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COMPOSITIONS FOR IMPROVING BONE MASS
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001) The present application claims prority to U.S. Provisional Patcent
Application Serial No. 61/302,979 filed February 10, 2010, the cntire contents of which

5 arc hereby incorporated by reference.

GOVERNMENT SUPPORT STATEMENT

[0001] This invention was made with government support under Grant No.
AR47830 awarded by National Institute of Arthritis and Musculoskeletal and Skin

Discases (NIAMS). The government has certain rights in the invention.

10 FIELD OF THE INVENTION

[0002] The present invention relates to the compositions and methods for
improving bone mass, rigidity, or strength, or preventing and treating bone loss via RANK

signaling pathway.

BACKGROUND OF THE INVENTION

15  [0003] Osteoclasts, the sole bone-resorbing cell, not only play a pivotal role in
skeletal development and maintenance but arc also implicated in the pathogenesis of
various bone disorders including postﬁlcnopausal ostcoporosis and tumor bone metastasis
(Teitelbaum, 2000; Raisz, 2005; Mundy, 2002). Osteoclasts are multinucleated giant cells
that diffcrentiate from mononuclear cells of the monocyte/macrophage lineage

20 (Teitelbaum, 2000), thus involving both dramatic phenotypic changes and reprogramming
of genc cxpression. Osteoclastogenesis  requires  two  essential  factors:  the
monocyte/macrophage-colony stimulating factor (M-CSF) and the rcceptor activator of
NF-B ligand (RANKL) (Suda et al., 1999; Teitelbaum, 2000; Boyle et al., 2003).

[0004] RANKL (also known as OPGL, ODF and TRANCE), a member of the
25  tumor necrosis factor (TNF) family, was discovered independently by scveral groups
(Anderson et al., 1997; Wong ct al., 1997b; Lacey ct al., 1998; Yasuda ct al., 1998) in the
late 1990s and thus far has been shown to regulate diverse physiological processes such as
bone remodeling (Lacey ct al., 1998; Yasuda ct al., 1998), dendritic cell (DC) survival and
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activation (Wong ct al., 1997a; Josicn ct al., 1999; Josien ct al., 2000), T-cell activation
(Kong et al., 1999; Bachmann et al., 1999), lvmph node organogenesis (Kong et al., 1999;
Dougall et al., 1999; Kim et al., 2000a), B-cell differentiation (Kong et al., 1999; Dougall
et al, 1999), mammary gland development (Fata et al., 2000), and thermoregulation in
5 females or fever response inflammation (Hanada et al., 2009). RANKL regulates var_ious
biological functions by binding to and activating its receptor RANK (Hsu et al., 1999),
which belongs to the TNF receptor (TNFR) family (Anderson et al., 1997). RANKL also
has a decoy receptor, ostcoprotegerin (OPG) (Simonct ct al., 1997; Tsuda ct al., 1997),
which inhibits RANKL function by competing with RANK for binding RANKL (Yasuda
10 etal, 1998; Lacey et al., 1998).

{0005} In bone, RANKL and RANK play important roles in osteoclastogenesis:
Micc lacking either protein develop ostcopetrosis due to failure to form osteoclasts (Kong
ct al., 1999; Dougall et al., 1999, Li et al., 2000; Kim ct al., 2000b). Consistently, micc
deficient for OPG develop early onset of osteoporosis due to elevated osteoclastogenesis

15 (Bucay et al., 1998; Mizuno et al., 1998) whereas transgenic mice over-expressing OPG
exhibit osteopetrosis, resulting from a decrcase in late stages of osteoclastogenesis
{Simonet et al., 1997).

[0006] The discovery of the RANKL/RANK/OPG axis was soon followed by an
intensive investigation of RANK-activated intracellular signaling pathways involved in the
20 regulation of the diverse functions. The initial efforts primarily focused on TNF receptor
associated factor (TRAF)-dependent pathways since RANK was identificd as a member of
the TNF receptor (TNFR) family (Anderson et al., 1997) and members of the TNFR
family, which lack intrinsic enzymatic activity, transduce intraccllular signals by
recruiting various TRAFs via specific motifs in the cytoplasmic domain (Locksley et al.,
25 2001; Chung et al., 2002). Numerous biochemical and functional studies have established
that RANK contains three functional TRAF-binding sitcs (PFQEP369-373, PVQEET559-
564 and PVQEQG604-609) that redundantly play a role in ostcoclast formation and
function (Liu ct al., 2004) (Liu et al., 2005; Hsu ct al., 1999; Damay ct al., 1998; Wong et
al, 1998; Kim et al., 1999; Damay et al., 1999; Galibert et al., 1998). Coliectively,
30 through thesc functional TRAF-binding motifs, RANK activates six major signaling
pathways NF-kB, JNK, ERK, p38, NFATcl and Akt, which play important roles in
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ostcoclast formation, function and/or survival (Bovle et al., 2003; Liu ct al., 2004; Feng,
2005).

[0007] On the other hand, scveral lines of cvidence support that RANK may also
activatec a TRAF-independent signaling pathway(s) cssential for osteoclastogenesis. It has
5 been shown that TRAFS acts as a key downstream signaling molecule for both RANK and
IL-1R (Wu and Arron, 2003) and a single TRAF6- binding motif is able to promote
osteoclastogenesis (Ye ct al., 2002; Liu et al., 2004). However, administration of IL-1 to
RANK-/- mice failed to inducc any ostcoclastogenesis in vivo (Li ct al., 2000), indicating
that an unidentificd TRAF6-indcpendent signaling pathway(s) is also required for
10 ostcoclastogenesis. Morcover, consistent with this in vive finding, in vitro studies also
demonstrated that IL-1 failed to stimulate ostecoclastogenesis (Azuma et al., 2000;
Kobayashi et al., 2000). Given that the TRAF independent signaling pathway(s) is most
likely initiated by one or more motifs in the RANK cytoplasmic domain, a systematic
structure/function study of the RANK cytoplasmic domain was carried out using a
15 chimeric receptor approach (Xu ct al., 2006). This study has led to an identification of a
specific 4-a.a. RANK motif (IVVY535-538), which shares no homology with any of the
known TRAF-binding sites but plays a crucial role in ostcoclastogenesis by committing
bone marrow macrophages (BMMs) to the ostcoclast lineage (Xu et al., 2006). However,
the precise molecular mechanism by which this RANK motif mediates the lincage

20  commitment remains elusive.

[0008] RYBP (RinglA and YY1 binding protein, also known as DEDAF and
YEAF!, Genbank Accession No. BC080287) was initially identified as a protein
interacting with the Polycomb group (PcG) proteins, RinglA and M33, and the
transcriptional factor YY1 in a two-hybrid screen and shown to mediate transcriptional
25  repression in reporter assays (Garcia et al.,, 1999). It was later shown that RYBP also
intcracts with several members of the E2F family of transcription factors (Trimarchi ct al.,
2001; Schlisio et al., 2002), the transcriptional factor E4TF 1/hGABP (Sawa ct al., 2002)
and ubiquitinated H2A (Arrigoni et al., 2006), a Ringl A/RinglB-dcpendent chromatin
mark associated with transcriptional repression (Li et al.,, 2007). RYBP knockout mice
30 exhibited embryonic lethality, revealing its cssential role in development (Pinity ct al.,
2005). In addition to embryonic Icthality, either loss- or gain-of-function cxperiments

revealed other developmental alterations including defects in neural tube closure and
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formation of anterior cye structures (Pirity ¢t al, 2003; Gonzalez et al, 2008).
Intriguingly, RYBP was also identified in an independent two-hybrid screen as a protein -
interacting with death effector domain (DED)-containing proteins such as FADD,
procaspase 8, and procaspase 10 and thus named differently as the death effector domain-

5  associated factor (DEDAF) (Zheng et al., 2001). Moreover, RYBP has other interacting
partners with roles in apoptosis, the viral apoptin protein and Hippi (Danen-van Qorschot
ct al., 2004; Stanton ct al., 2007). Consistent with a proapoptotic function for RYBP,
over-cxpression of RYBP in ccll lincs promote apoptosis (Zheng et al., 2001; Dancn-van
QOorschot ct al., 2004). A recent study has revealed that RYBP interacts with MDM2 to

10 alter the MDM2-p33 interaction, resulting in stabilization of p53, and thus may act as a
tumor suppressor (Chen et al., 2009).

[0009}] PcG proteins were originally identificd in Drosophila as repressors of Hox
genes, a family of transcription factors that control the antcroposterior scgmentation of the
fruitfly body (Schuecttengruber et al., 2007). Homologues of Drosophila PcG proteins

15 have subsccjucntly been identified in vertebrates and plants and shown to be implicated in
cell differentiation, stem cell identity, tuimorigenesis and genomic imprinting (Schwartz

and Pirrotta, 2008; Schwartz and Pirrotta, 2007; Kohler and Villar, 2008). PcG proteins

form three major PcG complexes termed Polycomb repressive complexes (PRC) 1, PRC2

and PhoRC. The core components of the PRC1 complex include mammalian homologues

20 of Drosophila Polycomb (PC), Posterior Scx Combs (PSC), Polyhomeotic (PH), and
dRING. Speccifically, RYBP interacts with RinglA and RinglB, two mammalian
homologues of dRING, and M33 (also known as CBX2), a mammalian homologue of PC
(Garcia et al., 1999; Gecz et al., 1995). The PRC2 complex primarily includes
mammalian homologues of the E(Z) H3K27 methyltransferase, SU(Z)12, and Extra sex

25 combs (ESC). PhoRC contains the mammalian transcription factor YY 1, homologous to
Drosophila Pleichomeotic (PHO). The PRC2 complex is responsible for catalyzing the
tri-methylation of lysine 27 on histone 3 (histone H3K27me3) in the PcG target genes,

which is recognized by the PRC1 complex through the mammalian homologues of
Drosophila PC (Cao and Zhang, 2004). Despite the ability of RYBP to associate with PcG

.30  proteins, the functional significance of the interaction in the regulation of PcG target genes

is still unknown.
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SUMMARY OF THE INVENTION

[0010] The present invention provides a therapeutic composition for improving
bonc mass, rigidity, or strcngth, or preventing or treating bone loss causcd by bone
discascs, such as ostcoporosis, bone erosion in rhcumatoid arthritis, periodontal bone loss,
5 and tumor (e.g., breast, prostate and multiple myeloma)-induced osteolysis (bonc
destruction) and bone metastasis, or other pathological conditions involving clevated
osteoclast formation/activity, such as Paget disease and drug-induced bone loss. Such
therapeutic composition compriscs a therapeutically acceptable excipient and a peptide, or
a fragment thereof, that specifically binds to a RANK fragment containing an IVVY (SEQ
10 1D NO:4) motif so as to rcgulatc osteoclastogenesis. In certain embodiments, the peptide
derived from a portion or all of RYBP protein a protein intcracting with components of the
polycomb group (PcG) complexes (and also referred to by its accession numbcer
BC080287 in Genbank) is a RING1A and YY1 binding protcin, encoded by a nucleic acid
sequence as set forth in SEQ 1D NO:1, and having at least a portion of the deduced amino
15 acid sequence as set forth in SEQ ID NO:2 (Figure 8), or an analog thercof.

[0011] In certain embodiments, the fragment of the peptide comprises an amino
acid sequence SRPRLKNVDRSTAQQLAVTVGNVTVIITDFKEKTRSSSTS (SEQ ID
NO:3), or an analog or further fragment thereof, that specifically interacts with the IVVY
(SEQ ID NO:4) motif of RANK. In certain embodiments, the fragment of the peptide

20 comprises at least the four amino acid sequence VIIT (SEQ ID NO:5) or AVTV (SEQ ID
NQ:6), or an analog thercof, that specifically interacts with the IVVY (SEQ ID NO:4)
motif of RANK.

[0012] The present invention further provides a method of improving bone mass,
rigidity, or strength, or preventing or treating bone loss caused by bone diseases, such as
25  ostcoporosis, bone crosion in rheumatoid arthritis, periodontal bone loss, and tumor (c.g.,
breast, prostate and multiple myeloma)-induced osteolysis (bone destruction) and bone
metastasis, or other pathological conditions involving clevated ostcoclast
formation/activity, such as Paget discase and drug-induced bonc loss, comprising
administering to a subject in need an cffective amount of a therapeutic composition
30  comprising a therapeutically acceptable excipient and RYBP, or a fragment thercof, that
specifically interacts with the TVVY (SEQ ID NO:4) motif of RANK. In certain

embodiments, the RYBP protein comprises the amino acid sequence as set forth in SEQ
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ID NO:2 (Figurc 8), oran analog thereof. In certain embodiments, the fragment of RYBP

comprises an amino acid sequence as set forth in SEQ ID NO:3, or an analog or functional

fragment thereof, that specifically interacts with the IVVY (SEQ ID NO:4) motif of

RANK. In certain embodiments, the fragment of RYBP comprises at least the four amino
5 acid sequence VIIT (SEQ ID NO:3) or AVTV (SEQ ID NO:6), or a natural or synthetic
‘ analog thereof, that specifically interacts with the IVVY (SEQ ID NO:4) motif of RANK.

