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maternal disomy of this region causes Prader-Willi syndrome (PWS). PWS is a
neurobehavioral disorder characterized by hypotonia and respiratory distress
in neonatal stage, and hyperphagia followed by severe obesity, hypogonadism,
and behavioral problems in childhood. These complex symptoms are all thought
to be due to hypothalamic deficiency.

Although the molecular mechanism is not clear, Necedin may be a candi-
date gene susceptible for PWS. Necdin-mutant mice have been generated by
several independent groups and display different phenotypes likely due to dif-
ferences in the targeting constructs or in the genetic backgrounds of the mice.
For example, although Tsai and colleagues failed to detect neonatal lethality
or infertility on their Necdin-mutant mouse line (60), Gerard and others re-
ported early postnatal death in some paternally inherited Necdin-mutant mice
(61). These newborn mice demonstrate abnormal neuronal activity within the
putative respiratory-generating center (62). Neuronal abnormalities were also
observed in the Necdin-mutant line generated by Muscatelli and colleagues.
These mice also displayed neonatal lethality of variable penetrance depending
on genetic backgrounds. Mice that survived show some behavioral alterations,
such as increased skin scraping, and a reduced number of neurons producing hy-
pothalamic oxytocin and lutenizing hormone-releasing hormone (LH-RH) (63).
Aspects of the phenotype observed in this Necdin-mutant strain are reminis-
cent of defects observed in human PWS.

One explanation for the variable phenotypes seen in Necdin-mutant
mice (60,61,63) is that the targeting constructs may influence the expres-
sion level of nearby genes. Although three of the maternally imprinted genes
(SNRPN, IPW, or ZNF127) residing in the region near NDN have been dis-
rupted with no obvious phenotype (59), the possibility has not been ex-
cluded that these genes may contribute to defects observed in PWS when
lost in combination with Necdin. Another gene in the MAGE superfamily is
MAGEL2/NDNL1. It shares 51% amino acid sequence similarity to Necdin
and is located 41 kb distal to NDN in the PWS imprinting lesion (64).
MAGELZ2/NDNLI1 is also expressed in developing neuronal tissue including
the hypothalamic region. Because a knockout of this gene has not yet been
published, the significance of MAGEL2/NDNL1 on pathogenesis of PWS is still
unknown.

Most MAGE genes are encoded on the X chromosome, and of the few re-
maining genes located on autosomes, Necdin and MAGELZ2 are imprinted. It
is widely accepted that one of the two female X chromosomes is silenced to
equalize X-linked gene dosage between XX and XY individuals. Genomic im-
printing and X chromosome inactivation share some similarity in molecular
mechanisms. Because it is thought that imprinting is first fixed on the X chro-
mosome and subsequently acquired by autosomes (65), it is intriguing that NDN
and MAGE-L2 may, in the course of MAGE gene duplication and chromosomal
translocation, choose an imprinted locus in the autosome.
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Figure 3: MAGE-D1-interacting proteins. Putative binding domains are shown. See details in
the text.

Still Open Questions

We have described roles for MAGE-D1 that have been suggested by the
identification and analysis of a number of associated molecules (Fig. 3). Because
interactors of MAGE-D1 include cell surface receptors, transcription factors, in-
tracellular effectors of apoptosis and protein modifiers, we may regard MAGE-
D1 as a new adaptor protein with various functions in intracellular signaling.
It is noteworthy that MAGE-D1 may be downstream of a number of apoptotic
pathways, each caused by distinct input signals, namely, p75NTR-dependent
apoptosis, UNC5H-dependent apoptosis, and possibly BMP-dependent apopto-
sis. Furthermore, by interacting with IAPs, MAGE-D1 also regulates the cas-
pase activity downstream of these apoptotic pathways.

MAGE-D1 shares some binding partners with other type II MAGE pro-
teins. For example, p75NTR also binds to MAGE-G1, MAGE-H1, and Necdin;
and Prajal also binds Necdin. Interactions suggest there may be functional re-
dundancy or antagonism among MAGE family proteins (49,57,66). These func-
tional interactions may be due to the close homology observed in the MHD of
MAGE family proteins. Interactions between family members via their MHD
domains may also facilitate their association with other proteins. This occurs
when MAGE-D1 binds Necdin and acts as an adaptor for Msx2 binding (48).
Although these protein associations are central to the role this family of pro-
teins plays in signal transduction, the precise mechanisms, specifically how the
protein complexes associate or dissociate, remain to be clarified. Moreover, as in
many cases of signal transduction, posttranslation modifications, such as ubiq-
uitination, phosphorylation, acetylation, or proteolytic cleavage of the MAGE-D
proteins, may be mechanisms that regulate their ability to interact with target
molecules, but much remains to be learned about such mechanisms.

