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TWEAK and TNF Regulation of Sclerostin:
A Novel Pathway for the Regulation of Bone
Remodelling

David M. Findlay and Gerald J. Atkins

Introduction

Bone remodelling is the critical process, by which skeletal mass and integrity are
controlled. This process is disrupted in a number of bone pathologies, such as
osteoporosis, and the focal bone loss that occurs in rheumatoid arthritis, around
artificial joint prostheses or that induced by osteolytic tumours. A common feature
of conditions that result in a net loss of bone is the presence of elevated levels of
pro-inflammatory mediators and evidence has accumulated to show that a chronic
inflammatory environment is both catabolic for bone and may also suppress bone
formation. Here, we focus on the possible anti-anabolic roles in bone of TNFa and
TNF-like weak inducer of apoptosis (TWEAK).

TWEAK

TWEAK, a member of the TNF ligand superfamily designated TNFSF12 [1],
has pleiotropic effects, which include induction of pro-inflammatory mediators
in a number of target cell types, including fibroblasts and synoviocytes obtained
from RA and advanced OA patient tissues [2]. The receptor for TWEAK, fibrob-
last growth factor-inducible gene-14 (Fnl4/TNFRSF12/TWEAK R), is widely
expressed [3] and is up-regulated in the context of tissue injury and inflamma-
tory responses [4—7]. Ligation of TWEAK to Fnl4 has been shown to activate
a limited set of signalling pathways involved in cell proliferation and differentia-
tion [8], including NFkB activation, which is associated with its pro-inflammatory
effects [3, 9]. TWEAK has also been shown to activate the mitogen-activated protein
kinases (MAPK), JNK [10], ERK [10, 11] and p38 MAPK [5].
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A Role for TNF Family Members in Bone Remodeling

The TNF family members and their cognate receptors, RANKL/RANK/OPG and
TNF/TNFR1, have central and well-established actions in bone remodelling [12].
Physiologically, RANKL expression by osteoblastic stromal cells mediates osteo-
clast formation by binding to RANK expressed by osteoclast precursors. Evidence
suggests that RANKL and TNF are together involved in inflammatory bone remod-
elling [13-15]. Although the mechanisms remain to be fully elucidated, TNF can
both enhance RANKL expression and sensitize preosteoclasts to RANKL [12]. TNF
expression is markedly up-regulated in peri-prosthetic osteolysis [16], in associa-
tion with polyethylene (PE) particles produced by wear of the prosthesis [17]. We
[18] and others [19] have reported a significant role for TWEAK in the inflamma-
tory bone remodelling seen in the mouse CIA model of rheumatoid arthritis. Serum
TWEAK was elevated in CIA mice [18] and a neutralising TWEAK antibody sig-
nificantly reduced the disease severity. Together, the data suggest that TWEAK may
play roles in both joint inflammation and tissue damage in the context of RA. The
extent to which TWEAK and TNF, also a known mediator of joint pathology in
inflammation-driven bone remodelling, each contribute to the pathogenesis of CIA
remains an open question. We have reported that human osteoblasts express Fnl14
and that TWEAK exposure inhibited their expression of the key osteoblast gene,
osteocalcin [18, 20], implying a role for TWEAK in osteogenesis. Ando and col-
leagues [11] reported that an initial effect of TWEAK on the mouse osteoblast cell
line, MC3T3-El, is to induce RANTES production and RANKL expression. The
work described below suggests that TWEAK may contribute to physiologic human
osteoblast function and/or their differentiation and so may be a key regulator of bone
remodelling.

Human Osteoblasts and Osteoblast-Like Cell Lines Express
Fn14 and TWEAK

We have found that all human primary osteoblast [20] and osteoblast-like cell
lines (Fig. 34.1a—c) tested express high basal levels of cell surface Fn14. Human
osteoblasts also express intracellular TWEAK, suggesting that TWEAK could have
an autocrine role in osteoblast activity [20]. In addition, TWEAK mRNA levels may
be regulated in an inflammatory milieu, since exposure of human osteoblasts to TNF
and IL-1p decreased the expression of TWEAK mRNA in this cell type (Fig. 34.1d).

