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ABSTRACT

The mechanism by which the high bone mass (HBM) mutation (G171V) of the Wnt
coreceptor LRPS regulates the canonical Wnt signaling was investigated. The mutation was
previously shown to reduce Dkk protein-1-mediated antagonism, suggesting that the first YWTD
repeat domain where G171 1s located may be responsible for Dkk protein-mediated antagonism.
However, we found that the third YWTD repeat, but not the first repeat domain, is required for
DKK1-mediated antagonism. Instead, we found that the G171V mutation disrupted the
interaction of LRPS with Mesd, a chaperon protein for LRP5/6 molecules on the cell surface.
Although the reduction in the level of cell surface LRPS molecules led to a reduction in Wnt
signaling in a praracrine paradigm, the mutation did not appear to affect the activity of
coexpressed Wnt in an autocrine paradigm. Together with the observation that osteoblast cells
produce autorcine canonical Wnt, Wnt7b, and that osteocytes produce paracrine Dkk1, we
believe that the G171V mutation may cause an incrase in Wnt activity in osteoblasts by reducing

the number of targets for paracrine Dkk1 to antagonize without affecting the activity of autocrine

Wnt.
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COMPOSITIONS AND METHODS FOR BONE FORMATION AND REMODELING

REFERENCE TO RELATED PATENT APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
60/504,860, filed on September 22, 2003, entitled “Compositions and Methods for Stimulation of
Bone Formation.”

[0002] This application is related to the patent application entitled “Compositions and

Methods for the Stimulation or Enhancement of Bone Formation and the Self-Renewal of Cells”,

by Dan Wu, et al. filed on May 19, 2004.

FIELD OF THE INVENTION

[0003]  The present invention relates to the field of therapeutic methods, compositions and uses
thereot, in the treatment of bone fractures, bone disease, bone injury, bone abnormality, tumors,
growths or viral infections. More particularly, the methods and compositions of the invention
are directed to the stimulation, enhancement and inhibition of bone formation or bone

remodeling.

BACKGROUND OF THE INVENTION

[0005]  Osteoporosis 1s a major public health problem, and it is especially prevalent in aging

populations (1, 15, 21). The majority of fractures that occur in people over the age of 65 are due
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to osteoporosis (135, 40). Peak bone mass 1s a determining factor in establishing the risk of
osteoporotic tracture (Heaney et al., 2000), and studies indicate that genetic factors contribute
significantly to the variance in peak bone mass. One of the genes that regulate bone mass has
recently been identified via positional cloning. Loss of function mutations in low density
lipoprotein receptor-related protein S (LRPS), a co-receptor for the canonical Wnt signaling
pathway (27), were found to be associated with Osteoporosis-Pseudoglioma Syndrome (OPPG),
an autosomal recessive disorder which shows a reduction of bone density in humans (9). In
addition, two independent kindreds that manifest familial High Bone Mass (HBM) phenotypes
were found to harbor a Glyl71 to Val substitution mutation (G171V) in LRPS (5, 22). More
recently, additional HBM mutations were reported in the same structural domain of the G171V
mutation (36). Moreover, mice in which the LRP5 genes were inactivated by gene targeting
showed phenotypes similar to those of OPPG patients (16), and transgenic expression of
LRP5G171V in mice resulted in HBM (2). Furthermore, mouse primary osteoblasts showed
reduced responsiveness to Wnt in the absence of LRP5 (16), and Wnt (9) or activated p-catenin
(4) stimulated the canonical Wnt signaling activity and induced the production of the osteoblast
marker alkaline phosphatase (AP) in osteoblast-like cells. Together, these pieces of evidence
indicate that the canonical Wnt signaling pathway plays an important role in the regulation of
bone development.

[0006] Until recently, the canonical Wnt signaling pathway was believed to start when Wnt
bound to frizzled Fz proteins. The seven transmembrane domain-containing Fz proteins
suppress the Glycogen synthase kinase 3 (GSK3)-dependent phosphorylation of g-catenin
through ill-defined mechanisms involving Dishevelled proteins. This suppression leads to the