By now, our current knowledge about MAGE-D1 function is entirely de-
pendent on in vitre functional approaches, because the in vivo data on the
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physiological function of MAGE-D1 are still lacking. To date, several groups
have succeeded in generating knockout mice for MAGE-D family genes, al-
though no reports describing their phenotype have been published yet. This
may be due to the fact that MAGE-D1 null mice appear to have partially pen-
etrant phenotypes with some animals appearing normal (unpublished data).
Thus, in contrast to the in vitro functional data, which suggest important roles
for MAGE-D1 during neuronal and skeletal development, the in vivo data sug-
gest that MAGE-D1 may be dispensable. A possible explanation for the lack
of clear phenotype is that there may be functional redundancy among family
members. In this case, generating a multigene knockout might be required, but
it may be difficult to generate them by intercross of the knockout lines because
all the MAGE-D genes are closely located on the X chromosome. Consequently,
this analysis may require the advanced techniques like Cre-loxP systems to
create knockout mice for multiple MAGE-D genes. Other animal models car-
rying single MAGE gene, such as Drosophila (9) and Zebrafish (10), may also
contribute to clarifying the central role of MAGE proteins.

Although studies of MAGE-D1 and Necdin have given insight into the func-
tion of other MAGE proteins, these studies serve as only a starting point for
uncovering the truth about MAGE proteins. A key to understanding the role
of MAGE-D and other type II MAGE proteins will be to analyze the knockout
phenotypes. These analyses, together with accumulating in vitro data defin-
ing binding partners and signaling pathways, will reveal how MAGE proteins
contribute to development and disease.
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Osteoclasts possess catabolic activity in mineralized tissues and are involved in bone
remodeling coordinating with osteoblasts. Although the pathway using receptor and ac-
tivator of NF-« B (RANK) and its ligand, RANKL, is known to be essential for osteoclast
differentiation, their precise mechanisms are not fully understood. Using DNA microar-
ray technology, we searched for genes that were up-regulated after RANKL stimulation
in the macrophage cell line, RAW264.7 cells. A gene, Znf216, which encodes a zinc-
finger protein, was detected among those genes up-regulated after RANKL stimulation.
Expression of Znf216 was also induced by other cytokines such as TNF« and IL-18.
Although ectopic expression of full-length ZNF216 abrogated osteoclast differentiation,
its truncated forms accelerated it. No significant inhibitory effect on the NF-«B path-
way was observed, however. These results suggest that ZNF216 is a potent inhibitory
factor for osteoclast differentiation and that the mechanism is unlikely due to direct
attenuation of the NF-«B pathway.

Key Words: RANKL; ¢cDNA microarray; ZNF216

INTRODUCTION

Osteoclasts are multinucleated giant cells derived from the hematopoietic lin-
eage (1). A number of extracellular factors expressed at distinct stages are in-
volved in osteoclast differentiation (2,3). For example, studies in the op /op mice,
which are severely osteopetorotic due to the absence of osteoclasts, revealed that
M-CSF plays a critical role in osteoclast differentiation (4). Proinflammatory cy-
tokines, such as TNFa and IL-18 also accelerate osteoclast differentiation (5,6).
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Among the cytokines, the essential key regulator for osteoclast differentiation
is a TNF family cytokine, RANKL (7,8). Mice lacking RANKL or its receptor,
RANK, display severe osteopetorosis with a complete absence of osteoclasts,
suggesting that the RANKL-RANK pathway is indispensable for osteoclast dif-
ferentiation (9,10). This pathway promotes not only osteoclast differentiation
but also activation (7) and survival (11).

The intracellular signaling events that mediate osteoclast differentiation
have been studied by using genetic approaches. Double knockout mice of the
p50 and p52 subunits of the transcription factor, NF-«B, display osteopetrosis
as seen in RANKL null mice (12). NF-«B functions downstream of the RANKL-
RANK pathway and presumably activates genes necessary for osteoclast dif-
ferentiation. Knockout mice for fos, a member of the AP-1 family, also exhibit
osteopetorosis (13). ¢-Fos is thought to be activated by the RANKL-RANK path-
way, although the precise mechanism of action remains unknown (14). In addi-
tion, src kinase is activated by the RANKL-RANK pathway, and even though
src-deficient mice display normal number of osteoclasts, their resorption ac-
tivity is impaired (15,16). Srec is known to be localized to ruffied border mem-
branes, where bone resorption takes place (17). Collectively, these results show
that a number of signaling molecules are involved in RANKL-induced osteo-
clast differentiation and function, although the downstream and the regulatory
mechanism have not been fully elucidated.