TWEAK Inhibits In Vitro Mineralisation and Antagonizes
the Osteogenic Effect of TNF

The ability to form a mineralised matrix over time is a key functional indicator of
osteoblast activity and osteogenesis. We have shown that TWEAK inhibits in vitro
mineralisation by human osteoblasts and that this inhibitory effect could be reversed
by concomitant incubation with a TWEAK neutralizing antibody. Conversely, TNF
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Fig. 34.1 Human osteoblast expression of Fnl4 and TWEAK. All human osteoblastic-like cell
lines examined expressed high levels of Fnl4, including (a) SAOS2, (b) HOS and (c) MG63
cells. Immunofluorescence and flow cytometry were performed essentially as described pre-
viously [20]. (d) TWEAK expression in NHBC was regulated by a 48-h incubation with
either recombinant human TNFa or IL-1f (R&D Systems). Real-time RT-PCR was per-
formed as described previously [20]. Oligonucleotide primers designed in-house to amplify
human TWEAK were forward primer: 5'-ATCGCTGTCCGCCCAGGAGC-3’ and reverse primer
5'-CTGTCTGGGGATTCAGTTCCG-3', which amplify a 86-bp product. Data shown are means of
triplicate reactions & SD, and are representative of two independent experiments. Asterisks denote
significant difference compared to untreated (UT) (p < 0.01)

promoted in vitro mineralisation by human osteoblasts. Interestingly, TWEAK
antagonized this effect in a dose-dependent fashion [20]. These results suggest that
TWEAK is a negative regulator of osteoblast differentiation and osteogenesis.

Effect of TWEAK and TNFo on Osteoblast Proliferation

Osteoblast proliferation is another important determinant of the osteogenic effect
and is inversely related to osteoblast maturation. We have described the use of
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carboxyfluorescein diacetate succinimidyl ester (CFSE) to measure proliferation of
human osteoblasts [21, 22]. CFSE-labelled human osteoblasts exhibited enhanced
proliferation in response to TWEAK, showing reduced numbers of cells in the
parental population and increased numbers of cells having three or more cell divi-
sions. TNFa is also mitogenic for NHBC and this effect is enhanced in the presence
of TWEAK, to the extent seen with TWEAK alone [20].

Effect of TWEAK and TNF on Osteoblast Osteogenic Gene
Transcription

We have also investigated the effects of TNF and TWEAK on the expression of
a number of osteoblast-associated genes under two sets of conditions, viz. basal
conditions for 3 days and conditions permissive of mineralization (the latter con-
taining supplemented phosphate levels) over 3 weeks. Under basal conditions, the
osteoblast transcription factors, RUNX2 and osterix, together govern osteoblast lin-
eage commitment and their subsequent differentiation [23]. We found that TWEAK
significantly inhibits RUNX2 mRNA expression, in the co-presence or absence
of TNF, although TNF alone had no discernible effect on RUNX2 levels [20].
TWEAK dose responsively increased osterix mRNA levels by up to ninefold,
consistent with it holding osteoblasts at an immature stage of differentiation. In
contrast, TNF alone had no apparent effect on osterix expression, the combined
effect of TWEAK/TNF on osterix being similar to the effect of TWEAK alone
[20]. These data implicate TWEAK as an important controller of osteoblast dif-
ferentiation. The effect of TWEAK exposure on RUNX2 is consistent with the
emerging negative role of RUNX2 in controlling osteoblast proliferation [24, 25].
Also consistent with the effect of TWEAK on osteoblast proliferation is the stim-
ulatory effect on osterix expression, which has been shown itself to promote
cell proliferation and decrease expression of osteoblast genes such as osteocal-
cin and alkaline phosphatase [26]. TWEAK dose-dependently down-regulated the
expression of genes associated with osteoblast differentiation and mineralisation,
including osteocalcin, BSP1 [20], alkaline phosphatase and osteopontin (Atkins,
unpublished data). TNF had qualitatively similar effects on these genes, although
quantitatively it varied from considerably more potent than TWEAK (e.g. on
the osteocalcin gene) to approximately equipotent with respect to other genes
(e.g. BSP1) [20].