stabilization of B-catenin. B-catenin can then interact with transcription regulators, including
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lymphoid enhancing factor-1 (LEF-1) and T cell factors (TCF), to activate gene transcription (7,
10, 38). Recently, genetic and biochemical studies have provided solid evidence to indicate that
co-receptors are required tor canonical Wnt signaling in addition to Fz proteins (27, 28). The fly
ortholog of LRP5/6 (LRPS5 or LRP6), Arrow, was found to be required for the signaling of Wg,
the fly ortholog of Wnt-1 (37). LRP5 and LRP6 are close homologues which basically function
the same way, yet exhibit, different expression patterns. In addition, LRP6 was found to bind to
Wntl and regulate Wnt-induced developmental processes in Xenopus embryos (34). Moreover,
mice lacking LRP6 exhibited developmental defects that are similar to those caused by
deficiencies 1n various Wnt proteins (30). Furthermore, LRPS, LRP6 and Arrow were found to
be involved in transducing the canonical Wnt signals by binding Axin and leading to Axin
degradation and B-catenin stabilization (25, 35). The LRP5/6-mediated signaling process does
not appear to depend on Dishevelled proteins (18, 31). Recently, a chaperon protein, Mesd, was
1dentified as required for LRPS5/6 transport to the cell surface (6, 11).

[0007] Xenopus Dickkopf (Dkk)-1 was initially discovered as a Wnt antagonist that plays an
important role in head formation (8). Thus far, four members of Dkk have been 1dentified in

mammals (17, 26). These include Dkk1, Dkk2, Dkk3 and Dkk4. Dkk1 and Dkk2 inhibit

canonical Wnt signaling by simultaneously binding to LRP5 or LRP6 and a single
transmembrane protein Kremen (3, 23, 24, 32). It has been previously reported that the LRPS
HBM G171V mutation appeared to attenuate Dkk1-mediated antagonism to the canonical Wnt

signaling (5). The present invention describes the mechanism for this attenuation.
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SUMMARY OF THE INVENTION

[0008] The present invention describes a model which explains the functional interactions of
cavities on domains of receptors or co-receptors involved in bone formation or bone remodeling
with Dkk, Wnt, Mesd, or other proteins which function in similar ways. These receptors include,
but are not limited to, the LRPS5 receptor, the LRP6 receptor, and the frizzled receptor. The
LRPS5 receptor is comprised of four YWTD repeat domains. Each domain contains multiple
YWTD repeats of amino acids. The LRPS5 receptor also has an LDL receptor repeat. Both LRP5S
and LRP6 are close homologues and function in basically the same way although they possess
different expression patterns.

[0009] The invention provides methods for identifying non-native or exogenous compounds
which bind to or interact with these cavities to cause the stimulation, inhibition or regulation of
Wnt signaling, and thus bone formation, tumorigenesis and any other biological and pathological
process regulated by Wnt signaling. A non-native compound comprises a compound that 1s not
naturally or normally found in a cell or organism, as opposed to a native compound which is not
introduced from an outside source. The compounds were identified from a National Cancer

Institute (NCI) database through various screening methods and assays. These compounds could
also be modified to create derivates or analogues not found in the NCI database or in nature
which also function effectively. Compounds were identified which disrupted Dkk and LRP5/6

interactions, Wnt and LRP5/6 interactions and Mesd and LRP5/6 interactions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 shows a schematic representation of wildtype LRP5 and its deletion mutants.
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(0011] FIG. 2 illustrates that the G171V mutation disrupts LRPS trafficking. HEK cells were
transfected with expression plasmids as indicated in the figure. One day later, the celis were
lysed and immunoprecipitation was carried out using an anti-Flag antibody. Mesd was Flag-
tagged whereas all LRPS5 molecules were HA-tagged. The G171V mutation disrupted the
interactions of both LRPS with Mesd (FIG. 2A, lanes 1 and 3), and R12 with Mesd (FIG. 2B,
lanes 1 and 2), while the E721 mutation did not affect the interaction (FIG. 2A, Lanes 2 and 3).
The lower panels of FIG. 2A and FIG. 2B show equal amounts of Wt and mutant LRP5 1nput
for the immunoprecipitation. [HEK cells were transfected with the Mesd plasmid and the
expression plasmids indicated in the figure.] R12TGV, R12T, R1-4 and R1-4GV (GV) are AP
fusion proteins, which are LRP5 mutants lacking transmembrane domains that may be secreted
in the supernatants of the cell cultures. One day later, conditioned medium (CM) was collected
and centrifuged at a high speed. The supernatants were immunoprecipitated by an anti-HA
antibody (FIG. 2C) or used for an AP assay (FIG. 2D). Cells were also lysed in the SDS-PAGE
sample buffer and analyzed by Western blotting (lower panels of FIG. 2C and FIG. 2D). The
data shows that the G171V mutation inhibited the secretion of R12 and R1-4. FIG. 2E confirms
that the G171V mutation interferes with cell surface transport of LRP5 through the use of a
binding assay which detects LRPS5 on the cell surface. The levels of cell surface LRPS molecules
were detected by Western analysis using streptavidin-horse radish peroxidase (SA-HRP) after
the cell surfaces were biotinylated and LRP5 molecules were precipitated with anti-HA antibody

(FIG. 2E, upper panel). The levels of LRP5 in the immunocomplexes are shown in the lower

panel of FIG. 2E.