[0013} The present invention also provides a therapeutic composition, or a method
of rcgulating ostcoclastogenesis thercof, comprising a smaﬂ molccule, peptide, protein,
drug, naturally-occurring, or chemically synthesized, known or later discovered, that is
10 capable of modulating an interaction of RYBP, or a fragment thercof, with the IVVY
(SEQ ID NO:4) motif of RANK, or modulating any downstream effectors in the RANK
signaling pathway through the intcraction of RYBP, or a fragment thercof, with the IVVY
(SEQ 1D NO:4) motif of RANK. The present invention provides that the IVVY (SEQ 1D
NO:4) motif of RANK engages RYBP, or a fragment thereof, to regulate
15  osteoclastogenesis. The present invention provides that RYBP, or a fragment thereof, is a
high affinity IVVY (SEQ ID NO:4) motif-binding protein functionally involved in
osteoclastogenesis. RYBP is predominantly present in nuclei of osteoclast precursors.
RANKL induces nucleocytoplasmic shuttling of RYBP in an IVVY (SEQ ID NO:4) motif
dependent manner, lcading to the activation of ostcoclast genes. Thercfore, RYBP, or a
20  fragment thercof, is an important protcin engaged in transmitting the IVVY (SEQ ID
NO:4)-activated membranc-proximal signals to a mammalian cell nucleus to promote
osteoclastogenesis via control of the expression of about 200 genes, including, but not
limited to, osteoclast-related genes such as matrix metallopeptidase 9 (Mmp9), cathepsin
K (Ctsk) and tartrate resistant acid phosphatase 5 (TRAP). Any drug, modulator, protein,
25  peptide, small molecule, nuclcic acid, siRNA, or oligonuclcotidc that is capable of
modulating thesc gene or protein expressions via RYBP-RANK signalling is also within

the scope of the present invention.
BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 illustrates that RYBP interacts with the RANK IVVY (SEQ ID

30 NO:4) Motif. (A) Schematic location of the RANK region used as bait in the two-hybrid
scrcen. The mouse¢ RANK is 625-a.a. long. The bait corrcsponds to a 39-a.a. RANK
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cytoplasmic region (a.a. 498-556) which is highly conserved in a.a. sequence between the
mouse and human and contains the IVVY (SEQ ID NO:4) (535-538) motif (Bejarano et
al., 2005, Fig. 1 on page 1120 showing there are only two differences at residues 86 and
96 in the 226 a.a. RYBP protein and the two differences are located outside of the

w

interacting region). TM: transmembrane domain; Ext: extracellular domain; Intr:
intracellular domain. (B) Expression of RYBP during osteoclast diffcrentiation. Primary
BMMs were treated with MCSF (44ng/ml) and RANKL (100ng/ml) while mécrophage-
like RAW264.7 cells were stimulated RANKL (100ng/ml) alone to promotc ostcoclast
formation. Cells were lysed at various time points for assessment of RYBP expression by
10 Western blots with anti-RYBP antibody (a-RYBP). Loading control was performed with
anti-B-actin antibody (B-actin). (C) Schematic structurc of Myc-RANK and HA-RYBP.
(D) RANK fragment 498-536 interacts with RYBP in mammalian cells. Myc-RANK, HA-
RYBP and the two corresponding empty vectors (Myc-Vector and HA-Vector) were
transiently transfected in different combinations into 293 T cells. Cells were then lysed for
15 co-immunoprecipitation assays (Co-1P) in which immunoprecipitation (IP) was performed
with anti-HA antibody (a-HA), followed by Western blots (WB) with anti-Myc antibody
{a-Myc) to assess the interaction between the RANK region and RYBP. The expression
levels of the tagged proteins in transfected cells were determined by input WB with a-HA,
a-RYBP and a-Myc. (E) The intcraction between RANK fragment 498-356 and RYBP
20 was further demonstrated by performing reverse Co-IP assays, in which IP was performed
with a-HA, followed by WB with a-Myc. (F) Myc-mRANK differs from Myc-RANK in
that it contains inactivating mutations in the IVVY (SEQ ID NO:4) motif IVVY (SEQ ID
NO:4) — IVAF (SEQ ID NO:7)). (G).The IVVY (SEQ ID NO:4) motif is specifically
responsible for th;: interaction between RANK fragment 498-556 and RYBP. HA-RYBP
25 was co-transfected with Myc-RANK or Myc-mRANK into 293T cclls. IP was pcrfonn;::d
with a-Myc, followed by WB with a-HA. Input WB assays were performed as in (D).

[0015] Figure 2 provides identification of specific RY BP domains interacting with
the RANK IVVY (SEQ ID NO:4) motif. (A) Schematic diagram of 11 deletion mutanlts
(D1-DI11) of HA-RYBP (WT). In each mutant construct, a region of around 20-aa was
30 deleted. (B) Myc-RANK was co-transfected with HA-tagged WT or one mutant RYBP
construct (HAConst) as shown in left panel into 293T cells. IP was performed with a-Myc,
followed by WB with a-HA. Input WB assays were performed as in Figure 1D. (C) Top
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illustration depicts schematic location of the 40-a.a. RYBP region (dcleted in D8 and D9)
which was shown to be required for interacting with the RANK 1VVY (SEQ ID NO:4)
motif in (A). Bottom panel shows the sequence of the 40-a.a. region and schematic

structure of 10 deletion mutants (S1-S10), each with 4 amino acid residues within the 40-

L

a.a. region deleted. (D) Co-IP assays in (A) were repeated with S1-S10. (E) Location and
sequence of two RYBP domains mediating the interaction with the RANK IVVY (SEQ ID

NO:4) motif. Ext: extracellular domain; Intr; intraceliular domain.

[0016] Figurc 3 illustrates functional involvement of RYBP in ostcoclast
differentiation. (A) Schematic illustration of pPower-siRNA retroviral vector. LTR: long
10 terminal repeat; CMV: the cytomcgalovirus promoter; mU6: the murine U6 promoter,
PGK: the phosphoglycerate kinase promoter; Hygro: hygromycin. (B) BMMs werc
uninfected (UN) or infected with retrovirus expressing scramble control siRNA (Control:
3’-UCUAGGAGGAUCACUUCGA-5" (SEQ ID NO=®RB)) or siRNA (3°-
UCUAGGAGGAUCACUUCGA-5" (SEQ ID NO:9)) targeting RYBP for 24 hrs. 2 dayvs
15  after infection, cells were lysed for Westemn blot analysis with anti-RYBP antibody.
"~ Loading control was performed with anti-B-actin antibody (B-actin). (C) Uninfected
BMMs (UN) and BMMs infected with retrovirus expressing scramble control siRNA
(Control) or siRNA targeting RYBP (siRNA) described in (B) were treated with M-CSF
(44ng/ml) and RANKL (100ng/ml) for 4 days. The culture was stained for TRAP. Top
20 row is the image of the TRAP-stained culturc platc. Bottom row shows the high power
view of a representative arca from cach treatment of the TRAP-stained culture. (D)
Strategy for knocking down the endogenous RYBP by siRNA without affecting the
expression of exogenous HA-tagged WT RYBP (RYBP-HA) or mutant RYBP (dRYBP-
HA). The sclected siRNA targets the RYBP mRNA region which encodes DPPSEA (SEQ
25 ID NO:10). The samc region of RYBP-HA and dRYBP-HA constructs werc altered so
that they producc mRNA which are significantly different from siRNA but encode the
same amino acid sequence. (E) BMMs were uninfected (Uninfected) or infected with
retrovirus cxpressing siRNA (siRNA) targeting RYBP for 24 hrs. In addition, BMMs
infected with retrovirus expressing siRNA were co-infected with virus expressing RYBP-
30 HA (siRNA/RYBP-HA) or dRYBP-HA (siRNA/dRYBPHA) for 24 hrs. 2 days after
infection, cclls were lysed for Westem blot analysis with anti-RYBP antibody or anti-HA
antibody. Loading control was performed with anti-B-actin antibody (B-actin). (F)
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Uninfected BMMs (UN) and BMMs infected with vanous viruscs (siRNA, siRNA/RYBP-
HA or siRNA/dRYBP-HA) as described in (E) were treated with M-CSF (44ng/ml) and
RANKL (100ng/ml) for 4 days. The culture was stained for TRAP. Top row is the image
of the TRAPstained culture plate. Bottom row shows the high power view of a

5  representative area from each treatment of the TRAP-stained culture.

[0017] Figure 4 illustrates that the IVVY (SEQ ID NO:4) motif mediates the
RANKL-induced intracellular translocation of RYBP during ostcoclastogencsis. (A)
RANKL stimulatcs intracellular translocation of RYBP during ostcoclastogencsis. BMMs
were trcated with M-CSF (44ng/ml) alonc (Control) or with M-CSF (44ng/ml) and
10 RANKL (100ng/ml) (RANKL Trcatment) for 1d, 2d, 3 day or 4 days. Cells were then
fixed and stained with DAPI or immunostained with anti-RYBP antibody. (B) BMMs
isolated from TNFR1-/-2-/- mice were infected with virus encoding a chimeric receptor
consisting of thc TNFR (SEQ 1D NO:11) external domain linked to the transmembranc
and intracellular domains of mouse wild-type RANK (WT) or virus encoding a chimeric
15 receptor consisting of the TNFR (SEQ ID NO:11) extemal domain linked to the
transmembrane and intracellular domains of mouse RANK containing inactivating
mutation in the IVVY (SEQ ID NO:4) motif (Mu). Infected cells were treated with M-
CSF (44ng/ml) and TNF (10ng/ml) for lhrs, 2 hrs, 4hrs, 8hrs, 1d and 2d. Cells were then
fixed and stained with DAPI staining or immunofluorescence staining with anti-RYBP
20  antibody.

[0018] Figure 5 illustrates that the IVVY (SEQ ID NO:4) motif regulates gene
expression in response to RANKL treatment. (A) Heat map of microarray assays. BMMs
isolated from TNFRI1-/-2-/- mice were infected with virus encoding a chimeric receptor
consisting of the TNFR cxternal domain linked to the transmembranc and intracellular
25 domains of mouse wild-type RANK (WT) or virus encoding a chimeric receptor
consisting of thc TNFR c¢xtemal domain linked to the transmembrane and intraccllular
domains of mouse RANK containing inactivating mutation in the IVVY (SEQ ID NO:4)
motif (Mu). Infected cells were treated with M-CSF (d4ng/ml) and TNF (10ng/ml) for 1d.
Total RNA was isolated from the treated cells for microarray analysis. (B) Statistical
30  analysis of the data obtained from the microarray assays. (C) The confirmation of data on
the up-regulation of the Mmp9, Car2, Ctsk and TRAP genes by the IVVY (SEQ ID NO:4)
motif using scmi-quantitative RT-PCR. TNFRI-/-2-/- BMMs cxpressing the wild-type
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chimera (WT) and mutant chimera (Mu) were treated with M-CSF (44ng/ml) and TNF-a
(10ng/ml) for 1d. Cells were lysed for total RNA isolation immediately after the 1d
RANKL treatment or continued with M-CSF (44ng/ml) alone for 2 or 4 additional days
before total RNA preparation for semi-quantitative RT-PCR assessment of the expression
of the four genes. (D) BMMs were treated with M-CSF (44ng/ml) and RANKL
(100ng/ml) for 1d. As in (C), cells werc cither lysed for total RNA isolation immediately
after the 1d RANKL treatment or continued with M-CSF (44ng/ml) alone for 2 or 4
additional days before total RNA preparation for semiquantitative RT-PCR asscssment of

w

the expression of the four genes.

10 |0019] Figure 6 illustrates sequence and location of RANK ¢DNA rcgion encoding
the bait for two-hybrid screening. Human and mouse RANK cytoplasmic domains are
shown and compared. The three boxed sequences are functional TRAF-binding sites. The .
IVVY (SEQ ID NO:4) motif that is csscntial for osteoclastogenesis is indicated by a black
bar on top of the sequence. The 49-aa segment containing the IVVY (SEQ ID NO:4)

15 motif, which is used as bait for two-hybrid screen, is shown in bold and underlined.

hRANK: human RANK; mRANK: mouse RANK.

[0020] Figure 7 illustrates amino acid sequence and location of regions dcleted in
D1-D11. Both mouse RYBP amino acid sequeﬁce and corresponding coding sequence are
shown. Numbers on left indicate the location of the amino acid residues. The deleted

20 region in each mutant is specified d by vertical lines. The specific residues deleted in
these mutants are: residucs 4-23 in DI1; residucs 24-43 in D2; residues 44-63 in D3;
residues 64-83 in D4; residues 84-103 in D3; residues 104-123 in D6; residues 124-143 in
D7; residues 144-163 in D8; residues 164-183 in D9; residues 184-203 in D10; residues
204-228 in D11.

25 [0021] Figurc 8 illustrates/underlined location and sequence of effective siRNA
target in full length mouse RYBP c¢DNA, of SEQ ID NO:1 and deduced amino acid
scquence of SEQ ID NO:2.

[0022] . Figure 9 illustrates that the IVVY (SEQ ID NO:4) motif mediates the
RANKL-induced intracellular translocation of RYBP during osteoclastogenesis during the
30 first 24 hours. BMMs were treated with M-CSF (44ng/ml) alone (Control) or with M-CSF
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(44ng/ml) and RANKL (100ng/ml) (RANKL Treatment) for 1, 2, 4, 8, 16 or 24 hours.
Cells were then fixed and stained with DAPI or immunostained with anti-RYBP antibody.

[0023] Figurc 10 illustratcs how a chimcric rcceptor can be used to determine
whether IVVY mediates RYBP intraccllular translocation in osteoclast precursors. (A) As
5 amember of thc TNFR family, RANK is activated by RANKL-induced trimerization. (B)
As a surrogate, TNFa can induce the trimerization of the chimeric receptor to activate the
RANK signaling required for ostcoclast formation, function and/or survival. In addition,
since TNFa can also rcgulatc ostcoclast formation and function, this approach requires the
usc of ostcoclast precursors from TNFR1&R2 double knockout (TNFRIR27) mice to
10 prevent potential signaling from TNFR. (C) Ch-WT is a chimeric receptor system
consisting of the external domain of TNFR1 linked to the transmembrane and intracellular
domains of wild-type RANK, while Ch-Mu is a mutant chimeric receptor system
consisting of the cxtcrnal domain of TNFRI linked to the transmembranc and intraccllular
domains of RANK containing inactivating mutations in the IVVY motif. Thus, this
15 chimeric receptor approach can be used as a tool to determine whether IVVY mediates

RYBP intracellular translocation in osteoclast precurors,

DETAILED DESCRIPTION OF THE INVENTION

[0024] The present invention provides a pharmaceutically administerable
therapeutic composition, and method of use thercof, for promoting, or inhibiting, RANK
20 signalling required for osteoclast formation, function and/or survival. The compositions
and methods can be used for improving bone mass, rigidity, or strength, or preventing or
treating bone loss caused by bone discases, such as osteoporosis, bone erosion in
rheumatoid arthritis, periodontal bone loss, and tumor (c.g., breast, prostate and multiple
mycloma)-induced osteolysis (bonc destruction) and bonc mctastasis, or other pathological
25 conditions involving clevated osteoclast formation/activity, such as Paget discasc and
drug-induced bone loss. Such therapeutic composition comprises a therapeutically
acceptable excipient and a peptide, or a fragment thereof, that specifically binds to a
RANK fragment containing a IVVY (SEQ ID NO:4) motif so as to regulate

osteoclastogenesis.