Under conditions permissive of osteoblast differentiation and in vitro mineral-
ization, we found that, while osteogenic genes such as OCN, BSP1 and OPN were
more potently down-regulated by TNF in short-term dose-response studies com-
pared with TWEAK, a different pattern of gene responsiveness emerged during a
3-week differentiation period. Early strong suppression of OCN transcription by
TNF, for example, was followed by partial release from this suppression, consis-
tent with our finding of an overall positive effect of TNFa on mineral apposition by
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human osteoblasts (Fig. 34.2a). TWEAK, on the other hand, suppressed OCN tran-
scription throughout the culture period (Fig. 34.2a), in fact antagonizing the TNF
effect on OCN transcription. Similarly, both TWEAK and TNF suppressed BSP1
mRNA expression, a gene associated with mineral deposition, in the early phase of
the mineralising cultures. However, expression was later induced by TNF to a level
above that seen in control cultures, again consistent with an osteogenic effect of
TNF, but this was not seen in cultures exposed to either TWEAK or TWEAK/TNF
(Fig. 34.2b). Thus, while the short-term effects of TWEAK resemble those of TNF,
these cytokines have divergent effects on osteoblast differentiation, with TWEAK
exerting the more dominant inhibitory effect.
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Interaction Between TWEAK and TNF

TNF ligand family members are capable of modulating each others’ activities. For
example, TNF synergizes with RANKL in the induction of osteoclast formation
[16, 27]. Given that the microenvironment encountered by cells during physiologic
or pathologic bone remodelling, for example in RA, consists of a complex cytokine
milieu, such interactions are likely highly relevant and important. For example, we
recently reported that TWEAK is a mediator of joint erosion in the mouse CIA
model, a model in which TNF is also expressed and is implicated in the mechanism
[18]. Our data indicate that TWEAK and TNF modulate each other’s activities with
respect to human osteoblast behaviour, and the functional outcome likely depends
on the relative expression of each cytokine and their respective receptors. It is also
likely that there are species-specific effects of TWEAK, as neither TWEAK nor
TNF caused detectable phosphorylation of p38 MAPK, or activation of the Akt
survival pathway, in human osteoblasts in contrast to effects of TWEAK in mouse
MC3T3-El osteoblast-like cells [11].

The Wnt Signalling Pathway and Inhibitors: Sclerostin

In investigating the mechanisms for the inhibitory effects of TWEAK on osteoblast
differentiation and function, it is important to consider the possibility of interaction
with a central regulator of this process, the Wnt signalling pathways. The canonical
Whnt-signalling pathway is the best described of these [28, 29]. In this pathway, Wnt
ligands bind to frizzled (Fzd) and LRP5/6 co-receptors on target cells, preventing
the proteosomal degradation of B-catenin and promoting the formation of transcrip-
tion complexes with TCF/LEF transcription factors, resulting in the downstream
transcription of osteogenesis-related genes. Several inhibitors of the Wnt pathway
have been identified, including Dikkopf 1 (DKK1), secreted Frizzled-related pro-
tein (SFRP) and sclerostin [28]. It is noteworthy that impaired osteoblast function
on bone surfaces adjacent to sites of inflammation, in a murine model of rheumatoid
arthritis, was associated with up-regulated expression of a number of Wnt inhibitors,
including DKK1 and sFRP1 [30]. Sclerostin is the product of the SOST gene, muta-
tions in which cause conditions with high bone mass, and is a key negative regulator
of bone formation [29, 31, 28]. Targeted deletion of the sclerostin gene in mice
results in increased bone formation and bone strength [32]. A major activity of
sclerostin appears to be the inhibition of Wnt/B-catenin signalling [33].

TWEAK Alone and in Combination with TNF Induce Sclerostin
Expression

We have reported that TWEAK can induce the expression, at both the mRNA and
protein levels, of sclerostin in a dose-dependent fashion [20]. Sclerostin mRNA
levels remained elevated relative to control conditions throughout the mineralisation
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period, increasing further towards the end of the 3-week differentiation period.
TNF by itself had a mild effect but combined with TWEAK to further increase
sclerostin expression. The induction of sclerostin transcription by TWEAK and
TWEAK/TNF was highly dependent on JNK and ERK1/2 phosphorylation [20].
Sclerostin expression in normal bone is virtually restricted to mature osteocytes
embedded in mineralised bone, with some expression by osteoblasts [31]. Our
unpublished observations concur with this, that sclerostin expression normally coin-
cides with in vitro mineralisation by NHBC (Atkins et al., unpublished), and in some
cases where mineralisation is increased, for example by the anabolic drug, strontium
ranelate [34], sclerostin levels also increase both as a marker for osteocytes aris-
ing in the cultures and in an apparent bid to regulate the anabolic effect. However,
the expression pattern of sclerostin in vivo has not been tested under inflammatory
conditions. It is possible that less mature osteoblasts may be induced to express scle-
rostin under inflammatory conditions. Notably, while TWEAK induced proliferating
cells to express sclerostin, as judged by their expression of the nuclear proliferation
antigen Ki67 [20], there was an inverse relationship between intracellular scle-
rostin expression and the proliferative potential of primary osteoblasts following
TWEAK treatment (Fig. 34.3). It is possible that by inducing sclerostin expres-
sion TWEAK may cause premature differentiation into a mature osteocyte-like
phenotype, thereby bypassing the mineral apposition phase of osteoblast differenti-
ation [35] and explaining the observed inhibitory effect on mineralisation [20]. This
possibility is the subject of ongoing research.

