–13618.

Luschen, S., et al., 2000. Activation of ERK1/2 and cPLA(2) by the p55

TNF receptor occurs independently of FAN. Biochem. Biophys. Res.

Commun. 274, 506–512.

Malinin, N.L., Boldin, M.P., Kovalenko, A.V., Wallach, D., 1997. MAP3K-

related kinase involved in NF-kappaB induction by TNF, CD95 and IL-

1. Nature 385, 540–544.

Manolagas, S.C., 1998. Cellular and molecular mechanisms of osteoporosis

[Review] [69 refs]. Aging (Milano) 10, 182–190.

Manolagas, S.C., 2000. Birth and death of bone cells: basic regulatory

mechanisms and implications for the pathogenesis and treatment of

osteoporosis [Review] [266 refs]. Endocr. Rev. 21, 115–137.

Manolagas, S.C., Jilka, R.L., 1995. Bone marrow,cytokines, and bone

remodeling. Emerging insights into the pathophysiology of osteopo-

rosis. N. Engl. J. Med. 332, 305–311.

Marino, M.W., et al., 1997. Characterization of tumor necrosis factor-

deficient mice. Proc. Natl. Acad. Sci. U. S. A. 94, 8093–8098.

Matsumoto, M., Sudo, T., Maruyama, M., Osada, H., Tsujimoto, M., 2000a.

Activation of p38 mitogen-activated protein kinase is crucial in

osteoclastogenesis induced by tumor necrosis factor. FEBS Lett. 486,

23–28.

Matsumoto, M., Sudo, T., Saito, T., Osada, H., Tsujimoto, M., 2000b.

Involvement of p38 mitogen-activated protein kinase signaling pathway

in osteoclastogenesis mediated by receptor activator of NF-kappa B

ligand (RANKL). J. Biol. Chem. 275, 31155–31161.

McCarthy, J.V., Ni, J., Dixit, V.M., 1998. RIP2 is a novel NF-kappaB-

activating and cell death-inducing kinase. J. Biol. Chem. 273,

16968–16975.
Miyazaki, T., et al., 2000. Reciprocal role of ERK and NF-kappaB

pathways in survival and activation of osteoclasts. J. Cell Biol. 148,

333–342.

Mizukami, J., et al., 2002. Receptor activator of NF-kappaB ligand

(RANKL) activates TAK1 mitogen-activated protein kinase kinase

kinase through a signaling complex containing RANK, TAB2, and

TRAF6. Mol. Cell. Biol. 22, 992–1000.

Nagata, S., 1999. Fas ligand-induced apoptosis [Review] [190 refs]. Annu.

Rev. Genet. 33, 29–55.

Naito, A., et al., 1999. Severe osteopetrosis, defective interleukin-1

signalling and lymph node organogenesis in TRAF6-deficient mice.

Genes Cells 4, 353–362.

Nakano, H., et al., 2000. Impaired TNF-induced NF-kB activation and high

sensitivity to TNF-induced cell death in TRAF2- and TRAF5-double

deficient mice. Scand. J. Immunol. 51 (suppl. 1), 71.

Nanes, M.S., 2003. Tumor necrosis factor-alpha: molecular and cellular

mechanisms in skeletal pathology [Review] [182 refs]. Gene 321,

1–15.

Ninomiya-Tsuji, J., Kishimoto, K., Hiyama, A., Inoue, J., Cao, Z.,

Matsumoto, K., 1999. The kinase TAK1 can activate the NIK-I kappaB

as well as the MAP kinase cascade in the IL-1 signalling pathway.

Nature 398, 252–256.

Nishimura, F., Iwamoto, Y., Mineshiba, J., Shimizu, A., Soga, Y.,

Murayama, Y., 2003. Periodontal disease and diabetes mellitus: the

role of tumor necrosis factor-alpha in a 2-way relationship [Review] [26

refs]. J. Periodontol. 74, 97–102.

Nishitoh, H., et al., 1998. ASK1 is essential for JNK/SAPK activation by

TRAF2. Mol. Cell 2, 389–395.

Nophar, Y., et al., 1990. Soluble forms of tumor necrosis factor receptors

(TNF-Rs). The cDNA for the type I TNF-R, cloned using amino acid

sequence data of its soluble form, encodes both the cell surface and a

soluble form of the receptor. EMBO J. 9, 3269–3278.