[0012] FIG. 3 shows that the HBM G171V mutation of LRPS5 is less susceptible to Dkk1-
mediated inhibition of coexpressed Wnt activity. The left panel of FIG. 3A shows that when
HEK cells were transfected with plasmids as indicated together with LEF-1 luciferase reporter
plasmids in the presence or absence of Wntl, the HBM G171V mutation did not lead to an
increase in LEF-1-dependent transcriptional activity compared to the wildtype (Wt) LRPS
(LRP5w,). The right panel of FIG. 3A shows expression levels of LRPS, LRPSginv, LLRP6, and
LRP6g)sgv as determined by antibodies specific to the HA tag carried by LRPS proteins or anti-

LRP6 antibodies. FIG. 3B shows that when HEK cells were transfected with LEF-1 luciferase
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reporter plasmids, Wnt-1, Dkk1 and Kremen in the presence of Wt or G171V LRPS as indicated
in the figure. LEF-1 reporters-indicated Wnt activity is significantly higher in HEK cells
expressing LRP5g171v than those expressing LRPSw; when DKk is present. The protein

expression levels of Dkk1, Kremen and LRP5 were verified by Western blotting, as shown in
FIG. 3C.

[0013] FIG. 4 illustrates that cells expressing LRP5G171 show less Dkk1 binding sites than
those expressing LRPSw; (FIG. 4A). FIG. 4B shows equal amounts of Wt and mutant LRP5

expression after transfection.

[0014] FIG. S shows that the second domain of LRP5 is required for Wnt activity. HEK cells
were transfected with LEF activity reporter plasmids and expression plasmids. One day later,
LEF reporter activity was measured, as previously described. The results in FIG. 5 show that
LRP35r494q and LRPS5g479v (LRPS with point mutations in the second domain) may abolish Wnt
signaling compared to LRPSwx.

[0015] FIG. 6 illustrates that the third domain of LRPS is required for Dkk-mediated
antagonism. FIG. 6 A shows that the third YWTD repeat domain is required for Dkk-mediated
inhibition. HEK cells were transfected with LEF activity reporter plasmids, Kremen] plasmids
and expression plasmids. LRP5R12 or LRP5R124, but not LRP5R34, could still potentiate Wnt-
stimulated LEF-1 activity, suggesting that either LRP5R12 or LRP5R 124 retains the Wnt

coreceptor function. However, Dkk1 could not inhibit Wnt signaling when LRP5R12 or
LRP5R124 was present despite the coexpression of Kremen. This suggests that the third YWTD

repeat domain 1s required for Dkk1-mediated inhibition. The expression level of LRPSw, and its -

mutant molecules are shown in FIG. 6B. FIG. 6C illustrates that LRP5R34 contains Dkk1
binding sites and that E721 in R34 is required for Dkk1 binding. FIG. 6D is a schematic

representation of the mutations.

[0016] FIG. 7 shows that amino acid residues in the third YWTD repeat domain, consisting of
interaction surfaces, are required for Dkk-mediated inhibition of Wnt. In FIG. 7A, the space

filled model of the third YWTD repeat domain was deduced based on the structure of the LDL
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receptor Y WTD repeat domain (13). Based on the three-dimensional structure, 19 LRPS mutants
containing Ala substitution mutations on the surface of the third YWTD repeat domain were
generated. The ability of these mutant LRPS proteins to resist Dkk1-mediated inhibition was
determined. Nine¢ of the mutants (more than 5%) showed altered sensitivity to Dkk1-mediated
inhibition, and they all contained mutations that were localized on the same surface. In FIG. 7B,
HEK cells were transtected with LEF activity reporter plasmids, Kreminl plasmid, and
expression plasmids. The expression of Wt and mutant LRP5 molecules are shown in the lower
panel. Among 19 mutations, the E721 mutation showed the strongest effect on Dkk1-mediated
inhibition of Wnt, followed by W781, and then Y719. LRP5G;7:1v also showed an effect on the
Dkk1-mediated inhibition of Wnit.