30  [0025] In certain embodiments, the peptide is RYBP protein having an amino acid
scquence as sct forth in SEQ ID NO:2, or fragments or analogs thcrcof. In certain
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embodiments, the fragment of the peptide has, consists of, or compriscs an amino acid
sequence SRPRLKNVDRSTAQQLAVTVGNVTVIITDFKEKTRSSSTS (SEQ ID NO:3),
or fragments or analogs thereof, that specifically interacts with the IVVY (SEQ ID NO:4)
motif of RANK. In certain embodiments, the fragment of the peptide has, consists of, or
comprises at least the four amino acid sequence VIIT (SEQ ID NO:5) or AVTV (SEQ ID
NO:6), or homologs or analogs thcmoﬁ that specifically interacts with the IVVY (SEQ ID
NO:4) motif of RANK.

v

[0026] The present invention also provides a therapeutic composition, or a method
of rcgulating ostcoclastogencsis thercof, comprising a small molccule, peptide, protein,

10 drug, naturally-occurring, or chemically synthesized, known or later discovered, that is
capable of modulating an intcraction of RYBP, or a fragment thereof, with the IVVY
(SEQ ID NO:4) motif of RANK, or modulating any downstream effcctors in the RANK
signaling pathway through the interaction of RYBP, or a fragment thereof, with the IVVY
(SEQ ID NO:4) motif of RANK. The invention further provides a valuable research tool

15 for screening and identifving additional molecules which modulate the interaction of
RYBP, or a fragment thereof such as provided in SEQ ID NOS: 5 and 6, with the RANK
motif IVVY (SEQ ID NO:4).

10027} The present invention also provides isolated nucleotides, homologs and

analogs that encode RYBP, or portions thereof, as set forth in SEQ ID NO:2, SEQ ID
20 NO:3; SEQ ID NO:5, or SEQ ID NO:6; or hybridize at highly stringent conditions to the

nucleotide sequence encoding the amino acid sequence as shown in SEQ ID NO:2, SEQ

ID NO:3, SEQ ID NO:5, SEQ ID NO:6, or portions thereof. Moreover, the present

invention provides nucleotides, homologs and analogs that comprise the nucleotide

sequences encoding the amino acid sequence shown in SEQ ID NO:2, SEQ ID NO:3, SEQ
25 IDNO:5, SEQ ID NO:6, portions, or complements thereof.

[0028] As used herein, the sequences of these peptides generally comprise about 3
to about 100 amino acids residues. As used herein, an “amino acid residue™ refers to any
naturally occurring amino acid, any amino acid derivative or any amino acid mimetic
known in the art. Accordingly, the peptides encompass amino acid scquences comprising
30  at least onc of the 20 common amino acids found in naturally occurring protcins, or at

lcast one modificd or unusual amino acid known in the art or later derived.
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(0029} The present invention also provides peptide analogs of RYBP, or a
fragment thereof. As used herein, the term “analogs™ refers to two proteins or peptides
that have the same or similar function, but that have evolved separately in unrelated
organisms, such as murine and human analogs of the protein referred to herein as RYBP.

As used herein, the term “analog” further refers to a structural derivative of a parent

W

compound that often differs from it by a single element. As used herein, the term “analog”
also refers to any peptide modifications known to the art, including but are not limited to
changing the side chain of one or more amino acids or replacing one or more amino acid

with any non-amino acids.

10 [0030] Based on the amino acid sequences of the present invention, any peptides
and their analogs comprising such sequences can be made by any techniques known to
those of skill in the art, including but are not limited to the rccombinant cxpression
through standard molccular biological techniques, the conventional peptide/protein -

purification and isolation methods, and/or the synthetic chemical synthesis methods. The

._
il

nuclcotide and peptide scquences corresponding to various genes may be found at
computerized datdbases known to those of ordinary skill in the art, for instance, the
National Center for Biotechnology Information's Genbank and GenPept databases.
Altematively, various commercial preparations of proteins and peptides are known to

those of skill in the art.

20 |0031] Because the length of the peptides of the present invention is relatively
short, peptides and analogs comprising the amino acid sequences of these peptide inscrts
can be chemically synthesized in solution or on a solid support in accordance with
conventional techniques. Various automatic synthesizers are commercially available and
can be used in accordance with known protocols. Short peptide scquences, usually from

25 about 3 up to about 100 amino acids, can be readily synthesized by such methods.
Altematively, recombinant DNA tcchnology may be emploved whercin a nucleotide
sequence which encodes a peptide and its analog of the present invention is inserted into
an expression vector,‘transfonncd or transfected into an appropriate Host cell, and

cultivated under conditions suitable for expression.

30 [0032] Peptide mimetics may also be used for preparation of the peptides and their
analogs of the present invention. Mimetics are peptide-containing molecules that mimic
clements of protein secondary structure (Johnson et al., BIOTECHNOLOGY AND
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PHARMACY, Pczzuto ct al., Eds.,, Chapman and Hall, latest edition, New York). A
peptide mimetic is expected to permit molecular interactions similar to the natural
molecule, and may be used to engineer second generation molecules having many of the .

natural properties of the peptides, but with altered and even improved characteristics.

5 [0033] The present invention also provides chimeric or fusion peptides that
comprise the amino acid sequences of RYBP, or a fragement thereof, of the present
invention, as disclosed herein. As used herein, a “chimeric or fusion peptide™ compriscs
the amino acid sequence corresponding to RYBP (SEQ ID NO:2), or a fragment, c.g.,
SEQ ID NO:3, SEQ ID NO:3, or SEQ ID NQ:6, or analogs thercof, opcraxi\-'cly linked,

10 preferably at the N- or C-terminus, to all or a portion of a second peptide or protein. As
used herein, “the sccond peptide or protein™ refer to a peptide or protein having an amino
acid scquence which is not substantially identical to RYBP, a fragment, or analogs thercof,
c.g., a peptide or protein that is different from SEQ ID NO:2, SEQ 1D NO:3, SEQ ID
NO:5, SEQ ID NO:6, or analogs thercof, and is derived from the same or a different

153  organism. With respect to the fusion peptide, the term “operatively linked” is intended to
indicate that the amino acid of RYBP, a fragment, or analogs thereof, and the second
peptide or protein are fused to each other so that both sequences fulfill the proposed

function attributed to the sequence used.

[0034] For ecxample, fusions may employ leader sequences from other species to
20  permit the recombinant expression of a protein in a heterologous host. Another useful
fusion includes the addition of an immunologically active domain, such as an antibody
epitope, to facilitate purification of the fusion protein. Inclusion of a cleavage site at or
near the fusion junction will facilitate removal of the extraneous polypeptide after
purification. Other uscful fusions include linking of functional domains, such as active
25 sites from enzymes, glycosylation domains, cellular targeting signals or transmembrane
regions. In certain embodiments, the fusion proteins of the present invention comprise the
peptide and/or analog comprising amino acid scquences of RYBP, or a fragment therof,
that is linked to another protein or peptide. Examples of proteins or peptides that may be
incorporated into a fusion protein include cytostatic proteins, cytocidal proteins, pro-
30 apoptosis agents, anti-angiogenic agents, hormones, cytokines, growth factors, peptide
drugs, antibodies, Fab fragments antibodics, antigens, receptor proteins, enzymes, lectins,

MHC proteins, ccll adhesion proteins and binding proteins. These examples are not meant
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to be limiting and it is contemplated that within the scope of the present invention virtually
any protein or peptide could be incorporated into a fusion protein comprising the peptides

and analogs of the present invention,

[0035] Methods of generating fusion peptides/proteins are well known to those of

5 skill in the art. Such peptides/protcins can be produced, for example, by chemical
attachment using bifunctional cross-linking reagents, by de novo synthesis of the complete
fusion peptide/protein, or by standard rccombinant DNA techniques that involve
attachment of a DNA scquence encoding the peptides of present invention, as disclosed
herein, to a DNA scquence encoding the second peptide or protein, followed by ¢xpression

10 of the intact fusion pcptide/protcin using. For cxample, DNA fragments coding for the
peptide sequences of RYBP, fragments, or analogs thereof are ligated together in-frame in
accordance with conventional techniques, for example by employing blunt-ended or
stagger-cnded termini for ligation, restriction enzyme digestion to provide for appropriate
termini, filling-in of cohesive ends as appropriate, alkaline phosphatase treatment to avoid

15 undesirable joining and enzymatic ligation. In another embodiment, the fusion genc can be

synthesized by conventional techniques including automated DNA synthesizers.

[0036] Altematively, PCR amplification of genc fragments can be carricd out
using anchor primers that give rise to complementary overhangs between two consecutive
gene fragments that can subsequently be annealed and re-amplified to generate a chimeric
20 gene sequence (See, for example, Current Protocols in Molecular Biology, Eds. Ausubel et
al,, latest edition, John Wilcy & Sons). Morecover, many expression vectors arc
commercially available that already encode a fusion moiety (e.g., a GST polypeptide). The
nucleic acids encoding RYBP, fragments, or analogs thercof can be cloned into such an
expression vector such that the fusion moicty is linked in-frame to these nucleic acids

25  encoding peptides of RYBP, fragments, or analogs thereof.

[0037] In certain embodiments the peptides and analogs of the present invention
may be isolated or purificd. Protein purification techniques are well known in the art.
'These techniques involve, at one level, the homogenization and crude fractionation of the
cells, tissuc or organ to peptide and non-peptide fractions. The peptide/protein of intcrest
30  may be further purified using chromatographic and clectrophoretic techniques to achieve
partial or complete purification (or purification to homogencity). Analytical methods

particularly suited to the preparation of a pure peptide are ion-exchange chromatography,
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gel cxclusion chromatography, polyacrylamide gel electrophoresis,  affinity
chromatography, immunoaffinity chromatography and isoelectric focusing. A particularly
efficient method of purifying peptides is fast protein liquid chromatography (FPLC) or
even HPLC.

5 |o038] An isolated peptide is intended to refer to a peptide/protein that is purificd
to any degree rclative to its naturally-occurring state. Therefore, an isolated or purified
peptide refers to a peptide free from at least some of the environment in which it may
naturally occur. Generally, “purified” will refer to a peptide composition that has been
subjccted to fractionation to remove various other components, and which composition

10 substantially retains its expressed biological activity. Where the term “‘substantially
purified” is used, this designation will refer to a composition in which the peptide forms
thc major componcnt of thc composition, such as constituting about 50%, about 60%,
about 70%, about 80%, about 90%, about 95%, or morc of the peptides in the

composition.

15 0039} Varions methods for quantifying the degree of purification of the peptide
arc known in the art. These include, for example, determining the specific activity of an
active fraction, or assessing thc amount of peptides within a fraction by SDS/PAGE
analysis. Various techniques suitable for use in peptide/protein purification arc well
known to those of skill in the art. These include, for example, precipitation with

20 ammonium sulphate, PEG, antibodies and the like, or by heat denaturation, followed by:
centrifugation; chromatography steps such as ion exchange, gel filtration, reverse phase,
hydroxylapatite and affinity chromatography; isoelectric focusing; gel electrophoresis; and
combinations of these and other techniques. As is generally known in the art, it is believed
that the order of conducting the various purification steps may be changed, or that certain

25 steps may be omitted, and still result in a suitable method for the preparation of a

substantially purificd protcin or peptide.

[0040] There is no general requircment that the peptides, fragments, and their
analogs always be provided in their most purificd state. indeed, it is contemplated that less
substantially purificd products will have utility in certain embodiments. Partial purification
30 may be accomplished by using fewer purification steps in combination, or by utilizing
different forms of the same gencral purification scheme. Methods exhibiting a lower

degree of relative purification may have advantages in total recovery of protein product, or
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in maintaining the activity of an cxpressed protein. The invention contcmplates
compositions comprising the peptides and a pharmaceutically acceptable carrier or

excipients.

{0041} In certain embodiments, the RY BP peptide, fragments, and analogs thercof,
5  ofthe present invention may be attached to imaging agents including but are not limited to

125[
k]

fluorescent, and/or radioisotopes ncluding but are not limited to for imaging,
diagnosis and/or therapeutic purposes.  Many appropriatc imaging agents and

radioisotopes arc known in the art, as arc methods for their attachment to the peptides.

[0042] The present invention also provides isolated nucleic acids/nucleotides,
10 homologs and analogs that comprise the nucleotide sequences encoding the RYBP amino
acid sequence, fragments, or analogs thercof. As used herein, the “nucleic
acids/nucleotides”™ may be derived from genomic DNA, complementary DNA (¢cDNA) or
svnthetic DNA. The term “nucleic acid/nucleotide™ also refer to RNA or DNA that is
linear or branched, single or double stranded, chemically modified, or a RNA/DNA hybrid
15 thercof. It is contemplated that a nucleic acid within the scope of the present invention
may comprise 10-150 or more nucleotide residues in length. Where incorporation into an
cxpression vector is desired, the nucleic acid may also comprise a natural intron or an
intron derived from another gene. Less common bases, such as inosine, 5-methylcytosine,

6-methyladenine, hypoxanthine, and others can also be used.

20  [0043] An “isolated” nucleic acid molecule is one that is substantially separated
from other nucleic acid molecules which are present in the natural source of the nucleic
acid (i.c., scquences cncoding other polypeptides). Preferably, an “isolated” nucleic acid 1s
free of somc of the sequences which naturally flank the nucleic acid (i.c., sequences

located at the 5™ and 3° ends of the nucleic acid) in its naturally occurring replicon. For

(o]
W

cxample, a cloned nucleic acid is considered isolated. A nucleic acid is also considered
isolated if it has been altered by human intervention, or placed in a locus or location that is
not its natural sitc, or if it is introduced into a ccll by agroinfection. Morcover, an
“isolated” nucleic acid molecule, such as a cDNA molecule, can be free from some of the
other cellular material with which it is naturally associated, or culturc medium when
30  produced by rccombinant techniques, or chemical precursors or other chemicals when

chemically synthesized.
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|0044] As used herein, “homologs™ arc defined hercin as two nucleic acids or
peptides that have similar, or substantially identical, nucleic acids or amino acid
sequences, respectively. The term “homolog”™ further encompasses nucleic acid molecules

that differ from one of the nucleotide sequences due to degeneracy of the genetic code and

L

thus encodes the same amino acid sequences. In one of the preferred embodiments,
homologs include allelic variants, orthologs, paralogs, agonists, and antagonists of nucleic
acids encoding RYBP (SEQ ID NO:2), fragments, ¢.g., SEQ ID NO:3, SEQ ID NO:3, or
SEQ ID NO:6, or analogs thereof, as defined hereafter.