Pacifici, R., 1996. Estrogen, cytokines, and pathogenesis of postmeno-

pausal osteoporosis. J. Bone Miner. Res. 11, 1043–1051.

Pacifici, R., 1998. Cytokines, estrogen, and postmenopausal osteoporosis—

the second decade. Endocrinology 139, 2659–2661.

Pacifici, R., 2001. Postmenopausal osteoporosis: how the hormonal changes

of menopausal cause bone loss. In: Marcus, R., Feldman, D., Kelsey, J.

(Eds.), Osteoporosis, vol. 2. Academic Press, San Diego, pp. 85–103.

Pacifici, R., et al., 1991. Effect of surgical menopause and estrogen

replacement on cytokine release from human blood mononuclear cells.

Proc. Natl. Acad. Sci. U. S. A. 88, 5134–5138.

Pennica, D., et al., 1984. Human tumour necrosis factor: precursor

structure, expression and homology to lymphotoxin. Nature 312,

724–729.

Peschon, J.J., et al., 1998. TNF receptor-deficient mice reveal divergent

roles for p55 and p75 in several models of inflammation. J. Immunol.

160, 943–952.

Quinn, J.M., Elliott, J., Gillespie, M.T., Martin, T.J., 1998. A combination

of osteoclast differentiation factor and macrophage-colony stimulating

factor is sufficient for both human and mouse osteoclast formation in

vitro. Endocrinology 139, 4424–4427.

Roggia, C., et al., 2001. Up-regulation of TNF-producing T cells in the

bone marrow: a key mechanism by which estrogen deficiency

induces bone loss in vivo. Proc. Natl. Acad. Sci. U. S. A. 98,

13960–13965.

Romas, E., Gillespie, M.T., Martin, T.J., 2002. Involvement of receptor

activator of NF-kB ligand and tumor necrosis factor-alpha in bone

destruction in rheumatoid arthritis. Bone 30, 340–346.

Ross, F.P., 2000. RANKing the importance of measles in Paget’s disease. J.

Clin. Invest. 105, 555–558.

Ross, F.P., Teitelbaum, S.L., 2001. Osteoclast biology. In: Marcus, R.,

Feldman, D., Kelsey, J. (Eds.), Osteoporosis. Academic Press, San

Diego, pp. 73–106.

Rothe, M., Wong, S.C., Henzel, W.J., Goeddel, D.V., 1994. A novel family

of putative signal transducers associated with the cytoplasmic domain

of the 75 kDa tumor necrosis factor receptor. Cell 78, 681–692.



X. Feng / Gene 350 (2005) 1–13 13
Rothe, M., Sarma, V., Dixit, V.M., Goeddel, D.V., 1995. TRAF2-mediated

activation of NF-kappa B by TNF receptor 2 and CD40. Science 269,

1424–1427.

Schall, T.J., et al., 1990. Molecular cloning and expression of a receptor for

human tumor necrosis factor. Cell 61, 361–370.

Sedger, L.M., et al., 2002. Characterization of the in vivo function of TNF-

alpha-related apoptosis-inducing ligand, TRAIL/Apo2L, using TRAIL/

Apo2L gene-deficient mice. Eur. J. Immunol. 32, 2246–2254.

Shirakabe, K., et al., 1997. TAK1 mediates the ceramide signaling to stress-

activated protein kinase/c-Jun N-terminal kinase. J. Biol. Chem. 272,

8141–8144.

Shu, H.B., Takeuchi, M., Goeddel, D.V., 1996. The tumor necrosis factor

receptor 2 signal transducers TRAF2 and c-IAP1 are components of the

tumor necrosis factor receptor 1 signaling complex. Proc. Natl. Acad.

Sci. U. S. A. 93, 13973–13978.

Simonet, W.S., et al., 1997. Osteoprotegerin: a novel secreted protein

involved in the regulation of bone density. Cell 89, 309–319.

Smith, C.A., et al., 1990. A receptor for tumor necrosis factor defines an

unusual family of cellular and viral proteins. Science 248, 1019–1023.

Song, H.Y., Regnier, C.H., Kirschning, C.J., Goeddel, D.V., Rothe, M.,

1997. Tumor necrosis factor (TNF)-mediated kinase cascades:

bifurcation of nuclear factor-kappaB and c-jun N-terminal kinase

(JNK/SAPK) pathways at TNF receptor-associated factor 2. Proc. Natl.