In the present study, we used ¢cDNA microarray technology to eluci-
date changes in gene expression during osteoclast differentiation. Among
the genes up-regulated, znf216 is also activated by proinflammatory cy-
tokines, such as TNF¢ and IL-18. Furthermore, overexpression of ZNF216
strongly inhibits RANKL-induced osteoclast differentiation. Thus, novel nega-
tive regulation may exist for osteoclast differentiation downstream of RANKL
stimulation.

MATERIALS AND METHODS

Antibodies and Reagents

Anti-ZNF216 antibody was raised against a synthesized peptide corre-
sponding to the C-terminal sequence of mouse ZNF216 (amino acids 200-213).
Mouse monoclonal antibodies for FLAG (M2 and M5) and tubulin (B-5-1-2) were
purchased from Sigma (St. Louis, MO, USA). Antibodies against Ix Ba (C-21),
p50 (C-19), p52 (C-5), and p65 (A) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). RANKL, TNF«, and IL-18 were purchased from R&D
Systems (Minneapolis, MN, USA). Lipopolysaccharide (LPS) and TPA (12-O-
tetradecanoylphorbol-13-acetate) were purchased from Sigma and IFNy from
Genzyme (Cambridge, MA, USA).
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Cell Culture Transfection

RAW264.7 mouse monocyte/macrophage cells were maintained in «-
modified Eagle’s medium (¢MEM) containing 10% heat-inactivated fetal bovine
serum (FBS) supplemented with penicillin, streptomycin, and L-glutamate. For
in vitro osteoclastogenesis, RAW264.7 cells were plated at a density of 1.3 x
10%/cm? and incubated overnight. Recombinant mouse RANKL was then added
to a final concentration of 10 ng/mL. To detect tartrate-resistant acid phos-
phatase (TRAP) activity, a hallmark of osteoclasts, cells were fixed with an
acetone-citrate-formalin solution (65:27:7) and stained by using a leukocyte
acid phosphatase kit (Sigma Diagnostics). For isolation of RNA, RAW264.7 cells
were stimulated with TNFe (10 ng/mL), IL-18 (10 ng/mL), LPS (10 ug/mL),
TPA (1 mM), or IFNy (100 U/mL), and harvested at the indicated time points.
RANK293 cells, which constitutively express RANK, were kindly provided by
Drs. Naoki Sakurai (Tanabe Seiyaku Co., Ltd., Osaka, Japan) and Kunihiro
Matsumoto (Nagoya University, Japan) (18). HEK293 and RANK293 cells were
cultured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% heat-inactivated FBS supplemented with penicillin and streptomycin.
FuGENEG6 (Roche Diagnostics, Mannheim, Germany) was used for transfection.
RAW264.7 cells stably expressing full-length or truncated forms of ZNF216
were established by infection using Pantropic Retroviral Expression System
(Clontech Laboratories, Palo Alto, CA, USA) and maintained in media contain-
ing puromycin.

Isolation of RNA and cDNA Microarray

Total RNA was isolated from RAW264.7 cells at 24, 48, and 72 hr after
addition of RANKL. Untreated RAW264.7 cells were used as ¢ = 0 hr control.
Total RNA was purified by using TRIZOL Reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. Purification of mRNA was
performed by using Micro-Fast Track 2.0 (Invitrogen). Purified mRNA was sub-
sequently used for cDNA microarray analyses (Mouse GEM-I, Incyte Genomics,
Palo Alto, CA, USA).

Plasmid Consiruction

Full-length ZNF216 ¢cDNA was amplified by reverse transcription-coupled
PCR (RT-PCR) and subcloned into pBabe-puro retrovirus vector or pEF4 /Myc-
HisA (Invitrogen) with a FLAG epitope tag at the N-terminus to generate pF-
ZNF216. Zinc finger-deleted mutants, ZNF216AN (amino acids 36-213) and
ZNF216AC (amino acids 1-153), were also generated by PCR and subcloned
into the vectors. All ¢eDNAs and constructs amplified by PCR were fully se-
quenced (ABI PRISM™ 3100 Genetic Analyzer, Applied Biosystems, Foster
City, CA, USA).
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Northern Blot Analysis

Total RNA was denatured by glyoxal/dimethylsulfoxide and elec-
trophoresed on a 0.9% agarose gel and transferred to a nylon membrane
(Amersham Biosciences, Little Chalfont, Buckinghamshire, England). To de-
tect the indicated mRNA, cDNA was labeled with 2P with use of DNA labeling
beads (Amersham Biosciences).