[0045] As statcd above, the present invention includes RYBP (SEQ ID NO:2), or
10 fragments (¢.g., SEQ 1D NO:3, SEQ ID NO:3, or SEQ ID NO:6), and which are intended
to include functiona! cquivalents such as homologs and analogs thereof. To determine the
percent sequence identity of two amino acid sequences (¢.g., onc of the sequences of SEQ
ID NO: 2, SEQ ID NO:3, SEQ ID NO:5, SEQ ID NO:6, and a mutant form thercof), the
sequences are aligned for optimal comparison purposes (¢.g., gaps can be introduced in the -
15 sequence of onc polypeptide for optimal alignment with the other polypeptide or nucleic
acid). The amino acid residues at corresponding amino acid positions are then compared.
When a position in onc sequence is occupied by the same amino acid residue as the
corresponding position in the other sequence, then the molecules are identical at that

position. The same type of comparison can be made between two nucleic acid sequences.

20 [0046] The percent sequence identity between the two sequences is a function of
the number of identical positions shared by the sequences (i.c., percent sequence identity
numbers of identical positions/total numbers of positions x100). Preferably, the isolated
amino acid homologs included in the present invention are at least about 50-60%,
preferably at Icast about 60-70%, and morc preferably at least about 70-75%, 75-80%, 80-

25 85%, 85-90%, or 90-95%, and most preferably at least about 96%, 97%, 98%, 99%, or
morc identical to an entirc amino acid sequence of RYBP (SEQ ID NO:2) or fragments
(e.g., SEQ ID NOs:3, 5, or 6). In certain embodiments, the amino acid homologs have
sequence identity over at least 1, 2, 3,4,5,6,7. 8,9, 10, 20, 30, 40, or more contiguous
amino acid residues of the sequence disclosed herein including SEQ ID NO:2, SEQ ID

30 NO:3,SEQID NO:5, or SEQ ID NO:6.

[0047) In other cmbodiments, an isolated nucleic acid homolog of the invention

comprises a nuclcotide sequence which is at least about 40-60%, preferably at least about
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60-70%, morc prefcrably at least about 70-75%, 75-80%, 80-85%, 83-90%, or 90-95%,
and even more preferably at least about 95%, 96%, 97%, 98%, 99%, or more identical to a
nucleotide sequence encoding amino acid sequences disclosed herein including SEQ ID
NO:2, SEQ ID NO:3, SEQ ID NO:3, or SEQ ID NO:6.

5 [0048] The determination of the percent sequence identity between two nucleic
acid or peptide scquences is well known in the art. For instance, the Vector NTI 6.0 (PC)
software package (InforMax, 7600 Wisconsin Avc., Bethesda, Md. 20814) to determine
the percent scquence identity between two nucleic acid or peptide sequences can be used.
In this mcthod, a gap opcning penalty of 15 and a gap cxtension penalty of 6.66 arc used

10 for determining the percent identity of two nucleic acids. A gap opening penalty of 10 and
a gap cxtension penalty of 0.1 arc used for determining the percent identity of two
polypeptides. All other paramcters are set at the default settings. For purposcs of a
multiple alignment (Clustal W algorithm), the gap opening penalty is 10, and the gap
extension penalty is 0.05 with blosum62 matrix. It is to be understood that for the purposes

15 of determining scquence identity when comparing a DNA sequence to an RNA sequence,

a thymidine nucleotide is equivalent to a uracil nucleotide.

|0049] In another aspect, the present invention provides an isolated nucleic acid
comprising a nucleotide sequence that hybridizes to the nucleotides encoding the amino
acid sequence of RYBP (SEQ ID NO:2), fragments (e.g., SEQ ID NOs:3, 5, or 6),
20 homologs, or analogs thereof, respectively under stringent conditions. As used herein with
regard to hybridization for DNA to a DNA blot, the term “stringent conditions” refers to
hybridization ovemight at 60°C in [0xDenhart’s solution, éxSSC, 0.5% SDS, and
100pg/m! denatured salmon sperm DNA. Blots are washed sequentially at 62°C for 30
minutes cach time¢ in 3xSSC/0.1% SDS, followed by 1xSSC/0.1% SDS, and finally
25 0.1xSSC/0.1% SDS. As also used herein, in certain embodiments, the phrase “stringent
conditions” rcfers to hybridization in a 6xSSC solution at 65°C. In another embodiment,
“highly stringent conditions” refers to hybridization overnight at 65°C in 10x Denhart’s
solution, 6xSSC, 0.5% SDS and 100pg/ml denatured salmon sperm DNA. Blots are
washed scquentially at 63°C for 30 minutes cach time in 3xSSC/0.1% SDS, followed by
30 1xSS8C/0.1% SDS, and finally 0.1xSSC/0.1% SDS. Methods for nucleic acid
hybridizations arc described in Mcinkoth and Wahl, Anal. Biochcm. 138:267-284; Current
Protocols in Molecular Biology, Chapter 2, Ausubel et al., eds., latest edition, Greene
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Publishing and Wilcy-Interscience, New York; and Tijssen, Laboratory Techniques in
Biochemistry and Molecular Biology: Hybridization with Nucleic Acid Probes, Part 1,
Chapter 2, latest edition, Elsevier, New York.

[0050} Using the above-described methods, and others known to those of skill in
5  the art, onc of ordinary skill in the art can isolatc homologs of RYBP peptide, fragments
thereof, comprising amino acid sequence shown in SEQ ID NO:2, SEQ ID NO:3, SEQ ID
NO:5, or SEQ ID NO:6. Onc subsct of thesec homologs are allclic variants. As used
hercin, the term “allclic variant” refers to a nucleotide sequence containing
polymorphisms that lcad to changes in the amino acid scquences of RYBP (SEQ ID NO:2)
10 or fragments (c.g., SEQ ID NOs:3, 5, or 6) thereof without altering the functional
activities. Such allelic varations can typically result in 1-3% variance in nucleic acids

cncoding RYBP, or fragments thercof.

[0051] In addition, the skilled artisan will further appreciate that changes can be
introduced by mutation into a nucleotide sequence that encodes the amino acid sequence
15 of RYBP (SEQ ID NO:2), fragments (c.g., SEQ ID NOs: 3, 3, or 6), or analogs thereof.
For cxample, nucleotide substitutions leading to amino acid substitutions at “non-
cssential” amino acid residues can be made in a scquence encoding the amino acid
sequence of RYBP (SEQ ID NO:2), fragments (¢.g., SEQ ID NOs: 3, 3, or 6), or analogs
thereof. A “non-essential”™ amino acid residue is a residue that can be altered without
20  altering the activity of said peptide, whereas an “essential” amino acid residue is required

for desired activity of such peptide.

[0052] Accordingly, another aspect of the invention pertains to nucleic acid
molecules encoding RYBP peptide, fragments or analogs thereof, that contain changes in

amino acid residues that arc not cssential for the peptide activity. In one embodiment, the

N
wn

isolated nucleic acid molecule comprises a nucleotide sequence encoding peptide, wherein
the peptide comprises an amino acid sequence at least about 50%, 60-70%, 70-75%, 75-
80%, 80-85%, 85-90%, 90-93%, or 93-100% identical to an amino acid sequence, such as
the scquence of RYBP (SEQ ID NO:2) or fragments (c.g., SEQ ID NOs: 3, 5, or 6)

thercof.

30 [0053] An isolated nucleic acid molecule encoding a peptide having sequence
identity with an amino acid scquence of RYBP (SEQ ID NO:2) or fragments (c.g., SEQ
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ID NOs: 3, 35, or 6) thercof can be created by introducing onc or morc nucleotide
substitutions, additions, or deletions into a nucleotide encoding such peptide sequences,
respectively, such that one or more amino acid substitutions, additions, or deletions are

introduced into the encoded peptide and/or the side chain of the amino acids constituting

wn

the encoded peptides. Mutations can be introduced into the nucleic acid sequence
encoding RYBP (SEQ ID NO:2) or fragments (¢.g., SEQ ID NOs: 3, 5, or 6) thercof by
standard techniques, such as site-directed mutagenesis and PCR-mediated mutagenesis.
Preferably, conservative amino acid substitutions arc made at onc or more predicted non-
essential amino acid residues. A “conscrvative amino acid substitution” is one in which

10 the amino acid residue is replaced with an amino acid residue having a similar side chain.

[0054] Familics of amino acid residues having similar side chains have been
defined in the art. These families include amino acids with basic side chains (c.g., lysine,
arginine, histidine), acidic sidc chains (c.g., aspartié acid, glutamic acid), uncharged polar
side chains (c.g., glycine, asparagine, glutamine, serine, threonine, tyrosine, cysteine),
15  nonpolar side chains (c.g., alanine, valine, leucine, isoleucine, proline, phenylalanine,
methionine, tryptophan), beta-branched side chains (e.g., threonine, valine, isoleucine),
and aromatic side chains (e.g., tyrosine, phenylalanine, tryptophan, histidine). Thus, a
predicted nonessential amino acid residue in RYBP peptide or fragments thercof is
preferably replaced with another amino acid residue from the same side chain family.
20  Alternatively, in another cmbodiment, mutations can be introduced randomly along all or
part of thc RYBP peptide sequence or fragements thercof, such as by saturation
mutagencesis, and the resultant mutants can be screened for RANK protein interactions.
Following mutagenesis of the nucleic acid sequence encoding the RY BP peptide sequence
or fragments thereof, the encoded peptide can be expressed recombinantly and the RANK

25  binding activity of the peptide can be determined.

0055} The nucleotides of the present invention may be produced by any mcans,
including genomic preparations, cDNA preparations, in vitro synthesis, RT-PCR, and in
vitro or in vivo transcription. It is contemplated that the peptides, their variations and
mutations, or fusion peptides/proteins may be encbded by any nucleic acid sequence that
30  encodes the appropriate amino acid sequence. The design and production of nucleic acids
encoding a desired amino acid sequence is well known to thosc of skill in the art based on

standardized codons. In preferred cmbodiments, the codons selected for encoding cach
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amino acid may bc modified to optimize expression of the nucleic acid in the host cell of

interest. Codon preferences for various specics of host cell are well known in the art.

[0056] The present invention further provides a therapcutic composition, or a
method of rcgulating osteoclastogenesis thereof, comprising a pharmacecutically or
5  therapcutically acceptable excipients, and a modulator, small molecule, peptide, protein,
drug, known or later discovered, that is capable of modulating an interaction of RYBP, or
a fragment thereof, with the IVVY (SEQ ID NO:4) motif of RANK, or modulating any
downstream cffectors in the RANK signaling pathway through the intcraction of RYBP, or
a fragment thereof, with the IVVY (SEQ ID NO:4) motif of RANK. As used hercin, the
10 term “modulator” refers to any naturally-occurred or chemically synthesized, known or

later discovered, compounds, small molecules, peptides, proteins, enzymes, and drugs.

[0057] In certain embodiments, the pharmaceutically or therapeutically acceptable
excipients, carriers or vehicles in the composition of the present invention comprise any
acceptable materials, and/or any one or more additives known in the art. Furthermore, the
15  composition of the present invention can also be made in any suitable solutions and/or

formulations for oral, parentcral, transdermal or transmucosal administrations.

[0058] The present invention may be understood more readily by reference to the
following detailed description of the preferred embodiments of the invention and the
Examples included herein. However, before the present .peptides, compounds,
20  compositions, and methods are disclosed and described, it is to be understood that this
invention is not limited to specific nucleic acids, specific peptides or proteins, specific cell
tvpes, specific host cells, specific conditions, or specific methods, ctc., as such may, of
course, vary, and the numerous modifications and vanations thercin will be apparent to
those skilled in the art. It is also to be understood that the terminology uscd herein is for.
25  the purpose of describing spccific embodiments only and is not intended to be limiting. It
is also to be understood that as used in the specification and in the claims, “a” or “an” can
mcan onc or more, depending upon the context in which it is used. Thus, for example,

refcrence to “a cell” can mean that at Icast one cell can be utilized.

[0059] Throughout this application, various publications are referenced. The

30  disclosures of all of these publications and those references cited within those publications
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in their entirctics are hereby incorporated by reference into this application in order to

more fully describe the state of the art to which this invention pertains.

[0060] It should also be undcrstood that the foregoing rclatcs to preferred
cmbodiments of the present invention and that numcrous changes may be made thercin
5 without dcparting from the scope of the invention. The invention is further illustrated by
the following examples, which arc not to be construed in any way as imposing limitations
upon the scope thereof. On the contrary, it is to be clearly understood that resort may be
had to various othcr cmbodiments, modifications, and cquivalents thereof, which, after
rcading the description herein, may suggest themselves to those skilled in the art without

10 departing from the spirit of the present invention and/or the scope of the appended claims.

EXAMPLES
Cell lines, Mice and Preparation of Primary BMMs

[0061] 293T and RAW264.7 cells were obtained from The American Type Culture -
Collection (ATCC). 293GPG and Plat-E retroviral packaging cclls were kindly provided

15 b)-" Dr Daniel Ory (Washington Unive}sity) and Dr Toshio Kitamura (University of
Tokyo), respectively. CS7BL/6 and TNFR1-/-R2-/- double KO mice were purchased from
Harlan Industries (Indianapolis, IN) and The Jackson Laboratory (Bar Harbor, ME),
respectively. Animals were bred and maintained in accordance with the regulations of the
UAB institutional animal care and use committec. BMMs were isolated from long bones

20 of 4-8 week old C37BL/6 or TNFRI-/-R2-/- mice as previously described (Feng et al.,
2001).

Construction of an Osteoclast Precursor cDNA Library

[0062] An ostcoclast precursor c¢cDNA library was constructed using
CloncMinerTM ¢DNA Library Construction System from Invitrogen (Carlsbad, CA).
25  Briefly, mRNA was isolated from mouse primary BMMs and used as template for cDNA
synthesis. Synthesized ¢cDNA was size fractionated by column chromatography and the
desired size of cDNA (>500bp) was pooled and cloned into pPDONOR™?222 vector with
BP Clonasc™ to make Ostcoclast Precursor cDNA Entry Library. pGBKT7 AD Vector of
MATCHMAKER Two-Hybrid System 3 (Invitrogen) was converted to a Gateway®

30  destination vector using Gateway® Vector Conversion System (Invitrogen). The whole set
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of cDNA clones was then transferred from the Osteoclast Precursor cDNA Entry Library
into the modified pGBKT7 AD Vector to prepare an Osteoclast Precursor Two-Hybrid
c¢DNA Library.