Acad. Sci. U. S. A. 94, 9792–9796.

Suarez-Cuervo, C., et al., 2003. Tumor necrosis factor-alpha induces

interleukin-6 production via extracellular-regulated kinase 1 activation

in breast cancer cells. Transforming growth factor-beta stimulates

parathyroid hormone-related protein and osteolytic metastases via Smad

and mitogen-activated protein kinase signaling pathways. Breast Cancer

Res. Treat. 80, 71–78.

Suda, T., Takahashi, N., Martin, T.J., 1992. Modulation of osteoclast

differentiation. Endocr. Rev. 13, 66–80.

Suda, T., Takahashi, N., Udagawa, N., Jimi, E., Gillespie, M.T., Martin,

T.J., 1999. Modulation of osteoclast differentiation and function by the

new members of the tumor necrosis factor receptor and ligand families.

Endocr. Rev. 20, 345–357.

Sun, Y.M., Yang, F.J., Li, Y.M., Lu, B., Zhu, M., Qiu, M.C., 2002.

Expression of Fas, FasL, and NF-kappa B in the process of osteoclast-

like cell apoptosis effected by sodium fluoride [Chinese]. Chung-Kuo i

Hsueh Ko Hsueh Yuan Hsueh Pao Acta Academiae Medicinae Sinicae

24, 491–494.

Takai, H., et al., 1998. Transforming growth factor-beta stimulates the

production of osteoprotegerin/osteoclastogenesis inhibitory factor by

bone marrow stromal cells. J. Biol. Chem. 273, 27091–27096.

Takayanagi, H., et al., 2000. T-cell-mediated regulation of osteoclasto-

genesis by signalling cross-talk between RANKL and IFN-gamma [see

comment]. Nature 408, 600–605.

Takayanagi, H., et al., 2002. Induction and activation of the transcription

factor NFATc1 (NFAT2) integrate RANKL signaling in terminal

differentiation of osteoclasts. Dev. Cell 3, 889–901.

Teitelbaum, S.L., 2000. Bone resorption by osteoclasts. Science 289,

1504–1508.

Teitelbaum, S.L., Tondravi, M.M., Ross, F.P., 1997. Osteoclasts, macro-

phages, and the molecular mechanisms of bone resorption. J. Leukoc.

Biol. 61, 381–388.

Thome, M., et al., 1998. Identification of CARDIAK, a RIP-like kinase that

associates with caspase-1. Curr. Biol. 8, 885–888.

Tran, S.E., Holmstrom, T.H., Ahonen, M., Kahari, V.M., Eriksson, J.E.,

2001. MAPK/ERK overrides the apoptotic signaling from Fas, TNF,

and TRAIL receptors. J. Biol. Chem. 276, 16484–16490.

Vivarelli, M.S., McDonald, D., Miller, M., Cusson, N., Kelliher, M., Geha,

R.S., 2004. RIP links TLR4 to Akt and is essential for cell survival in

response to LPS stimulation. J. Exp. Med. 200, 399–404.
Wajant, H., Pfizenmaier, K., Scheurich, P., 2003. Tumor necrosis factor

signaling [Review] [337 refs]. Cell Death Differ. 10, 45–65.

Wang, S., El Deiry, W.S., 2003. TRAIL and apoptosis induction by TNF-

family death receptors [Review] [75 refs]. Oncogene 22, 8628–8633.

Wang, X.M., Yu, S.F., Yang, Z.P., 2000. Apoptosis of osteoclast-like cells

induced by alendronate is related to Fas gene expression. Chin. J. Dent.

Res. 3, 26–32.

Wei, S., Wang, M.W., Teitelbaum, S.L., Ross, F.P., 2002. Interleukin-4

reversibly inhibits osteoclastogenesis via inhibition of NF-kappa B

and mitogen-activated protein kinase signaling. J. Biol. Chem. 277,

6622–6630.

Wong, B.R., et al., 1997. TRANCE is a novel ligand of the tumor necrosis

factor receptor family that activates c-Jun N-terminal kinase in T cells.

J. Biol. Chem. 272, 25190–25194.

Wong, B.R., Josien, R., Lee, S.Y., Vologodskaia, M., Steinman, R.M., Choi,

Y.W., 1998. The TRAF family of signal transducers mediates NF-

KAPPA-B activation by the TRANCE receptor. J. Biol. Chem. 273,

28355–28359.