Immunoblot Analysis

For chasing IxBu degradation, cells were lyzed in lysis buffer (50 mM Tris-
HCI, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, pH7.5).
Aliquots of lysates were separated by SDS-PAGE and immunoblotted. Visual-
ization was done by ECL Plus reagents (Amersham Biosciences). For nuclear
translocation of NF-«B, cells were lyzed and suspended in hypotonic buffer
(50 mM HEPES-KOH, 10 mM KCI, 0.1 mM EDTA, 0.1% NP-40, and protease
inhibitor cocktail, pH7.8). Nuclei were pelleted by centrifugation, and the cy-
tosolic fraction was removed. The nuclei were resuspended in extraction buffer
(50 mM HEPES-KOH, 420 mM KCl, 0.1 mM EDTA, 5 mM MgCls, 2% glycerol,
and protease inhibitor cocktail, pH7.8), and rotated for 30 min in 4°C. The sam-
ples were centrifuged to remove debris. Protein content was measured by using
BCA protein assay reagent (PIERCE, Rockford, IL, USA).

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as described by Yousef with minor modification (19).
Briefly, RANK293 cells treated with RANKL were washed with ice-cold PBS,
and then nuclear extracts were prepared as described above. Ten micrograms
of the nuclear extract were incubated with an end-labeled double-stranded
oligonucleotide probe containing the sequence 5-AAA CAG GGG GCT TTC
CCT CCT C-3’ derived from the «B3 site of the TNF promoter. The reaction
was performed in a total of 20 uL of binding buffer (10 mM HEPES-KOH,
50 mM KCI, 1 mM EDTA, 5 mM MgClg, 3 ug poly dI-dC, and 10% glycerol,
pH7.8) for 30 min at room temperature. Samples were then fractionated in a
4% polyacrylamide gel and visualized by exposing the dried gel to film.

Reporter Gene Assay

HEK293 cells were seeded onto 24-well culture plates and transfected with
10 ng pNF-«B-Luc plasmid (Stratagene, La Jolla, CA, USA), and 5 or 25 ng
of ZNF216 full-length or mutant-expressing plasmid. Twenty-four hours after
transfection, cells were incubated with low-serum-containing medium (0.5%
FBS) for 24 hr, and then TNF« (100 ng/mL) was added. 24 hr after the addi-
tion of the cytokine, cells were harvested. For AP-1 reporter gene assays, 100 ng
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pAP1-Luc plasmid (Stratagene) was transfected with or without 250 ng ZNF216
full-length-expressing plasmid. AP-1 activation was conducted by using 10 ng
pFC-MEKK positive control plasmid (Stratagene). In all transfection experi-
ments, 10 ng Renillaluciferase expression vector, phRG-TK (Promega, Madison,
WI, USA), was used as an internal control and for normalization of transfection
efficiency. The luciferase activity was measured by using the Dual-Luciferase
Reporter Assay System (Promega).

RESULTS

Gene Expression Profile of RANKL-Induced Osteoclast

Differentiation

RANKL-treated RAW264.7 cells were efficiently differentiated to
osteoclast-like cells (OCLs) within 4 days, as evidenced by multiple nuclei and
expression of the osteoclast marker, TRAP (not shown). Isolated RNAs were ap-
plied to a cDNA microarray to determine the relative expression levels of about
10,000 mouse genes in response to RANKL stimulation. Analyses revealed that
208 genes were up-regulated, and 515 genes were down-regulated, more than
1.7-fold for at least one time point over a 72-h time-course. A select list of
genes differentially expressed are listed in Tables 1 and 2. Genes characteris-
tic for osteoclasts, such as vacuolar ATPases, carbonic anhydrases, and matrix
metalloproteinase 9, were up-regulated (Table 1), whereas macrophage-related
genes, such as lysozyme and macrophage expressed gene 1, were prominently
down-regulated (Table 2). These data collectively suggest that the profiling rep-
resents the transition of macrophages into osteoclasts. Among the up-regulated
genes, those encoding transcription factors were evident, including c-myc and
NFATc1. It was previously reported that c-myc was strongly induced by RANKL
and that a dominant negative form of c-myc suppressed osteoclast differentia-
tion (20), suggesting c-myc as a transcription factor involved in the promotion of
osteoclastogenesis under the RANKL-RANK pathway. NFATc1 was also shown
to be a downstream gene of c-fos, which is known to be activated by RANKL,
and osteoclastogenesis of precursor cells of c-Fos™/~ mice was rescued by forced
expression of the active form of NFATc1 (21).