Our preliminary data indicated that the exposure of human osteoblasts to recom-
binant human sclerostin has remarkably similar effects to treatment with TWEAK
and TWEAK/TNF, with respect to the suppression of osteocalcin and RUNX2
expression [20]. We are currently exploring in greater detail the involvement of
sclerostin in TWEAK-mediated effects on osteoblasts, using human cell line mod-
els. Notably, blockage of sclerostin activity is currently being explored as a novel
treatment option for osteoporosis [36]. A recent report [37] identified TNF-mediated
induction of DKK1 expression in a mouse model of inflammatory arthritis and in
human RA.

Concluding Remarks

Taken together, these data provide a number of potential mechanisms for the
anti-anabolic effects of an inflammatory environment in bone. The induction of
expression of inhibitors of the Wnt and/or BMP signalling pathways is a novel
potential mechanism, by which TWEAK alone, or in concert with TNF, might
regulate physiologic osteoblast differentiation and mineralisation, and suppress
these processes in chronic inflammatory disease states. In an inflammatory setting,
TWEAK or TWEAK/TNF may act to regulate osteoblast proliferation, inhibit the
osteogenic activity of osteoblasts and perhaps also promote the formation and activ-
ity of osteoclasts, as depicted in (Fig. 34.4). TNF has been shown to both directly
and indirectly activate osteoclast activity [12, 27]. A single report has implicated
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Fig. 34.3 Sclerostin (SCL) expression is inversely related to cell proliferation. NHBC were
labelled with CFSE and cultured for 3 days in the presence or absence of recombinant human
TWEAK (50 ng/ml), as described [20]. Cells were analysed by flow cytometry for intracellular
expression of sclerostin by a published method [20], using a commercially available mono-
clonal antibody (MADb) against human sclerostin (R&D Systems) or an isotype-matched negative
control MAb. Data were analysed using Modfit™ software (Verity, NJ, USA). (a) Cells were
gated on low, mid and high levels of expression of sclerostin, the ‘low’ gate completely over-
lapping the level of staining generated by the negative control MAD. (b) Cell divisions were
calculated as described [20], the proportion of cells having undergone successive divisions rep-
resented by coloured peaks, with the dark blue peak representing undivided cells and the light
blue peak the cells that had undergone four divisions. Even though TWEAK induces sclerostin
expression [20], cells expressing high levels (SCLHIOH) proliferated the least while the cells
expressing low levels of intracellular sclerostin (SCLLOW) displayed the highest proliferative
potential

TWEAK as a direct regulator of osteoclast activity in the absence of evidence for
Fn14 expression [38]. This has yet to be confirmed by others, and evidence from our
laboratories instead implies that the effect is indirect, via effects on osteoblastic stro-
mal cells (Atkins, unpublished data). Together, these observations give new insight
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Fig. 34.4 Cartoon depicting the anti-anabolic actions of TWEAK in bone remodelling, here
divided into the phases of bone resorption, osteoblast proliferation and osteoblast differentiation
accompanying bone formation, as inferred from the work described in this manuscript and that
reported by others and discussed in the text. In an inflammatory environment, TWEAK may act
(solid arrows) on cells of the osteoblast lineage to stimulate osteoblast proliferation and also pro-
duce inhibitors of bone formation, including sclerostin (curved arrows), which acts back on bone
forming osteoblasts to limit both osteoblast differentiation and the production of new bone. TNFa
also has mitogenic effects on osteoblasts and induces the production of sclerostin (dashed arrows)
but the overall effect is positive on bone formation perhaps because of the transient nature of
these effects. TNFa together with TWEAK modulate each other’s activity and the net effect would
depend on their relative abundance. TWEAK may also activate bone resorption by promoting the
formation and activity of osteoclasts, as has been reported for TNFa

into the mechanism of physiologic bone remodelling and the bone loss and lack of
repair that are observed in a number of clinically important bone loss pathologies,
including osteoporosis and RA.