Two-Hybrid Screen

w

[0063] A 49-aa RANK segment (residues 498-346) containing the IVVY motif
(residues 535-538) was used as bait in the two-hybrid screening. A mouse ¢cDNA region
encoding this 49-aa RANK fragment was cloned in frame into pGBKT7'DNA-BD Vector
"+ of the MATCHMAKER Two-Hybrid Svstem- 3 (Invitrogen). The resulting plasmid was
namcd as pGBKT7 DNA-BD-RANK. 8ml of compctent yeast cells (strain AHI109),
10.  freshly prepared according to the protocol in the instruction manual, was combined with a
freshly prepared DNA mixture containing 500pg of pPGBKT7 DNA-BD-RANK, 250ug of
the -Ostcoclast Precursor Two-Hybrid cDNA Library and 20mg of herring testes carrier
DNA. The yeast-DNA complex was thoroughly mixed by vortexing and subsequent
transformation steps were performed following the instructions in the manual. AH109
15 transformants were selected under medium stringency condition by plating the
transformation mixtures on the medium-stringency medium (SD/-His/-Leu/-Trp medium)
in 130-mm platcs. The plates were incubated upside down at 300C until blue colonics
appeared and/or grown big enough for further analysis. DNA was isolated from blue yeast
colonies for transformation into E. Coli. DNA was then isolated from a large number of
20 bacterial colonies derived from each blue yeast colony and sequenced to reveal the identity

of the gene(s) encoding the potential RANK intcracting partners.
Construction of Deletion Mutants and Site-directed Mutagenesis

|0064] Construction of intemal deletion and site-directed mutagenesis were
performed using the QuickChangeTM Site-dirccted Mutagencsis Kit (Stratagene). The
25 deleted regions and point mutations were confirmed by sequencing and other regions in
the ¢cDNA were sequenced to confirm that no mutations were introduced by PCR

amplification during the experimental manipulation.
Co-Immunoprecipitation Assays

[0065] 293T cells were cultured in DMEM containing 10% heat-inactivated fetal
30  bovine serum (HI-FBS) and penicillin/streptomycin (culturing medium). Cells grown near

confluence were lifted and replated at density of 5 x 10° cells/dish in 100-mm tissue
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culture dishes the day before transfection. Total 8ug plasmid was transfected into 293T
cells using LipofectamineTM in combination of Plus® Reagent (Invitrogen). Briefly, 8ug
plasmid was mixed with 20pul Plus® Reagent before addition of 350ul DMEM. The
mixture was incubated at RT for 15min and then added with 380pul freshly prepared

5  LipofectamineTM Reagent (LipofectamineTM Reagent + 350pl DMEM). The complete
transfection solution was further incubated at RT for 13min before being added to one dish

of 293T cells which was washed with DMEM twice immediately before the addition of

the solution. The cells were incubated at 370C for 3hrs before addition of 6.5ml culturing
medium and the incubation continued ovemight. Next day, the medium containing the

10 DNA#transfection reagents was replaced with fresh culturing medium. The transfected
cells were cultured for onc more day before lysis with IP Lysis Buffer (0.5M EDTA, TM
Tris-HC1 pH8.0, 3M NaCl, 10% NP-40 and 10% Glycerol) for Co-IP assays. 30pug protein

from each lysate was mixed and then incubated with 3pug anti-HA antibody or anti-Myc
antibody from Clontech Laboratories, Inc (Mountain View, CA) at 40C on a rotating

I3 apparatus overnight. Next day, 50ul of Protein-G beads, which was freshly washed with IP
Buffer and then resuspended with 1P Buffer (1:1 ratio), was added to the mixture and the
incubation continued at 40C on a rotating apparatus for 2 hrs. Then, the beads were spun
down and washed with IP buffer 5 times. Every time, the beads resuspended in 1P buffer

were incubated at 40C on a rotating apparatus for 15 min before being spun down again.

20 After the final washing, supcmatant was removed and the beads were resuspended with
33ul of SDS Sample Buffer from Cell Signaling Technology (Danvers, MA). The samples

werce boiled for 5 min for Westem blot analysis as described below.
Western Blot Analysis

[0066] Westermn blot analysis “as pcrformed as previously described (Xu et al.,
25 2006; Liu et al., 2004). RAW264.7 cells cultured in DMEM containing 10% HI-FBS and
penicillin/strcptomycin were treated with RANKL (100ng/ml) for various times before
being lysed for Westem blot analysis with anti-RYBP antibody from Abcam Inc
(Cambridge, MA). Primary BMMs were normally cultured in a-MEM containing 10% HI-
FBS and penicillin/streptomycin in the presence of M-CSF (44ng/ml). Uninfected BMMs
30 or BMMs infected with retrovirus encoding siRNA and/or tagged-RYBP were cultured in
the presence of M-CSF (44ng/ml) with or without RANKL (100ng/ml) for various times
and then lysed for Westemn blot analysis. For Western blot analysis of IP complex, all 35pl
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of the eluted proteins from cach IP assay was loaded for Westem blot analysis with anti-
HA antibody (Clontech Laboratories, Inc), anti-Myc antibody (Clontech Laboratories,
Inc), anti-RYBP (Abcam Inc) antibody and anti-B-actin antibody (Santa Cruz
Biotechnology).

5 Invitro Osteoclastogenesis Assays

[0067] Primary BMMs were cultured in 24-well tissue culture plates (5x104
cells/well) with a-MEM containing 10% heat-inactivated FBS in the presence of 0.02
volume of culture supematant of M-CSF-producing cells (final M-CSF concentration 44
ng/mi) (Takeshita ct al., 2000) and 100ng of GST-RANKL (Lam ct al., 2000). Ostcoclasts
10 began to form on day 3 and cultures were stained for TRAP activity on day 5 using a

commercial kit (Sigma, 387-A).
Retroviral Infection of primary BMMs

[0068] 293GPG cells were cultured in DMEM with 10% HI-FBS supplemented -
with tetracycline, puromycin, G418 and penicillin/streptomycin as previously described
15 {2222). Plat-E cells were cultured in DMEM with 10% HI-FBS supplcmented with
puromycin, blasticidin and pcnicillin/streptom_vciﬂ as previously described {Morita, 2000
3155 /id}. The retroviral vectors were transicntly transfected into 293GPG cclls or Plat-E
cells using Lipofectamine Plus Reagent (Invitrogen). Virus supematant was collected at
48, 72 and 96 h after transfection. Cells were then infected with virus for 24 hours in thc.
20 presence of M-CSF (220ng/ml) and 8 pg/ml polybrene. Cells were further cultured in the
presence of M-CSF (220ng/ml) and 2 pg/ml puromycin for selection and expansion of

transduced cells. Selected cells were subsequently used for various studies.
Immunofluorescence Assays

[0069] 1x10° BMMs were plated on polylysine coated coverslips in 6-well plates
25  and the cultures were treated with M-CSF (44 ng/ml) alone or M-CSF (44 ng/ml) plas
RANKL (100 ng/ml) for various times. TNFR1-/-R2-/- BMMs infected with virus
cncoding chimenic receptors were treated with MCSF (44 ng/ml) alone or M-CSF (44
ng/ml) plus TNF-a (10 ng/ml) for various times. Cells were fixed with 3% formaldchyde
solution in PBS for 45 min at RT, and treated with 0.5% Triton X-100 in PBS for 2 min,
30 and blocked with 1% BSA for 30 min at RT. Cells were then incubated with a Rabbit anti-
RYBP polyclonal antibody from Abcam Inc (Cat# ab3976, 1:250 dilution in Blocking



WO 2011/100428 PCT/US2011/024347

27

Buffer) for 1 hrs at RT, washed with PBS for 5 min (3 times) and blocked again with 1%
BSA for 30 min at RT. Cells were further incubated with the Goat polyclonal to Rabbit
IgG-H&L (FITC) second antibody from Abcam Inc (Cat# ab6717, 1:500 dilution in
Blocking Buffer). Coverslips were washed with PBS for 5 min (3 times) and mounted

5  with VECTASHIELD Mounting Medium with DAPI with DAPI (Ca# H-1200) from
Vector Laboratorics (Burlingame, CA). Coverslips were then subjected to confocal
imaging using Leica DMIRBE Inverted UV SP1 Confocal Microscope System with Leica
Confocal Softwarc at UAB Imaging facility. Recombinant mouse TNFg (4 10-TRNC-050)
was from R&D Systems (Minneapolis, MN).

10 Microarray Analysis

{0070} BMMs expressing Ch-WT or Ch-IVVY were plated in six 60-mm tissue
culture dishes and treated with M-CSF (44ng/ml) and TNFa (10ng/ml) for 24 hours. Total
RNA was isolated from the six dishes and pooled. The RNA sample preparation was
repeated independently two more times. Three sets of total RNA samples prepared from
15  three independent assays were subject to microarray analysis using Mouse Genome 430
2.0 Amay at the UAB Microarray Shared Facility. The raw data scts were obtained
through GeneChip Operating Software (GCOS, Affymetrix, CA, USA) and loaded into the
ArrayAssist and GeneSpring WG software (Agilent Technologies, CA, USA) for
background subtraction and normalization by GC-robust multichip analysis (RMA) (Wu et
20 al, 2004). The p-values were obtained by an unpaired t-test aséuming unequal variance.
Various gene lists with different fold changes or functions criteria were further filtered by
minimum intensity and by presence/absence (P/A) calls. The resulting lists were used to

generate heatmap and clusters through hierarchical clustering methods.
Semi-quantitative RT-PCR

25 [0071] Primary BMMs were treated with M-CSF (44ng/ml) and RANKL
(100ng/ml) for 24 hours. Cells were ¢ither lysed for total RNA isolation immediately after
the 24-hrs treatment or were further cultured with lysed M-CSF (44ng/ml) for 2 or 4 more
days before lysis. Pﬁﬁaqr BMMs expressing Ch-WT or Ch-Mu were treated with M-CSF
(44ng/ml) and TNF (10ng/ml) for 24 hours. Similarly, cells were either lysed fof total

30 RNA isolation immediately after the 24-hrs treatment or were further cuitured with lysed
M-CSF (44ng/ml) for 2 or 4 morc days before lysis. Reverse transcription was performed
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with reserve transcriptase from Invitrogen using lug total RNA. 1/30 of the reverse
transcription reaction mixture was used to perform PCR to assess the levels of mRNA for

Mmp9, Ctsk, TRAP and Car2 genes.

Identification and Characterization of RYBP as a Protein Interacting with the RANK IVVY
5  Motif

[0072] The RANK IVVY (SEQ ID NO:4) motif plays a pivotal role in mediating
the osteoclast lineage commitment by activating an essential downstream signaling
pathway(s) through recruiting a signaling molecule (Xu et al., 2006). To identify the
signaling protcin, the two-hybrid screen was performed. In order to cnsurc success in
10 obtaining the novel protein, it is ritical to use an osteoclast precursor cDNA library for
two-hvbrid screening. Given that no such library was commercially available, an
osteoclast precursor cDNA library was constructed using CloneMinerTM cDNA Library
Construction System from Invitrogen (Carlsbad, CA). A mouse cDNA region encoding a
49-aa RANK fragment (residues 498-546), which contains the RANK motif (IVVY, SEQ
15 ID NO:4, 535-5338), was cloned into pGBKT7 DNA-BD Vector of MATCHMAKER
Two-Hybrid System 3 as bait for two-hybrid screcning (Figure 1A) (Figure 6). Three
rounds of screening (a total of 3.6 x 106 independent clones) of the osteoclast precursor
c¢DNA library yielded 14 positive clones encoding proteins capable of interacting with the
RANK motif in yeast. Additional assays involving transformation of the bait construct and
20 each of the isolated clones back into yeast revealed that 3 out of the 14 clones were false
positives. The remaining 11 clones were also sequenced, revealing that several clones

encode the same proteins (Table 1).
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Table 1. Prioritization of Candidate Proteins Encoded by Clones from Two-Hybrid Screening

Cilones became blue onthe Ciones became blue one
same day colony formation day after colony formation
Clone Name [S1-1 [S1-2 [S13 |S2-1 {S3-1 [S3-2| S14 | S33 S14 S16 4
= S
Candidate GB: BC0BO26T co f22|88 |8
Proteins g-é' e | N g5 |8 2 QB
Ring1 and Y¥1 bind 58 | Ozs2|ag SE®
. (o (?L— G- 2N =
Protein (RYBP) & & a p 8¢ |- W g |ax ,g
w0 | B<5|6UE |B28
Prioritized Orde #1 #2 3 24 #5
[0073] Moreover, some clones became blue on the same day when they formed on

the plates while others became blue one day after colony formation. This indicates that
proteins encoded by these clones exhibit different affinities for the bait (the novel RANK
5 motif) since the time a clone takes to become bluc should be proportional to its affinity for
the bait. Based on the affinity of these proteins for the bait and the number of clones
encoding them, these proteins were prioritized in numerical order with #1 as the protein
‘which is most likely to be the functional one involved in the RANK motif-mediated

signaling (Table 1).

10 [0074] ~ RYBP was assigned #1 since it has the highest affinity for the bait and was
represented in 6 independently isolated clones (Table 1). As such, the potential of RYBP
as a signaling molecule interacting with the IVVY (SEQ ID NO:4) motif was examined to
regulate osteoclastogenesis. Western blots showed that RYBP is highly expressed in
ostcoclast precursors and during ostcoclast diffcrentiation (Figure 1B). It was then

15  determined whether the intcraction between the RANK fragment and RYBP seen in veast
also occurs in mammalian cells. the ¢cDNA region encoding the bait was cloned into
pCMV-Myc vector (BD Biosciences Clontech) to generate Myc-RANK (Figure 1C). The
full-length RYBP ¢DNA was subcloned into pCMV-HA (BD Biosciences Clontech)
vector to prepare HA-RYBP (Figure 1C). Myc-RANK, HA-RYBP and two empty control

20  vectors (HA-Vector and Myc-Vector) were cotransfected into 293 cells in different
combinations (Figurc 1D). Transfected cells were lysed for coimmunoprecipitation with
anti-HA antibody. The precipitates were then subject to Western analysis with anti-Myc
antibody. While the assays cotransfected with HA-Vector plus Myc-Vector, HA-Vector
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plus Myc-RANK, or HA-RYBP plus Myc-Vector failed to coimmunoprecipitate HA-
RYBP (lanes 1, 2 and 3 in Figure 1D), the assay with both HA-RYBP and Myc-RANK
gave rise to a positive band for HA-RYBP (lane 4 in Figure 1D), indicating that RANK
interacts with RYBP in mammalian cells. To further verifv the interaction between
3  RANK and RYBP, the same cell lysates were coimmunoprecipitated with anti-Myc
antibody and then the precipitates were analyzed by Western analysis with anti-HA
antibody (Figure 1E). In this assay, a band was also recognized by anti-HA antibody in the
precipitate from cclls cotransfected with HA-RYBP and Myc-RANK (lanc 4 in Figure
1E), but not in those from the control cells (lanes 1, 2 and 3 in Figure 1E), providing
10 additional evidence that RANK interacts with RYBP.