Another interesting finding was the down-regulation of interferon-induced
genes. Takayanagi et al. (22) showed that IFNy was a potent inhibitor of os-
teoclastogenesis. Treatment of RAW264.7 cells with IFNy resulted in rapid
degradation of the adaptor protein, TRAFS, via the ubiquitin-proteasome sys-
tem. The expression of STAT1, which is activated by IFNy, was also suppressed
by RANKL. These results suggest that interferon itself or a pivotal transcrip-
tion factor for interferon signaling, such as STAT1, is down-regulated during
RANKL-induced osteoclastogenesis.
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Table 1: Genes up-regulated during RANKL-induced osteoclast differentiation.,

Fold increase compared to f = 0 af the indicated tfime points is shown.,
e s e s e B )

Fold

Gene desciiption UniGene ID 24 hr 48 hr 72 hr
Bone resorption

Vocuolar ATPase catalytic subunit A Mm.29771 1.9 24

ATPase-like vacuolar proton channel Mm.30155 1.7 2.1 2.5

Carbonic anhydrase 1 Mm.3471 1.9

Carbonic anhydrase 2 Mm.1186 1.5 1.7 23

Matrix metalloprofeinase 9 Mm.4406 2.0 1.5
Signaling

TRAF1 Mm. 12898 2.5 1.6

TRAFS Mm. 196445 2.0

skp2 Mm.35584 3.0 14
Transcription

NFATc1 Mm.329560 3.2 1.8

Myc Mm.2444 3.1 2.1 1.5

Fraz Mm.24684 3.7 2.7 2.6

forkhead box G1 Mm.4704 3.2

NF-kB2 Mm. 102365 2.3

Gbx2 Mm.204730 1.9

Hoxa2 Mm.131 2.6
Cytokine

L-15 Mm.4392 2.0 1.4

PDGF Mm.2675 2.4

Small inducible cytokine A9 Mm.2271 2.7 2.1
Other

Aldose reductase Mm.451 2.7

Butyrate response factor 1 Mm.18571 1.9 1.7 1.7

DNA polymerase epsilon, subunit 2 MmM.2199 3.0

GABA-A fransporter 2 Mm.22562 1.3 1.7 20

H1-0 histone Mm.24350 2.5

Qly96 Mm.25613 2.2 22

slug Mm.4272 2.7

ZNF216 Mm.292405 3.0 22

Expression of ZNF216 in RANKL-Induced Osteoclast Differentiation

Microarray results also indicated that the gene encoding ZNF216 was po-
tently induced by RANKL. Although znf216 was first identified as a candidate
gene that might be involved in autosomal recessive nonsyndromic hearing loss
(ARNSHL), neither disease-causing mutations nor abnormal expression of the
gene was found (23). To verify the ¢cDNA microarray results, we carried out
Northern blot analysis. The entire coding region of ZNF216 was used as a
probe recognizing 2.4-kb and 1.5-kb mRNA species, derived from alternative
splicing and polyadenylation. Both species were up-regulated by RANKL as
early as 1 hr and peaked 48 hr after addition of the cytokine (Fig. 1A). As
shown in Figure 1B, induction of the protein was confirmed by immunoblotting
using anti-ZNF216 antibody. An approximately 32-kDa protein was recognized
and increased dramatically after RANKL stimulation. Although the expression
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Table 2: Genes down-regulated during RANKL-induced osteoclast differentiation,