Acknowledgments The authors wish to acknowledge the contributions to this work by the co-
authors of our recent publication [20]. We continue to be extremely grateful to the surgeons and
nursing staff of the Department of Orthopaedics and Trauma, Royal Adelaide Hospital. This work
was supported by the National Health and Medical Research Council of Australia NHMRC). GJA
was supported by a NHMRC R Douglas Wright Fellowship.

References

1. Chicheportiche Y, Bourdon PR, Xu H, Hsu YM, Scott H, Hession C, Garcia I, Browning JL
(1997) TWEAK, a new secreted ligand in the tumor necrosis factor family that weakly induces
apoptosis. J Biol Chem;272(51):32401-32410



346

13.

14.

15.

16.

D.M. Findlay and G.J. Atkins

Chicheportiche Y, Chicheportiche R, Sizing I, Thompson J, Benjamin CB, Ambrose C, Dayer
JM (2002) Proinflammatory activity of TWEAK on human dermal fibroblasts and synovio-
cytes: blocking and enhancing effects of anti-TWEAK monoclonal antibodies. Arthritis Res
4(2):126-133

Wiley SR, Winkles JA (2003) TWEAK, a member of the TNF superfamily, is a mul-
tifunctional cytokine that binds the TweakR/Fnl4 receptor. Cytokine Growth Factor Rev
14(3-4):241-249

Feng SLY, Guo Y, Factor VM, Thorgeirsson SS, Bell DW, Testa JR, Peifley KA, Winkles
JA (2000) The Fnl4 immediate-early response gene is induced during liver regeneration
and highly expressed in both human and murine hepatocellular carcinomas. Am J Pathol
156(4):1253-1261

Saas P, Boucraut J, Walker PR, Quiquerez AL, Billot M, Desplat-Jego S, Chicheportiche Y,
Dietrich PY (2000) TWEAK stimulation of astrocytes and the proinflammatory consequences.
Glia 32(1):102-107

Yepes M, Brown SAN, Moore EG, Smith EP, Lawrence DA, Winkles JA (2005) A soluble
fnl4-fc decoy receptor reduces infarct volume in a murine model of cerebral ischemia 1. Am
J Pathol 166(2):511-520

Campbell S, Michaelson J, Burkly L, Putterman C (2004) The role of TWEAK/Fn14 IN the
pathogenesis of inflammation and systemic autoimmunity. Front Biosci 9:2273-2284
Meighan-Mantha RL, Hsu DK, Guo Y, Brown SA, Feng SL, Peifley KA, Alberts GF,
Copeland NG, Gilbert DJ, Jenkins NA, Richards CM, Winkles JA (1999) The mitogen-
inducible Fnl4 gene encodes a type I transmembrane protein that modulates fibroblast
adhesion and migration. J Biol Chem 274(46):33166-33176

Brown SA, Richards CM, Hanscom HN, Feng SL, Winkles JA (2003) The Fnl4 cytoplas-
mic tail binds tumour-necrosis-factor-receptor-associated factors 1, 2, 3 and 5 and mediates
nuclear factor-kappaB activation. Biochem J 371(Pt 2):395-403

Donohue PJ, Richards CM, Brown SA, Hanscom HN, Buschman J, Thangada S, Hla T,
Williams MS, Winkles JA (2003) TWEAK is an endothelial cell growth and chemotactic
factor that also potentiates FGF-2 and VEGF-A mitogenic activity. Arterioscler Thromb Vasc
Biol 23(4):594-600

. Ando T, Ichikawa J, Wako M, Hatsushika K, Watanabe Y, Sakuma M, Tasaka K, Ogawa

H, Hamada Y, Yagita H, Nakao A (2006) TWEAK/Fnl14 interaction regulates RANTES
production, BMP-2-induced differentiation, and RANKL expression in mouse osteoblastic
MC3T3-El1 cells. Arthritis Res Ther 8(5):R146

Kwan Tat S, Padrines M, Theoleyre S, Heymann D, Fortun Y (2004) IL-6, RANKL, TNF-
alpha/IL-1: interrelations in bone resorption pathophysiology. Cytokine Growth Factor Rev
15(1):49-60