[0075) Next, it was determined whether the IVVY (SEQ ID NO:4) motif in the
RANK region is specifically responsible for interaction with RYBP. Myc-mRANK was
constructed in which the samec RANK cDNA region bearing the inactivating mutation in
the novel motif (IVAF, SEQ 1D NO:7, L535-538) was subcloned into pCMV-Myc vector

15 (Figurc 1F). HA-RYBP was cotransfected with either Myc-RANK or Myc-mRANK into
293 cells. Cell lysates were coimmunoprecipitated with anti-Myc antibody and then the
precipitates were analvzed bv Western analysis with anti-HA antibody. While
cotransfection of HA-RYBP with Myc-RANK yielded a positive band (lane 1, Figure 1G),
the assay with HA-RYBP and MycmRANK failed to do so (lane 2, Figure 1G), indicating

20  that the interaction between RANK region and RYBP is specifically mediated by the
IVVY motif.

Identification of Specific RYBP Domains Responsible for Interaction with the RANK IVVY
(SEQ ID NO:4) Motif

[0076] To identify specific RYBP domains mediating the interaction with the
25  RANK IVVY (SEQ ID NO:4) motif, 11 deletion mutants of RYBP (D1-D11) were
generated and around 20-aa region was deleted in each mutant (Figure 2A)(Figure S2).
Decletion of a small region was intended to minimize the effect of the deletion on the
structural integrity of RYBP since the 3-dimensional structure may be important for the
intcraction. In addition, a systematic gencration of the 11 deletion mutants would enable
30  us to identify the region mediating the intcraction in an unbiased fashion. Thesc deletion
mutants were subcloned into pPCMV-HA vector. These constructs were cotransfected with

Myc-RANK into 293T cells to perform coimmunoprecipitation assays as described above
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in Figurc 1. The data show that D8 and D9 were unable to intcract with RANK (lancs 9
and 10, Figure 2B), indicating that the segments deleted in these two constructs are

important for the interaction.

[0077] The sequence of the 40-aa region deleted in D8 and D9 is shown in Figure

5 2C. To further locate the specific domain(s) responsible for the interaction, 10 more
deletion mutants were prepared in cach of which a 4-aa segment is dclctcd (S1-S10)
(Figure 2C). Coimmunoprecipitation assays were performed with the small deletion
mutants and Myc-RANK. The assays involving immunoprecipitation with anti-Myc
antibody followed by Western analysis with anti-HA antibody demonstrated that while S5

10 and S7 exhibited reduced capacity to intcract with RANK, the amino acid residucs deleted
in §7 arc more critical than those deleted in S5 in mediating the interaction with RANK
(Figure 2D). The location and scquence of the two functional domains are depicted in
Figurc 2E.

RYBP Is Functionally Involved in RANKL-induced Osteoclastogenesis

15 [0078] To functionally determine RYBP is involved in the IVVY (SEQ ID NO:4)
motif-mediated ostcoclastogenesis, RYBP cxpression in primary BMMs was knocked
down using the RNAI technology. While primary BMMs are extremely difficult to
transfect, they can be cfficiently infected by retrovirus.  Several retrovirus-bascd
expression systems including the AU3nlsLacZ-293GPG system were used to express

20 cxogenous genes in primary BMMs (Ory et al,, 1996; Feng et al., 2001; Xu et al., 2006).

‘1o achicve a high level cxpression of siRNA to cfficiently down-regulate RYBP

cxpression, a retroviral siRNA cxpression vector named pPower-siRNA based on

AU3nlsLacZ (Ory ct al., 1996)(Figure 3A) was developed. AU3nlsLacZ contains a strong

CMYV promoter in place of U3 of 57 LTR to attain higher levels of transcripts than most

natural 3° LTR when transfected into 293 cclls-based packaging cells (Ory et al., 1996).

N
W

More than 20 sequences in the gene encoding RYBP were selected for potential siRNA
target scquences by the siRNA target finder provided by Ambio, Inc (Austin, TX) and
subcloned them into pPower-siRNA between Xho and Bam Hi. Retrovirus encoding these
siRNAs werce preparcd by transfecting these as descnbed in (Ory et al, 1996; Feng ct al,
30  2001) and used to infcct primary BMMs. The infected cells were lysed for Western
analysis to examinc the downregulation of RYBP expression. Scveral functional siRNA
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sequences were obtained and the one with the highest cfficiency in suppression of RYBP

gene expression was chosen for the subsequent assays (Figure 3A) (Figure 8).

[6079] A scramblcd siRNA sequence was designed to use as control (Figure 3A).
BMMs were uninfected or infected with retrovirus expressing scrambled RNA or RYBP
5 siRNA. An aliquot of infected cells were lysed for assessment of levels of RYBP
cxpression, whercas the remaining cells were plated and treated with M-CSF and RANKL
to stimulate ostcoclastogencsis. As shown in Figures 3B and 3C, the sclected siRNA
significantly suppresscd RYBP cxpression in ostcoclast precursors and the siRNA-
mcdiated downrcgulation of RYBP cxpression inhibited ostcoclastogenesis. In contrast,
10 ncither reduction of RYBP cxpression nor failure in osteoclastogenesis was seen in
uninfected cells or those infected with retrovirus encoding the scrambled control sequence.
These data indicate that RYBP is functionally involved in the RANK motif-mediated

ostcoclastogenesis.

[0080] To further investigate the functional role of RYBP in osteoclastogenesis,
13 rescuc expenments were carried out, which aimed to address two important issues: 1) off-
target effect of siRNA and 2) the functional significance of the RYBP domain shown to
mediate its interaction with the RANK IVVY (SEQ 1D NO:4) domain. This rescue study
requires an effective strategy to reduce the endogenous RYBP in BMMs and
simultaneously express an exogenous WT or mutant RYBP. RNAI is a highly sequence-
20 specific process. It has been established that a single-nucleotide mismatch can
significantly render a siRNA inactive in mammalian cells (Hall, 2004; Amarzguioui et al.,
2003; Pusch et al., 2003). Thus, this can be achieved by introducing multiple mutations '
within the targeting sequence in the constructs cncoding exogenous WT or mutant RYBP
and these mutations arc sclected so that the resulting sequence encede the same amino
25  acids. Based on these principles, we prepared two constructs: RYBP-HA and dRYBP-HA
(Figurc 3D). RYBP-HA cncodcs WT RYBP linked containing a HA tag at its C-terminus
whereas dRYBP-HA cxpresses a HA-tagged mutant RYBP in which the domain
(VIIT168-171) responsible for interacting with RANK was deleted (Figurc 3D).
Moreover, in both constructs, the coding region targeted by the siRNA was considerably
30  mutated (7 out of 19 nt) in 2 manner that the introduced mutation do not alter the amino

acid sequence (Figure 3D).
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[0081] These constructs were cloned into retroviral expression vectors for
expression in BMMs. As shown in Figure 1E, while retrovirally expressed RYBP siRNA
dramatically knocked down endogenous RYBP expression, addition of the retrovirus

encoding HA-tagged WT RYBP or mutant RYBP efficiently increased RYBP levels. The

W

- re-expressed RYBP are HA-tagged exogenous RYBP since HA antibody recognizes the
protein (Figure 1E). Importantly, the re-cxpression of WT RYBP-HA effectively rescued
ostcoclastogenesis while the dRYBP-HA exhibited impaired capacity to restore
osteoclastogenesis (Figure 1F), further demonstrating that RYBP plays a functional role in
the RANK-mediated osteoclastogenesis. Specifically, these data indicate that the failed

10 osteoclastogenesis from BMMs retrovirally transduced with RYBP siRNA directly result

from the reduced levels of RYBP, not due to the off-target cffects. Secondly, the data

demonstrated that the RYBP domain identified by co-IP experiments in Figure 2 is

functionally involved in the RANK-mediated osteoclastogenesis.

VFY (SEQ ID NO:4) Motif Regulates RYBP Intracellular Translocation during RANKL-

15 mediated Osteoclastogenesis

[0082) Having cstablished that RYBP not only interacts with the IVVY (SEQ ID
NO:4) motif but is also functionally involved in osteoclastogenesis, the molecular
mechanism by which RYBP modulates RANKL-mediated osteoclastogenesis were not
determined. RYBP has been shown to be a nuclear protein and regulate gene expression
20 by acting as a protein interacting with members of the PcG and various transcription
factors (Garcia ct al., 1999; Trimarchi et al., 2001; Schlisio et al., 2002; Sawa et al., 2002).
However, given that the current work has demonstrated that RYBP is capable of
interacting with RANK, which is a well-documented transmembrane protein, suggesting ‘
that RYBP may also bc present in the cytoplasm and acts as a signaling molecule to
25 transmit the membrane-proximal signal to regulate nuclear events. Immunofluroescence
staining assays were performed to examine the subcellular focation of RYBP during the 4-

day in vitro ostcoclastogenesis.

|0083) As shown in Figure 4A, while RYBP is present both in the cytoplasm and
in the nuclcus of BMMs treated with M-CSF only, the nucleus has significantly more
30  RYBP than the cytoplasm (left panel). Moreover, the spindle-like shape of the cclls and
the pattern of RYBP subccellular location remain unchanged during the 4-day M-CSF
treatment. In contrast, one-day RANKL treatment induced the translocation of RYBP from
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the nucleus to the cvtoplasm (right panel, Figure 4A). In particular, a significant amount of
RYBP moved to the plasma membrane, presumably resulting from the interaction with
RANK. Interestingly, on day 2, a portion of RYBP moved back to the nucleus and they
appear to be located primarily at the nuclear periphery (right panel, Figure 4A). On day 3,

(v

cells had begun to fuse to form multinucleated osteoclasts in which RYBP was seen at the
plasma membrane. In addition, nuclei also appeared to move to plasma membrane. On day
4, most nuclei had lined up together with the plasma membranc. On the last two days,
RYBP was cxclusively located at the plasma membrane and the nuclear membrane. It is
also noted that RYBP was localized speckled nuclear bodies in cells treated with M-CSF
10 for one day but RYBP was then distributed throughout the Nucleopiasm with longer M-
CSF treatment (Ieft pancl, Figurc 4A).

[0084] To further investigate RYBP intraccllular translocation during the first 24
hours of the RANKL treatment, immunoflurocscence staining assays werc repéatcd with
M-CSF (Control) or M-CSF plus RANKL for 1, 2, 4, 8, 16 and 24 hrs (Figure 9). The
15  assays indicated that a notable amount of RYBP proteins had moved out of the nucleus 8
hrs after RANKL treatment and a signiﬁcant portion of RYBP proteins were located in the
cytoplasm at the 16-hr RANKL treatment point. Similar to the previous assays in Figure
4A, some of RYBP proteins had been, localized at the plasma membrane 24 hrs afier
RANKL treatment (right panel, Figure 9). In MCSF-treated control cells, RYBP was
20 present in both the cytoplasm and the nucleus and there was no significant intracellular -
" translocation of RYBP. However, cells were largely spherical at 1-hr M-CSF treatment but
cells gradually become spindle-shaped with longer M-CSF treatment (Left panel, Figure
9). In contrast, while celis treated with both M-CSF and RANKL during the first 16 hrs
had a similar shape as those treated with M-CSF only, some of them become spherical
25 again 24 hrs after RANKL treatment.

[0085] Next, to investigate whether the IVVY (SEQ ID NO:4) motif specifically
mediates the RYBP translocation was investigated, a chimeric receptor system consisting
of the cxternal domain of TNFRI linked to the transmembrane and intraccllular domains
of RANK was used (Figure S5) (Liu et al., 2004; Xu et al., 2006). Brieflv, as a member of
30 the TNFR family, RANK is activated by RANKL-induced trimenization (Figurc 10A). As
a surrogate, TNF can induce the trimerization of the chimeric receptor to activate the

RANK signaling required for ostcoclast formation, function and/or survival (Figurc10B)
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(Liu ct al., 2004; Xu ¢t al., 2006). Sincc TNF can also rcgulatc osteoclast formation and
function, osteoclast precursors BMMs from TNFR1&R2 double knockout (TNFR1-/-R2-/-
) mice were used to prevent potential signaling from TNFR.

[0086] BMMs expressing Ch-WT or Ch-Mu were prepared using the retroviral

5  approach as described previously (Liu et al., 2004; Xu et al., 2006) (Figure 10B). The
surface cxpression of the chimeric receptors was assessed by flow cytometric analysis
(data not shown). Infccted cclls with similar levels of the chimeric receptor surface
cxpression were treated with M-CSF (44ng/ml) and TNF (10ng/ml) for 1hr, 2 hrs, 4 hrs, 8
hrs, 1 day or 2 days. The data demonstrated that Ch-WT gave risc to a similar patten of -

10 RYBP intracecllular translocation in responsc to TNF trcatment (right pancl, Figure 4B) as
cndogenous RANK did in responsc to RANKL treatment (right panel, Figure 4A and right
pancl, Figurc 4B). However, Ch-Mu, in which IVVY (SEQ ID NO:4) motif was
inactivated, failed to induce RYBP intracellular translocation (left pancl, Figurc 4B).
These data indicate that the IVVY (SEQ ID NO:4) motif plays a critical role in mediating

15 RYBP intracellular translocation, establishing the functional significance of the interaction
between RYBP and the RANK IVVY motif.

Identification of IVVY (SEQ ID NO:4)-regulated Genes by Microarray analysis

[0087] As a protein intcracting with members of the PcG family, RYBP has been
shown to mediate transcriptional repression in reporter assays (Garcia et al., 1999).