Fold decrease compared to t = 0 at the indicated time points is shown.
[ T L

Fold
Gene description UniGene ID 24 hr 48 hr 72 hr
Macrophage-related
Lysozyme Mm.45436 —-29.6 -114
Macrophage expressed gene 1 Mm 3999 -4.6 -3.3 -3.9
B2 microglobuline Mm. 163 -2.4 -27
Fc receptor IgE Mm.22673 -2.5 -1.8
Fc receptor IgG high affinity | Mm. 150 -34 ~2.8
Histocompatibility 2 L region Mm.260691 -1.9 -14
Histocompatibility 2 Q region Mm.34421 24 2.1
Histocompatibility 2 T region Mm.221296 -2.2 -2.3
Signaling :
Adenylate cyclase 7 Mm.288206 -1.3 -20 -1.6
Adenylate cyclase-associated CAP protein Mm.8687 -35 -30
Calmodulin 2 Mm. 18041 -1.9 -1.5
STAT 1 Mm.8249 -2.2 -2.3
JAK2 Mm.809 -2.2
Ribosomal protein S6 kinase, polypeptide 4 Mm.20914 2.1
MAPK 14 Mm.4437 -1.7 -2.2
MAPKKK 1 Mm. 15918 -20 -1.5
AMP-dependent protein kinase Mm. 16766 -1.7 -1.9 —2.1
fyn proto-oncogene Mm 4848 -1.6 -2.0
Cell cycle and differentiation
Id2 Mm.34871 -3.8 ~2.2
1d3 Mm. 110 -20 -25
cyclin D1 Mm.273049 -1.6 -2.3
cdk2 Mm.118 -20
p21 Mm.34446 -13 -1.7 -25
Matrix protein and secreted-protein related
ADAM15 Mm. 19830 -1.9 -20
ADAM17 Mm. 355306 -2.2 -1.8
IGF-1 Mm. 268521 -3.6 -2.2
IGF-1 binding protein 4 Mm.233799 -2.2 -2.3
Osteopontin Mm.288474 -2.6 -40 -1.6
Interferon induced gene
Interferon activated gene 203 Mm.261270 -2.2 =21 -2.0
Interferon activated gene 204 Mm.212870 -25
Interferon dependent positive acting Mm.2032 -1.8 -2.0
franscriptio factor 3
Interferon y inducible protein Mm.24769 -2.0 -1.5
Interferon regulatory factor 5 Mm.6479 -20 -2.0
Interferon regulatory factor 7 Mm.3233 -3.8 -3.0
Inferferon induced protfein with Mm.271850 -1.5 2.4
tetratricopeptide repeat 3
2'-5 oligoadenylate synthetase 1A Mm. 14301 -1.5 -3.6 -1.4
Lysosomal protein
Cathepsin D Mm.231395 -3.0 -2.3
Cathepsin L Mm.230 -15 -4.8 =59
Cathepsin S Mm. 3619 ~-24 -2.6 -2.1
Lysosomal membrane glycoprotein 2 Mm.486 -2.4 -1.7
Other
Annexin A2 Mm.238343 -1.6 -2.1
Caspase 1 Mm. 10561 -1.7 -1.5 2.6
Coronin Mm.27317 -1.7 -24 2.1
Amyloid beta precursor protein Mm.277585 -1.5 -1.8 -2.1
Glycoprotein 49A Mm. 196617 2.6
Glycoprofein 498 Mm 34408 -3.2 -40 2.2
LIM only 2 Mm.29266 -29 -3.2
Schlafen 4 Mm.38192 -1.6 -5.1 ~24
Cell surface glycoprotein EMR 1 precursor Mm.258979 -25 -3.1 -3.5
Peroxiredoxin 4 Mm.247542 -1.9
Peroxiredoxin & Mm.279782 -2.1
Pleckstrin Mm 98232 -6.6 -2.3
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Figure 1: Expression of ZNF216. (A) The expression of ZNF216 is induced by RANKL. RAW?264.7
cells were freated with RANKL (10 ng/mL) for the indicated time, and purified RNA was
subjected to Northern blot analysis. The same membranes were reprobed for EFle
(elongation factor 1) to control for loading. (BY iImmunoblot analysis. The induction of
ZNF216 protein is shown throughout a 96-hr time-course. The membrane was reprobed with
tubulin antibody to control for protein loading. (C) Other proinflammatory cytokines or
stimulators ailso induced ZNF216. Total RNA was prepared at the indicated time and
probed for ZNF216 mRNA expression. The membrane was reprobed for EFla as described
above to confrol for loading.

pattern of the protein was well concordant with that of the RNA, the peak level
of ZNF216 protein persisted long after 72 hr, when the RNA level had subse-
quently declined. RANKL-induced expression of ZNF216 was also observed in
primary cultures of bone marrow macrophages (data not shown).