Schett G, Redlich K, Hayer S, Zwerina J, Bolon B, Dunstan C, Gortz B, Schulz A, Bergmeister
H, Kollias G, Steiner G, Smolen JS (2003) Osteoprotegerin protects against generalized bone
loss in tumor necrosis factor-transgenic mice. Arthritis Rheum 48(7):2042-2051

Crotti TN, Smith MD, Findlay DM, Zreiqat H, Ahern MJ, Weedon H, Hatzinikolous G,
Capone M, Holding C, Haynes DR (2004) Factors regulating osteoclast formation in human
tissues adjacent to peri-implant bone loss: expression of receptor activator NFkappaB, RANK
ligand and osteoprotegerin. Biomaterials 25(4):565-573

Crotti TN, Ahern MJ, Lange K, Weedon H, Coleman M, Roberts-Thomson PJ, Haynes DR,
Smith MD (2003) Variability of RANKL and osteoprotegerin staining in synovial tissue from
patients with active rheumatoid arthritis: quantification using color video image analysis.
J Rheumatol 30(11):2319-2324

Holding CA, Findlay DM, Stamenkov R, Neale SD, Lucas H, Dharmapatni AS, Callary SA,
Shrestha KR, Atkins GJ, Howie DW, Haynes DR (2006) The correlation of RANK, RANKL
and TNFalpha expression with bone loss volume and polyethylene wear debris around hip
implants. Biomaterials 27(30):5212-5219



34

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

TWEAK and TNF Regulation of Sclerostin 347

Howie DW, Neale SD, Stamenkov R, McGee MA, Taylor DJ, Findlay DM (2007) Progression
of acetabular periprosthetic osteolytic lesions measured with computed tomography. J Bone
Joint Surg Am 89(8):1818-1825

Perper SJ, Browning B, Burkly LC, Weng S, Gao C, Giza K, Su L, Tarilonte L, Crowell T,
Rajman L, Runkel L, Scott M, Atkins GJ, Findlay DM, Zheng TS, Hess H (2006) TWEAK is
a novel arthritogenic mediator. J Immunol 177(4):2610-2620

Kamata K, Kamijo S, Nakajima A, Koyanagi A, Kurosawa H, Yagita H, Okumura K (2006)
Involvement of TNF-like weak inducer of apoptosis in the pathogenesis of collagen-induced
arthritis. J Immunol 177(9):6433-6439

Vincent C, Findlay DM, Welldon KJ, Wijenayaka AR, Zheng TS, Haynes DR, Fazzalari
NL, Evdokiou A, Atkins GJ (2009) Pro-inflammatory cytokines TNF-related weak inducer
of apoptosis (TWEAK) and TNFalpha induce the mitogen-activated protein kinase (MAPK)-
dependent expression of sclerostin in human osteoblasts. J Bone Miner Res 24(8):1434—1449
Atkins GJ, Anderson PH, Findlay DM, Welldon KJ, Vincent C, Zannettino AC, O’Loughlin
P D, Morris HA (2007) Metabolism of vitamin D(3) in human osteoblasts: Evidence
for autocrine and paracrine activities of lalpha,25-dihydroxyvitamin D(3). Bone 40(6):
1517-1528

Lyons AB, Parish CR (1994) Determination of lymphocyte division by flow cytometry.
J Immunol Methods 171(1):131-137

Komori T (2006) Regulation of osteoblast differentiation by transcription factors. J Cell
Biochem 99(5):1233-1239

Galindo M, Pratap J, Young DW, Hovhannisyan H, Im HJ, Choi JY, Lian JB, Stein JL,
Stein GS, van Wijnen AJ (2005) The bone-specific expression of Runx2 oscillates during
the cell cycle to support a Gl-related antiproliferative function in osteoblasts. J Biol Chem
280(21):20274-20285

Pratap J, Galindo M, Zaidi SK, Vradii D, Bhat BM, Robinson JA, Choi JY, Komori T, Stein
JL, Lian JB, Stein GS, van Wijnen AJ (2003) Cell growth regulatory role of Runx2 during
proliferative expansion of preosteoblasts. Cancer Res 63(17):5357-5362

Kim YJ, Kim HN, Park EK, Lee BH, Ryoo HM, Kim SY, Kim IS, Stein JL, Lian JB, Stein
GS, van Wijnen AJ, Choi JY (2006) The bone-related Zn finger transcription factor Osterix
promotes proliferation of mesenchymal cells. Gene 366(1):145-151