20 Moreover, RYBP also interacts with various transcription factors including YY1 (Garcia
ct al., 1999), members of the E2F family (Trimarchi et al., 2001; Schiisio ¢t al., 2002),
E4TF1/hGABP (Sawa ct al., 2002) and ubiquitinated H2A (Arrigoni ct al., 2006), which is
associated with transcriptional repression (Li et al., 2007). These observations support'that
 RYBP functions as a rcgulator of gene expression. Given that the data ha\;c established

25  that the IVVY (SEQ ID NO:4) motif plays a critical role in ostcoclastogenesis by
interacting with RYBP, it is likely that RYBP may transmit the IVVY (SEQ ID NO:4)

motif initiated signal to rcgulate gene expression required for osteoclastogenesis.

|0088] To determine whether the IVVY (SEQ ID NO:4) motif regulates gene
expression in BMMs. BMMs expressing the chimeric receptor containing wild type
30 RANK intracellular domain (Ch-WT) or mutant RANK bearing inactivating mutations in
thc IVVY (SEQ ID NO:4) motif (Ch-Mu) (Figurc 10B) were trcated with M-CSF
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(44ng/ml) and TNF (10ng/ml) for 24 hrs. Total RNA was isolated for microarray analysis
at the Microarray Shared Facility at the University of Alabama at Bimingham (UAB).
The 3 chips in wild type groups and 3 in mutant group were clustered based on their

expressions (Figure SA). The number of genes activated based different p values and fold

W

changes were also listed (Figure 5B). The microarray assays indicate that 203 genes that
are significantly regulated by the IVVY (SEQ ID NO:4) motif (i.c. 2 1.1 fold change with
p valuc < 0.03) (Figure 53B). The dctailed information on these genes is provided in Table
2.
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Table 2: List of genes regulated by the IVVY motif

Gene Title Gene Symbol Chromosome  Fold Upor
Number Change Down
matrix metallopeptidase 9 Mmp9 chr2 52.957066 up
matrix metailopeptidase 9 Mmp9 chr2 35.26287 wp
carbonic anhydrase 2 Car2 chr3 15.665942 up
cathepsin K ’ Cisk chr3 1522314 up
chemokine (C-X-C motif) ligand 3 Cxel3 chr3 13.967028 up
acid phosphatase 5, tartrate resistant ACpS/TRAP chr9 12.049807 up
Cd200 antigen Cdz200 chrl6 9.085004  up
G protein-coupled receptor 68 Gprog chrl2 9.067647  up
serine incorporator 2 /// hypothetical protein 1.0C100044221 chr4 8342579  wp
LOC100044221 /! Serinc2
Tnf receptor-associated lactor 1 Trafl chr2 8.335335  wp
transmembrane 7 superfamily member 4 Tm7s14 chrls 7.1823263 up
vascular endothelial growth factor C Vegfc chr8 7.1291 up
vascular cndothclial growth factor C Vegte chr8 6.6310782 uwp
vascular endothelial growth factor C Veglc chr8 5.5311403 up
versican Vean chrl3 5449619  wup
glypican 1 Gpel chrl 5397397  wup
versican Vean chrl3 5.2082253 up
myosin 1D Myold chril 5.0793095 wup
adrenergic receptor kinase, beta 2 Adrbk2 chrs 4936684 up
RIKEN ¢DNA 4833422F24 gene 4833422F24Rik chr2 4.8180194 wp
Rab38, member of RAS oncogene family Rab38 chi7 4.580771 up
RIKEN cDNA 2610528A11 gene 2610528A11Rik  chri4 4.5504866 up
cyclin-dependent kinase inhibitor 2B (p15, Cdkn2b . chrd 4.53978 up
inhibits CDK4)
Jun dimerization protein 2 Jundin2 chrl2 4353514  wp
Na+/H+ exchanger domain containing 2 Nhedc2 chr3 4.1892962 up
myosin IB Myolb chrl 4.1877007 up
chaperone, ABC1 activity of bel complex like  Cabel chrl 4.010523  up
(S. pombc)
met proto-oncogene Met chr6 3.9681833 up
Rous sarcoma oncogene Src chr2 3.7441297 uwp
adrenergic receptor kinase, beta 2 Adrbk2 chr5 3.7051468  up
A kinase (PRKA) anchor protein 6 Akap6 chri2 3.6483796 up
macrophage stimulating 1 receptor (c-met- Mstlr chr9 3.4987073 up
related tyrosine kinasc)
purinergic receptor P2X, ligand-gated ion P2rx5 chrll 3.34429 up
channcl, 5
acid phosphatase, prostate Acpp chr9 3.1458142 wp
lymphocy!te antigen 6 complex, locus 1 LvGi chris 3.1208453 up
nuclear factor of activated T-cells, Nfatcl chri8 3054388 up
cvioplasmic, calcineurin-dependent 1
G protein-coupled receptor 132 Gprl32 chri2 29648147 up
metallothionein 2 MR chr8 25575764 wp
orosomucoid 1 Oml chrd 2438179  wp
SMAD specific E3 ubiquitin protein ligase 1~ Smurfl chr5 24253285 up
N-myc downstream regulated gene 4 Ndrgd chr8 23484612 up
SLIT-ROBO Rho GTPase activating protein ~ Srgap3 chr6 22787986 up
3
RIKEN ¢DNA 9030425E11 gene 9030425E1 IRik chr9 22157958 up
Gardner-Rasheed feline sarcoma viral (Fgr) Fer chrd 2.1882703 up
oncogene homolog

calcitonin receptor Caler chr6 21615038 up
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Gene Title Gene Symbol Chromosome Fold Up or
Number Change Down
nuclear factor of activated T-cells, Nfatcl chri8 2.1178071  up
cytoplasmic, calcineurin-dependent 1
expressed sequence AW049765 AWO049765 chri7 2.1107264 up

metallothionein 3 Mt3 chr8 2.0902364 up

Nur77 downstream gene 2 Ndg2 chri0 2.0589802 up
gasdermin domain containing 1 Gsdmdcl chris 1.9001833 up
peroxisomal biogenesis factor 11a Pex1la chr? 1.8860891 down
glutathione synthetase Gss chr2 1.8565439 up

RIKEN cHNA 1810029B16 gene 18100298 16Rik chrg
arginine vasopressin-induced 1 Avpil chri9
Nur77 downstream gene 2 Ndg2 chrl0

mterferon gamma inducible protein 30 Ifi30 chr8

1.8382206 up
17936711 up
1.7673057 up
1.7602197  wup

0 day nconate skin cDNA, RIKEN full-length enriched library, chrl3 1.7456527 up
clone:4632424N07 product:unclassifiable, full insert sequence
7 days embryo whole body cDNA, RIKEN full-length enriched chrl 1.6371719  up
library, clone:C430014D18 product:unclassifiable, full insert
sequence .
Rho family GTPasc 1 Rndl chri5s 1.6316801 up
proviral integration site 3 Pim3 chris 1.5919101 * wp
transcription factor EC Tefec chré 1.5889215 up
adenylate kinase 2 /// similar to adenvlate AR chr4 1.5666348 up
kinase 2 LOC100047005
calreticulin 3 Calr3 chrd 1.5528721 wup
forkhead box P4 Foxp4 chri? 1.5294316 up
sulliredoxin 1 homolog (S. cerevisiae) Srxnl chr2 1.5259216 wp
lipoprotein lipase Lpl chr8 1.518442  down
acyl-CoA synthetase long-chain family Acsll chrg 1.5109522 up
member |
peroxisome biogenesis factor 16 Pex16 chr2 1.5087851 up
proviral integration site 3 Pim3 chrl3 1.5076823 up
Hypothetical protein LOC100042016 LOC100042016 chrll 1.5062494 down
RIKEN cDNA 2810046104 gene 2810046L04Rik ¢hr3 1.502087  down
chrll 1.5018126 down
RIKEN cDNA 2810025M1 5 gene 2810025M15Rik  chrl 1.4973557 wp
cukaryotic translation initiation factor 5A2 Eif5a2 chr3 1.496838  down
HEAT repeat containing 1 Heatrl chri3 1.496193  down
EH-domain containing | Ehdl chri9 1.4889908 up
mitochondrial ribosomal protein 1.45 Mrpld5 chrll 1.4728131 up
ubiquitin associated domain containing 2 Ubac2 chrl4 - 1.4714627 up
CDK2-associated protein 2 Cdk2ap2 chrl9 1.4631894 up
exosome component | Exoscl chrl9 1.459716  down
RAB20, member RAS oncogene family Rab20 chr8 1.456158  up
annexin A4 : Anxad chr6 14501132 wp
EH-domain containing 1 Ehdl chrl9 1.4483279 up
CTD (carboxy-terminal domain, RNA Ctdspl2 chr2 1.4445461 down
polymerasc II, polypeptide A) small
phosphatase like 2
RIKEN cDNA 2400009808 gene 2400009B08Rik chr8 1.4394982 up
RIKEN cDNA 2810002009 gene 2810002009Rik  chrX 14358203 up
0 day nconate cerebellum ¢cDNA, RIKEN full-length enriched chrl3 1.4317822 down
library, clone:C230031C 13 product:unclassiliable, full insert
sequence
chromodomain protein, Y chromosome-like2  Cdyl2 chr8 1.429501  up
Taf receptor-associated factor 2 Traf2 chr2 1.4162527 up
12 days embryo male wolflian duct includes surrounding region chrl4 1.4105098 down
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Gene Symbol

c¢DNA, RIKEN full-length enriched library, clone:67204 30M22

product:unclassifiable, full insert sequence
DENN/MADD domain containing 2D
zine finger protein 28

death inducer-obliterator 1

golgi associated, gamma adaptin ear
containing, ARF binding protein 2
Transcribed locus

CdY9 antigen-like 2

acyl-Coenzyme A dehydrogenase family,
member 11

transmembrane protein 30A

paired-Ig-like receptor Al /i paired-Ig-like
receptor Al /// paired-

zine finger CCCH type containing 12C
nuclear factor of kappa light chain gene
enhancer in B-cclls inhibitor, alpha

PR domain containing 2, with ZNF domain
cukaryotic translation initiation factor 4E
binding protein 1

RIKEN ¢DNA 1110003F0S gene

RIKEN cDNA D230040)21 gene

kelch-like 7 (Drosophila)

solute carmier family 25 (mitochondrial camer,
adenine nucleotide translocator), member 4
RIKEN cDNA B230337E12 gene

LEM domain containing 3 // similar to LEM
domain containing 3

steroid 5 alpha-reductase 2-like /7 hypothetical
protein LOC 100044230

RIKEN ¢DNA 6330416G13 gene

GLEI RNA export mediator-like (veast
solute carrier family 25, member 39

ATPase, H+ transporting, lysosomal VO
subunit C /// similar to vacuolar H{(+)}ATPasc

ATPase, H+ transporting, lysosomal VO
subunit B

sorein

cyclin H

ubiquitin-conjugating enzyme E2D 2
splicing factor, arginine/serine-rich 6
mitofusin 1’

3-oxoacyl-ACP synthasc, mitochondrial
negative regulator of ubiquitin-like proteins |
Veell division cycle 73, Pafl/RNA polymerase
IT complex component, homolog (S.
cerevisiac)

peptidyl-prolyl isomerase G (cyclophilin G)
SUMOI gctivating cnzyme subunit 2
cukaryotic translation initiation factor 4I
binding protein 1

intratlagellar transport 20 homolog

Dennd2d
Z1p28
Didol
Gga2

Cdoon
Acadll

Tmem30a
Lilrtb3 //f
LOC100038908
/i

Zc3hl2c

Nfkbia

Prdm2
Eif4ebpl

1110003F05R 1k
1D230040J21Rik
KIhi7

Sic25a4

B230337E12Rik
Lemd3 ///
LOC100044466
LOC100044230
/11 Srd5a21
6330416G13Rik
Glell

Sle25a39
Atp6vQOc /i
LOC100039636
i
LOC100046757
Atp6v0Ob

Sri
Cenh
Ube2d2
Sfirs6
Minl
Oxsm
Nubl
Cdc73

Ppig
Sac2
Eifdebpi

1120

Chromosome
Number

chr3
chr7
chr2
chr?

chr4
chrX
chr9

chr9
chr7

chr9
chrl2

chrd
chrg

chrl7
chr3
chrs
chr8

chrl
chrl0

chrd

chrd
chr2
chrill
chré

chrd

chr5
chrl3
chrl8
chr2
chr3
chrl4
chr5
chrl

chr2
chr7
chr8

chril

PCT/US2011/024347

Fold
Change

1.404753

1.4026449
1.3924606
1.3818957

1.3627918
1.3593745
1.3416152

1.3382797
1.3368992

1.2695061
1.2683418

1.2645257
1.2629627

1.2587925
1.2540071
1.2528863
1.2489876

1.2462453
1.2456872

1.2416695

1.2402455
1.2331597
1.2330384
1.2311169

1.2288831

1.2287564
1.2249198
1.2231128
1.2213966
1.2205157
1.2186738
1.2164594
1.215644

1.2147061
1.2131295
1.2103645

1.2086008

Upor
Down

down
down
up
up

up
up
up

down
up

up
up

up
up

down
down
down

up

down
down

up

up
down
up
up

up

up
down
down
down
up
up
up
down

down
down

up

down
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(Chlamydomonas)

ATPase, H+ transporting, lysosomal VO
subunit B

transmembrane BAX inhibitor motif
containing 4

translocase of outer mitochondrial membrane
70 homolog A (yeast)

coiled-coil domain containing 93

RIKEN cDNA 2610301820 gene

isocitrate dehydrogenase 3 (NAD4+) beta
ATP synthase, H+ transporting, mitochondrial
FO complex, subunit ¢ (subunit 9), isoform 3
RIKEN cDNA 181001310 gene
translocase of outer mitochondrial membrane
20 homolog (yeast)

zine finger and BTB domain containing 48
Ewing's tumor-associated antigen |

dyncin light chain LC8-type 2

tripartite motif protein 23

splicing factor, arginine/serine-rich 2,
interacting protein

solute carrier family 25 (mitochondrial
camitine/acylcarnitine translocase), member
20

ankyrin repeat and zinc finger domain
coniaining 1

RIKEN ¢DNA C330006K01 gene

RIKEN cDNA 2310035K24 gene
mitochondrial ribosomal protcin L9

RIKEN cDNA 1600012H06 gene
BCL2-antagonistkiller 1

RIKEN ¢DNA 1200011022 gene
squamous cell carcinoma antigen recognized
by T-cells 1

leucyl-tRNA synthetase

cukaryotic translation initiation factor 4,
gamma 2

S-phase kinase-associated protein 1A
glycerol phosphate dehydrogenase 2,
mitochondrial

vav | oncogene

APAF1 interacting protein /// similar to
MMRP19

splicing factor, arginine/serine-rich 6

40

Gene Symbol

Atp6vOb
Tmbimd
Tomun70a

Cede93
2610301B20Rik
Idh3b

Atp5g3

1810013D10Rik
Tomm20

Zbth48
Etaal

Dynli2
Trim23
Sfrs2ip

Slc25a20

Ankzfl

C330006K01Rik
2310035K24Rik
Mrplo
1600012H06RIK
Bakl
1200011022Rik
Sartl

Lars

Eifdg2

Skpla
G2

Vavl

Apip I/l
LOC100044135
Sfrs6

10 days nconate cortex ¢cDNA, RIKEN full-length enriched library,
clonc:A830030M19 product:unclassifiable, full insert sequence