To examine whether expression of ZNF216 could be induced by other TNF
superfamily cytokines, RAW264.7 cells were treated with TNF«, As expected,
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TNF« up-regulated ZNF216, although not as much as RANKL (Fig. 1C). Both
RANKL and TNF« activate a common signaling pathway through NF-«B and
JNK with TNFR-associated factor (TRAF) family members (24). This intracel-
lular pathway is known to be partially shared by those of IL-18 and LPS. As
shown in Figure 1C, the expression of ZNF216 was also inereased by treat-
ment with both IL-18 and LPS. It is of interest that the expression was
rapidly induced by LPS within 1 hr (Fig. 1C). In contrast, ZNF216 expres-
sion induced by IL-18 was rather weak. Thus, we hypothesized that activa-
tors of NF-«B or AP-1 might also induce ZNF216 expression. TPA, a potent
activator of protein kinase C (PKC), activates NF-«B and AP-1 in rat 3Y1
fibroblasts and in the human gastric cancer cell line, MGC80-3 (25-27). As
shown in Figure 1C, expression of ZNF216 was strongly induced by TPA in
RAW264.7 cells. In addition, the antiviral cytokine, IFNy, which is not known
as an activator of NF-«B or AP-1, also up-regulated the expression of ZNF216
(Fig. 1C).

Ectopic Expression of ZNF216 in Osteoclast Differentiation

The ZNF216 protein is composed of 213 amino acid and contains both A20-
like and AN1-like zinc finger domains (Fig. 2A). The A20-like zinc finger do-
main is a C2/C2 type zinc finger localized between amino acids 11-35 at the
N-terminus (Fig. 2A). The ANl1-like zinc finger domain is localized
at amino acids 154-193 and contains the sequence CX2CX(9-12)CX(1-
2)CX4CX2HX5HXC, which is similar to that of AN1, a ubiquitin-like pro-
tein in Xenopus laevis (28). To clarify the molecular function of ZNF216 in
osteoclast differentiation, we generated RAW264.7 cells stably expressing ei-
ther full-length or truncated forms of ZNF216, and in vitro osteoclastogenesis
assays were performed. Comparable expression of ZNF216 and its mutants
were confirmed by immunoblot analyses (Fig. 2A, right panel). Proliferation
was not significantly affected by ectopic expression of ZNF216 mutants (not
shown). Stably transfected RAW264.7 cells were seeded in 96-well plates and
stimulated with RANKL for 48 hr. It is surprising that ectopic expression of
full-length ZNF216 significantly suppressed TRAP-positive cell number com-
pared with mock-infected RAW264.7 cells (Figs. 2B and C). By contrast, RAW
cells expressing deletion mutations in either zinc finger domain (AN or AC) ex-
hibited accelerated osteoclast differentiation monitored by TRAP (Figs. 2B and
C). In particular, the C-terminal zinc finger domain truncated mutant (AC) dra-
matically promoted the expression of TRAP. Most of RAW264.7 cells expressing
AC mutant were positive for TRAP, whereas mock-infected cells were only 25%
TRAP positive (Figs. 2B and C). Ectopic expression of truncated mutants in
RAW264.7 cells did not possess any TRAP activity without RANKL treatment,
indicating that RANKL was required for the observed effects of on osteoclast
differentiation (data not shown).
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Figure 2: ZNF216 inhibifs osteoclastogenesis. (A) Schematic presentation of ZNF216 and its
deletion mutants (left panel). FulHength ZNF216 (213 amino acids) is denoted as ZNF216-FL.
A20-like (dark gray box) or AN1-like (gray box) zinc finger domains were delefed in
ZNF216-AN or ZNF216-AC, respectively. The number represents the positions of the deleted
amino acid residues. Expression of ZNF216 and its mutants in RAW264.7 cells (right panel).
The expression levels of the proteins in stable fransfectants were comparable, ZNF216
proteins were detected by Immunoblotting with anti-FLAG antibody. (B) Ectopic expression
of ZNF216 inhibits RANKL-mediated osteoclastogenesis in RAW264.7 cells. Three individual
RAW?264.7 cell clones stably expressing full-length or truncated forms of the zinc finger
domains were seeded and freated with (Upper panels) or without (lower panels) RANKL
(10 ng/mL). After 48 hr, cells were fixed and TRAP activity was defermined. No
TRAP-positive cells were observed in all cell lines without RANKL treatment. (C) The number
of TRAP-positive (purple) cells, in (B), were quaniified. Results represent the average values
from the three clones. *P < 0.05 vs. mock-infected cells; *** P < 0.005 vs. mock-infected
cells.
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ZNF216 in the NF-xB Signaling Pathway