Boyce BF, Li P, Yao Z, Zhang Q, Badell IR, Schwarz EM, O’Keefe RJ, Xing L (2005) TNF-
alpha and pathologic bone resorption. Keio J Med 54(3):127-131

Baron R, Rawadi G, Roman-Roman S (2006) Wnt signaling: a key regulator of bone mass.
Curr Top Dev Biol 76:103-127

Ott SM (2005) Sclerostin and Wnt signaling—the pathway to bone strength. J Clin Endocrinol
Metab 90(12):6741-6743

Walsh NC, Reinwald S, Manning CA, Condon KW, Iwata K, Burr DB, Gravallese EM (2009)
Osteoblast function is compromised at sites of focal bone erosion in inflammatory arthritis.
J Bone Miner Res 24(9):1572-1585

Poole KE, van Bezooijen RL, Loveridge N, Hamersma H, Papapoulos SE, Lowik CW, Reeve
J (2005) Sclerostin is a delayed secreted product of osteocytes that inhibits bone formation.
Faseb J 19(13):1842-1844

Li X, Ominsky MS, Niu QT, Sun N, Daugherty B, D’Agostin D, Kurahara C, Gao Y, Cao
J, Gong J, Asuncion F, Barrero M, Warmington K, Dwyer D, Stolina M, Morony S, Sarosi
I, Kostenuik PJ, Lacey DL, Simonet WS, Ke HZ, Paszty C (2008) Targeted deletion of the
sclerostin gene in mice results in increased bone formation and bone strength. J] Bone Miner
Res 23(6):860-869

van Bezooijen RL, Svensson JP, Eefting D, Visser A, van der Horst G, Karperien M, Quax
PH, Vrieling H, Papapoulos SE, ten Dijke P, Lowik CW (2007) Wnt but not BMP signaling
is involved in the inhibitory action of sclerostin on BMP-stimulated bone formation. J Bone
Miner Res 22(1):19-28



348

34.

35.

36.

37.

38.

D.M. Findlay and G.J. Atkins

Atkins GJ, Welldon KJ, Halbout P, Findlay DM (2009) Strontium ranelate treatment of human
primary osteoblasts promotes an osteocyte-like phenotype while eliciting an osteoprotegerin
response. Osteoporos Int 20(4):653-664

Barragan-Adjemian C, Nicolella D, Dusevich V, Dallas MR, Eick JD, Bonewald LF (2006)
Mechanism by which MLO-AS late osteoblasts/early osteocytes mineralize in culture:
similarities with mineralization of lamellar bone. Calcif Tissue Int 79(5):340-353

Chan A, van Bezooijen RL, Lowik CW (2007) A new paradigm in the treatment of osteoporo-
sis: Wnt pathway proteins and their antagonists. Curr Opin Investig Drugs 8(4):293-298
Diarra D, Stolina M, Polzer K, Zwerina J, Ominsky MS, Dwyer D, Korb A, Smolen J,
Hoffmann M, Scheinecker C, van der Heide D, Landewe R, Lacey D, Richards WG, Schett G
(2007) Dickkopf-1 is a master regulator of joint remodeling. Nat Med 13(2):156-163

Polek TC, Talpaz M, Darnay BG, Spivak-Kroizman T (2003) TWEAK mediates signal trans-
duction and differentiation of RAW264.7 cells in the absence of Fnl4/TweakR. Evidence for
a second TWEAK receptor. J Biol Chem 278(34):32317-32323



	34 TWEAK and TNF Regulation of Sclerostin: A Novel Pathway for the Regulation of Bone Remodelling
	Introduction
	TWEAK
	A Role for TNF Family Members in Bone Remodeling
	Human Osteoblasts and Osteoblast-Like Cell Lines Express Fn14 and TWEAK
	TWEAK Inhibits In Vitro Mineralisation and Antagonizes the Osteogenic Effect of TNF
	Effect of TWEAK and TNF on Osteoblast Proliferation
	Effect of TWEAK and TNF on Osteoblast Osteogenic Gene Transcription
	Interaction Between TWEAK and TNF
	The Wnt Signalling Pathway and Inhibitors: Sclerostin
	TWEAK Alone and in Combination with TNF Induce Sclerostin Expression
	Concluding Remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