RAB22A, member RAS oncogene family
mitochondrial ribosomal protein S14
synaptophysin-like protein N

AT hook containing transcription factor 1
suppressor of hairy wing homolog 3
(Drosophila)

ring finger protein (C3H2C3 type) 6
heterogencous nuclear ribonucleoprotein K
DnaJ (Hsp40) homolog, subfamily C, member

Rab22a
Mrpsli4
Sypl
Ahctfl
Suhw3

Rnf6
Hnrpk
Dnajcl4

Chromosome
Number

chrd4
chrlo
chrl6

chrl
chrd
chr2
chr2

chrs
chr2

chrd4

chrll
chril
chri3
chris

chry

chrl

chrs
chr2
chr3
chrl?7
chrl?

chri9

chrig8
chr7

chrll
chr2

chrl?7
chr2

chr2
chr3

chr2
chrl
chrl2
chrl
chrX

chr§
chrl3
chrlQ

PCT/US2011/024347

Fold
Change
1.2080344
1.2065625
1.2040935
1.2035478
1.1994959

1974369
1937019

—_——

1921476
190947

—

19065
1876866
.185362
1853576
1847556

——— ——

1.18337

1801457

1782492
1772768
1764377
1758627
1748867
1721143
172027

171722
1.1678882

1.1656432
1.1632929

1.1601086
1.1600349

1.158874
1.1568067

1.1567866
1.1528465
1.1516387
1.1466129
1.1445446

1.1389387
1.1362003
1.1335106

Upor
Pown

up
up
up

up
down
up
up

up
up

down
down
down
down
down

up

down

up
up
up
down
up
up
down

down
down

up
down

down
up

down
down

up
down
down
up
down

up
down

up
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Gene Tite Gene Symbol Chromosome Fold Upor
) Number Change Down
14
Transcribed locus chr19 1.1277171  down
EROl-like beta (S. cerevisiae) Erolib chrl3 1.1264199 down
transmembrane protein 18 Tmeml8 chrl2 1.125084  down
dynein cytoplasmic 2 light intermediate chain ~ Dync2lil /// chrl7 1.1209211  wp
1 // similar to Dynein cytoplasmic 2 light 1.OC100048514
intermediate chain 1
G1 to S phase transition 1 Gsptl chrl6 1.1209048  down
actin related protein 2/3 complex, subunit A Ampcla chrs 1.120718  up
Rab9 effector protein with kelch motifs Rabepk chr2 11180472 up
ubiquitin-conjugating enzyme E2 variant 1 Ube2vi chr3 1.1133846 up
Dnal (Hsp40) homolog, subfamily B, member  Dnajb4 chr3 1.11245 down
4
mitochondrial ribosomal protein L350 Mrpl50 chrd 1.1107732  down
myonecurin Mynn chr3 1.1068301 down
mitochondrial ribosomal protein L48 Mrmpld8 chrd 11060202  up
[0089] Notably, a number of known osteoclast-related genes such as matrix

metallopeptidase 9 (Mmp9), carbonic anhydrase 2 (Car2), cathepsin K (Ctsk) and tartrate
resistant acid phosphatase 5 (Acp3/TRAP) were up-regulated more than 10 fold by the
IVVY (SEQ ID NO:4) motif. RT-PCR analysis confirmed that the IVVY (SEQ ID NO:4)
motif is involved in the transcriptional activation of Mmp9, Car2, Ctsk and TRAP genes
(Figurc 5C). It was shown that the IVVY (SEQ ID NO:4) motif plays a crucial role in
committing BMMs into the osteoclast lincage and it takes only 24 hours for the IVVY
(SEQ ID NO:4) motif to fullv commit BMMs into the osteoclast lineage (Xu ct al., 2006).
10 Moreover, once cells are fully committed by the IVVY (SEQ 1D NO:4) motif, the TRAF-

dependent signaling pathways are sufficient to mediate the remaining osteoclastogenic

W

process.

[0090] These data suggest that the IVVY (SEQ ID NO:4) motif can permanently

activatc some of its target genes. To investigate this possibility, BMMs were treated for 24
15 hours and the transcriptional activation of thc Mmp9, Car2, Ctsk and TRAP genes was

asscssed by RT-PCR immcdiately, 2 days or 4 days after the 24-hour RANKL trcatment

(Figurc 5D). The data indicate that while the lcvels of the Mmp9, Car2 and TRAP mRNA

decline 2 days after the 24-hour RANKL treatment, the RANKL-induced increase in the

Ctsk mRNA levels persist 4 days after the RANKL treatment, suggesting that the
20 RANKL-mcdiated activation of the Ctsk genc is permanent.
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[0091] Shortly after the discovery of the RANKL/RANK system in the late 1990s,

it was reported that RANK, upon binding by RANKL, activates a unique pathway(s) that
distinguish itself from other members of the TNFR to regulate osteoclastogenesis (Yeh et

al., 1999). This report was re-enforced by the recent identification of a novel RANK

53  cytoplasmic motif which plays a crucial role in osteoclast lineage commitment (Xu et al.,
2006). In the current studies, the long-sought RANK signaling pathway in
osteoclastogenesis were clucidated to deal with two important issues: a) whether the
IVVY (SEQ ID NO:4) motif mediates the ostcoclast lincage commitment by recruiting an
intracellular protein to activate a novel signaling pathway and b) whether the IVVY (SEQ

10 ID NO:4) motif induces cell differentiation by regulating gene expression. These studies
have revealed that the 1IVVY (SEQ ID NO:4) motif plays a critical role in
ostcoclastogenesis by interacting with RYBP, a protein interacting with members of the

PcG family and various transcription factors including YY1 (Garcia et al., 1999), me\mbers

of the E2F family (Trimarchi et al., 2001; Schliisio et al., 2002), E4TFI/hGABP (Sawa et

15 al, 2002) and ubiquitinated H2A (Arrigoni et al., 2006), which is associated with
transcriptional repression (Li et al., 2007). Moreover, specific RYBP domains involved in
interacting with the RANK IVVY (SEQ ID NO:4) motif were identified. Furthermore, the

data have also demonstrated that the IVVY (SEQ ID NO:4) motif/RYBP, or fragments

thereof, regulates osteoclastogencsis via the activation of a large number of gencs.

20 ]0092] Ostcoclasts play a pivotal role in both skeletal development and adult
skeletal maintenance. During bone development, ostcoclasts arc required to degrade the
cartilage matrix for vascular invasion in endochondral ossification (Le¢ and Einhom,
2001). Furthermore, ostcoclasts are also involved in bone growth and shape modification
in endochondral ossification (bone modeling) (Baron, 2003). After skeletal maturation,

25  osteoclasts continuc to play a critical rolc in bonc maintcnance by participating in bone
remodeling. Bone remodeling is a lifclong process of bone renewal in which old bone is
resorbed by osteoclasts and then replaced by new bone formed by osteoblasts (Martin and
Rodan, 2001). The constant remodcling of bone is requircd not only for maintaining

healthy skeleton but also for regulating calcium homeostasis (Martin and Rodan, 2001).

30 [0093] Nonectheless, aberration in osteoclast formation and activity resulting in
clevated bone resorption is implicated in the pathogencsis of postmenopausal osteoporosis

(Teitelbaum, 2000), causcs bone erosion in various inflammatory conditions including RA
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(Goldring, 2003), and plays a role in brcast tumor bonc mectastasis (Mundy, 2002).
Consequently, effective inhibition of osteoclast formation and activity has long been
regarded as an attractive strategy for preventing and treating these bone diseases.

Hovwever, currently available antiresorptive therapeutic agents such as estrogen, selective

(v

estrogen receptor modulators (SERMs), bisphosphonates and calcitonin either lack
satisfactory cfficacy or have potential to cause scrious side effects in clinical management
of postmenopausal ostcoporosis and bonc loss associated with other pathological
conditions (Stcpan ct al., 2003; Lufkin ct al., 2004; Marcus ¢t al., 2002). Thus,
development of new antiresorptive therapeutic drugs with higher potency and specificity is

10 imperative.

[0094] The discovery of RANKL and its two receptors RANK and ostcoprotegerin
(OPG) in the late 1990°s has created huge enthusiasm for developing new antiresorptive
agents targeting the RANKL/RANK/OPG regulatory axis. So far, efforts have been
undertaken in devcloping OPG, soluble RANK-Fc, and anti-RANKL antibodics as new
15 antircsorptive therapeutics to trcat bone discases (Doggrell, 2003; Zhang et al.,, 2003;
Bekker et al.,, 2004). However, all of these agents have an inherited drawback as
therapeutic drugs, primarily due to the fact that their action lacks specificity. The
RANKL/RANK system is not only involved in osteoclast formation and funption (Hsu ct
al., 1999), but is also a critical mediator of other biological processes such as dendritic cell
20 (DC) survival and activation (Wong ct al., 1997a; Josien ct al., 1999; Josicn ct al., 2000),
Teell activation (Kong et al., 1999; Bachmann ct al., 1999), lymph node organogenesis
(Kong et al., 1999; Dougall et al., 1999; Kim et al., 2000a), B-cel differentiation (Kong et
al., 1999; Dougall et al., 1999), mammary gland development (Fata et al., 2000), and

thermoregulation in females or fever response inflammation (Hanada et al., 2009).

25 [0095] The RANK 1VVY (SEQ ID NO:4) motif/RYBP, or fragments thereof,
pathway represents a new antircsorptive drug target for the following three reasons. First,
the 1IVVY (SEQ ID NO:4) motiffRYBP pathway plays an essential role in
osteoclastogenesis (Xu et al., 2006) (Figure 3). As a result, therapeutic blockage of this
new signaling pathway in osteoclast precursors would result in a dramatic reduction in

30  ostcoclastogenesis. Sccondly, the IVVY (SEQ ID NO:4) motiffRYBP pathway also
represents a specific antiresorptive target for treating bone discascs involving ostcoclasts.

It has been well cstablished that TNF family members play crucial roles in various
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immune functions primarily by cngaging TRAF proteins (Arron ct al., 2002; Xie ct al,,
2008) (Kobavashi et al., 2003). However, the IVVY (SEQ 1D NO:4) motif recruits RYBP
to activate a TRAF-independent pathway. As such, therapeutic targeting of the IVVY
(SEQ ID NO:4)/RYBP pathway should have minimal effect on immune response and
associated side effects. Moreover, the specific RYBP domains identified which mediate
interaction with the RANK IVVY (SEQ ID NO:4) motif provide potential therapeutic

candidates and targets and/or facilitate development of cither biochemical or cell-based

v i

assays for identifying small molccules targeting the intcraction between the 1VVY (SEQ
ID NO:4) motif and RYBP protein.
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CLAIMS
What is claimed is:
i. A pharmaceutically administerable therapeutic composition for improving bone

mass, rigidity, or strength, or preventing or treating bone loss comprising a

(9]

pharmaceutically acceptable excipient and a RYBP peptide having an amino acid
sequence as set forth in SEQ ID NO:3 or a sequence at least 90% identical to SEQ
ID NO:3, or a fragment thereof, that specifically interacts with a RANK peptide
comprising an amino acid sequence of IVVY (SEQ ID NO:4) to rcgulate

ostcoclastogenesis.

10 2. The therapeutic composition of Claim 1, wherein said RYBP fragment has an
amino acid scquence as set forth in SEQ ID NO:2. or a sequence at least 90%
identical to SEQ ID NO:2.

3. The therapeutic composition of Claim 1, wherein said RYBP fragment comprises
an amino acid sequence as set forth in SEQ ID NO:3, or a sequence at least 75%
15 identcal to SEQ ID NO:5.

4. The therapeutic composition of Claim |, whercin said RYBP fragment comprises
an amino acid sequence as set forth in SEQ ID NO:6, or a sequence at least 75%
identical to SEQ 1D NO:6.

3. The therapeutic composition of Claim 1, wherein said RYBP fragment comprises
20 . an amino acd sequence of SEQ ID NO:3.
6. The therapeutic composition of Claim 1, wherein said RYBP peptide comprises an

amino acid sequence of SEQ ID NO:5 or SEQ ID NO:6.

7. A method for improving bone mass, rigidity, or strenth, or preventing or treating
bone loss comprising administering to a subject in nced a therapeutically effective

25 amount of the thcrapeutic composition of Claim 1.

8. The method of Claim 7, whercin the RYBP fragment has an amino acid sequence
as set forth in SEQ 1D NO:2 or a sequence at least 90% identical to SEQ 1D NO:2.

9. The method of Claim 7, wherein the RYBP fragment compriscs an amino acid
scquence as sct forth in SEQ ID NO:5, or a sequence at least 75% identical to SEQ
30 ID NO:S,
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10. The method of Claim 7, wherein the RYBP fragment comprises an amino acid
sequence as set forth in SEQ ID NO:6, or a sequence at least 75% identical to SEQ
ID NO:6.

I The mcthod of Claim 7, wherein the RYBP fragment compriscs an amino acid
5 sequence of SEQ ID NO:3, SEQ ID NO:5 or SEQ ID NO:6.

12, The method of Claim 7, wherein said bone loss is caused by abnormally elevated

osteoclast formation or activity.
13.  The method of Claim 7, wherein said bone loss is caused by osteoporosis.

14, The method of Claim 7, wherein said bone loss is caused by bone erosion in
10 rhcumatoid arthritis.

15.  The method of Claim 7, wherein said bone loss is caused by periodontal bone loss.

16, The method of Claim 7, wherein said bone loss is caused by tumor-induced

osteolysis, bone destruction or bone metastasis.
17.  The method of Claim 7, wherein said bone loss is caused by Paget disease.
15 18.  The method of Claim 7, wherein said bone loss is a drug-induced bone loss.

19. A method for regulating osteoclastogenesis comprising modulating interaction of
RYBP, or a fragment thereof, with an amino acid sequence of IVVY (SEQ ID
NO:4) of a RANK peptide.

20. A therapeutic composition for improving bonc mass, rigidity, or strength, or
20 preventing or treating bone loss comprising a pharmaceutically acceptable
excipicnt and a modulator that is capable of increasing an intcraction of RYBP, or
a fragment thereof, with the amino acid scquence of IVVY (SEQ ID NO:4) of a
RANK pceptide, or increasing an effector in the RANK signaling pathway through
the RY BP-RANK intcraction.
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