The inhibitory effects of ZNF216 we observed, along with a recent report in-
dicating that ZNF216 inhibits NF-«B activation (29), prompted us to investigate
the relationship between ZNF216 and NF-«cB signaling in osteoclastogenesis.
For NF-« B activation, the degradation of its inhibitory binding molecule, I« B, is
crucial. Activation of the NF-«B pathway requires phosphorylation of I«B lead-
ing to its degradation via the ubiquitin-proteasome system (30). As shown in
Figure 3A, IxBo was rapidly degraded by LPS in mock-transfected RAW264.7
cells. Neither the full-length nor the truncated mutants of ZNF216 affected
IkcBe degradation (Fig. 3A). NF-«B dissociated from I« B exposes its nuclear lo-
calization signal. Thus, we investigated cytoplasmic to nuclear translocation of
NF-«B in RANK293 cells, which are a cell line derived from HEK293 cell stably
transfected with a vector to express RANK. Cells were treated with RANKL,
and the nuclear fraction subsequently extracted and monitored for the translo-
cation of NF-« B. As shown in Figure 3B, there were no significant alterations in
the nuclear translocation of p50, p52, and p60 NF-«B subunits between mock-
and ZNF216-infected cells. ZNF216 was localized predominantly in the cyto-
plasm and to a lesser extent in the nucleus (data not shown). We next examined
whether ectopic expression of ZNF216 disrupted the binding ability of NF-«B
to its target promoter. Although no band shift was observed in nuclear extracts
from nontreated RANK293 cells, RANKL-treated cell extracts showed a promi-
nent band shift (Fig. 3C). The binding ability of NF-«B to oligo probe was not
affected by expression of either full-length or truncated mutants of ZNF216
(Fig. 3C). Finally, neither the expression of full-length nor truncated mutants
of ZNF216 affected transcription of the reporter luciferase gene driven by the
NF-«B promoter after TNFu stimulation (Fig. 3D) or the AP-1 promoter (Fig.
3E). Together, these results suggest that ZNF216 is not directly involved in the
NF-«B signaling pathway.

DISCUSSION

In the present study, we have identified genes regulated in RANKL-induced
osteoclast differentiation. Although some of the up-regulated genes have been
previously reported to be involved in osteoclast differentiation, the majority
of the down-regulated genes have not been described. Recently, it was demon-
strated that the ITAM-bearing protein family of transmembrane adaptors, such
as DAP12, play critical roles in osteoclast development and function (31-33).
These co-stimulatory adaptors are known to be associated with Fc receptors in
the modulation of their signals (34,35). Notably, the expression of Fc receptors
were down-regulated during osteoclast differentiation in our study (Table 2),
suggesting that the function of the ITAMs may not associated with the Fc re-
ceptors, but other cell surface molecules, such as TREM2 (36,37).
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Figure 3: ZNF216 does not inhibit the NF-«B pathway. (A) Degradation of lkBe protein by
LPS. RAW264.7 celis stably expressing the indicated constructs were stimulated with

10 ng/mL LPS. At the indicated time points, cells were lysed and analyzed for lkBa protein
by immunoblotting. (B) Expression levels of the NF-xB protein subunits. RANK293 cells were
fransfected with the indicated vector constructs. Cells were then treated with 0, 2, and

25 ng/mL RANKL for 30 min. Nuclear fraction was isolated and subjected o immunoblot
analysis for the P50, P52, and P65 NF-«B subunits, Cells were freated with 10 ng/mL RANKL
for the indicated fime periods, and immunoblot analyses were performed. (C) RANKL-
dependent band shifi of NF-«B. EMSA analyses were conducted with nuclear extracts from
the indicated vector constructs in RANK293 cells as described in Materials and Methods.
Arrow indicates nonbound free probe. (D) TNFe-dependent NF-«B reporter gene activation.
HEK293 cells were fransfected with 5 ng or 25 ng of the indicated ZNF216 constructs and 10
ng of pNF-«B-Luc. All luciferase activities were corrected with renilia luciferase activities,
Each experiment was performed at least in triplicate, and data are expressed as the
means + SD. (B) Effect on AP-1-dependent transcription. HEK293 cells were transfected
with 10 ng MEKK-expressing plasmid and 250 ng ZNF216 full-length plasmid. All luciferase
activities were corrected with renilla luciferase activities. Each experiment was performed
at least in duplicate, and data are expressed as the means £ SD. (Continued)

Interferons have also been shown to play important roles in physiologi-
cal and pathological osteoclast function (38). IFNB is induced by the RANKL-
RANK pathway through Fos and inhibits the function of the transcription factor,
forming a negative feedback loop (39). In our studies, significant decreases in
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