Wong, B.R., et al., 1999a. TRANCE, a TNF family member, activates Akt/

PKB through a signaling complex involving TRAF6 and c-Src. Mol.

Cell 4, 1041–1049.

Wong, B.R., Josien, R., Choi, Y., 1999b. TRANCE is a TNF family

member that regulates dendritic cell and osteoclast function [Review]

[75 refs]. J. Leukoc. Biol. 65, 715–724.

Wu, X., McKenna, M.A., Feng, X., Nagy, T.R., McDonald, J.M., 2003.

Osteoclast apoptosis: the role of Fas in vivo and in vitro. Endocrinology

144, 5545–5555.

Wysk, M., Yang, D.D., Lu, H.T., Flavell, R.A., Davis, R.J., 1999.

Requirement of mitogen-activated protein kinase kinase 3 (MKK3)

for tumor necrosis factor-induced cytokine expression. Proc. Natl.

Acad. Sci. U. S. A. 96, 3763–3768.

Yamaguchi, K., et al., 1995. Identification of a member of the MAPKKK

family as a potential mediator of TGF-beta signal transduction. Science

270, 2008–2011.

Yang, J., et al., 2001. The essential role of MEKK3 in TNF-induced NF-

kappaB activation. Nat. Immunol. 2, 620–624.

Yasuda, H., et al., 1998. Osteoclast differentiation factor is a ligand for

osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to

TRANCE/RANKL. Proc. Natl. Acad. Sci. U. S. A. 95, 3597–3602.

Ye, H., et al., 2002. Distinct molecular mechanism for initiating TRAF6

signalling. Nature 418, 443–447.

Yeh, W.C., et al., 1997. Early lethality, functional NF-kappaB activation,

and increased sensitivity to TNF-induced cell death in TRAF2-deficient

mice. Immunity 7, 715–725.

Yuasa, T., Ohno, S., Kehrl, J.H., Kyriakis, J.M., 1998. Tumor necrosis

factor signaling to stress-activated protein kinase (SAPK)/Jun NH2-

terminal kinase (JNK) and p38. Germinal center kinase couples TRAF2

to mitogen-activated protein kinase/ERK kinase kinase 1 and SAPK

while receptor interacting protein associates with a mitogen-activated

protein kinase kinase kinase upstream of MKK6 and p38. J. Biol.

Chem. 273, 22681–22692.

Zauli, G., Rimondi, E., Nicolin, V., Melloni, E., Celeghini, C., Secchiero,

P., 2004. TNF-related apoptosis-inducing ligand (TRAIL) blocks

osteoclastic differentiation induced by RANKL plus M-CSF. Blood

104, 2044–2050.

Zhang, J., et al., 2001a. Osteoprotegerin inhibits prostate cancer-induced

osteoclastogenesis and prevents prostate tumor growth in the bone [see

comments]. J. Clin. Invest. 107, 1235–1244.

Zhang, Y.H., Heulsmann, A., Tondravi, M.M., Mukherjee, A., Abu-Amer,

Y., 2001b. Tumor necrosis factor-alpha (TNF) stimulates RANKL-

induced osteoclastogenesis via coupling of TNF type 1 receptor and

RANK signaling pathways. J. Biol. Chem. 276, 563–568.


	Regulatory roles and molecular signaling of TNF family members in osteoclasts
	Introduction
	The TNF family and osteoclast biology
	RANKL
	RANKL and its receptors RANK and OPG
	RANK signaling in osteoclasts
	Signaling initiated by RANK cytoplasmic motif PFQEP369-373 (Motif 1)
	Signaling initiated by RANK cytoplasmic motifs PVQEET559-564 (Motif 2) and PVQEQG604-609 (Motif 3)
	Role of distinct pathways activated by RANK in osteoclast formation, function and survival

	Perspectives and future directions

	TNF-alpha
	TNF-alpha and its receptors TNFR1 and TNFR2
	TNFR1 and TNFR2 signaling in osteoclasts
	Indirect effect of TNF-alpha on osteoclast differentiation and function
	Perspectives and future directions

	FasL/Fas and TRAIL
	FasL and its receptor Fas
	TRAIL

	Conclusions
	Acknowledgements
	References