[0017] FIG. 8 shows the two dimensional structures of three compounds obtained from the
National Cancer Institute (NCI). NCI106164 (FIG. 8A) shows a 68% inhibitory effect on Dkk]1

binding while NCI39914 (FIG. 8B) and NCI660224 (FIG. 8C) increase Dkk1 binding by 654%
and 276%, respectively.

[0018] FIG. 9 illustrates the two-dimensional structure of anthra-9,10-quinone (FIG.9A), a
common substructure in NCI39914 and NC1660224. FIG. 9B shows the two-dimensional
structure of NCI 657566. FIG. 9C shows the template that was used for the two-dimensional

similarity search.

[0019]  F1G.10. shows the two-dimensional structure of compounds NCI366218 (IIC8, FIG.
10A) and NCIB642 (1IIC3, FI1G.10B) which specifically interrupt Dkk1-LRPS interaction and
reverse the inhibition of Wnt signaling by Dkk]1.

[0020] FIG. 11 illustrates that NCI366218 and NCI8642 reverse Dkk1 inhibition. HEK cells
were transfected with LRPS plasmid together with a LEF-1 expression plasmid, LEF-1 luciferase

reporter plasmid and a GFP expression plasmid. The cells were then treated with different
concentrations of the NCI366218 and NCI8642 compounds and subsequently treated with
control CM, Wnt3a CM or Wnt 3a/Dkk1 CM mixture for 6 hrs. The reporter activity from cells
treated with DMSO was taken as 100%. FIG. 11 shows that at certain concentrations,
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NCI366218 (FIG. 11A) and NCI8642 (FIG. 11B) can significantly reverse Dkk-mediated
inhibition of Wnt activity.

[0021]  FIG. 12 shows that NCI366218 and NCI8642 can inhibit Dkk1 binding to LRP5. HEK
cells were transfected with Mesd plasmids and LRPS5 or LRPSR34. One day later, cells were
treated with different concentrations of NCI366218 and NCI8642 and incubated on ice with
conditioned medium (CM) prepared from HEK cells expressing mDkk1-AP. The AP activity
was determined as previously described. The AP activity from cells treated with DMSO was

taken as 100%. FIG. 12 shows that NCI366218 (FIG. 12A) and NCI8642 (FIG. 12B) inhibit
Dkk1 binding to LRP5wt, and Dkk protein binding to LRP5R34.

[0022] FIG. 13 illustrates that NCI366218 (IIC8) can stimulate osteoblast differentiation.
Bone marrow stromal (BMS) cells were isolated from 3-month-old mice carrying a Green
Fluorescent Protein (GFP) transgene controlled by the 2.3Kb CollAl promoter (2.3C01-GFP)“,
in which GEFP can be used as a marker of osteoblast cells. On the 8" and 12" day, cultures were
treated with 9uM and 26uM of IIC8 compound, respectively. The same time point, cultures were

treated with DMSO as the control. FIG. 13 shows that the osteoblast differentiation marker,
2.3Col-GFP, was turned on when BMS culture was treated with I1CS.

[0023] FIG. 14 shows an osteogenic assay. Primary bone marrow stromal osteoblasts were
cultured in the presence and absence of NCI366218 and induced into differentiation. 20 days

later. mineralization of the osteoblasts reflecting the bone formation process was observed with

Xylene Orange staining. NCI366218 stimulated mineralization two fold.

(0024] FIG. 15 illustrates that both LRP5R12 and LRP5R34 contain Dkk1 binding sites, E721
in R34 is required for the Dkk1 binding and the G171V LRP5 mutant can abolish the Dkk
binding to the cell surface. FIG. 4A shows that Dkk1 can bind to both LLRP5R12 and LRP5R34,

but the Dkk1 binding to the cell surface was significantly low in cells transfected with R12GV
(G171V mutation in LRP5R12) and R34E (LRP5R34 carrying the E721 mutation). FIG. 4B

shows equal amounts of Wt and mutant LRPS expression after transfection.
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[0025] FIG. 16 illustrates Dkk1l and Wnt7b expression in osteogenic cells. Total RNA was
1solated from bone marrow stromal cell culture at different time points after differentiation
induction. Dkk and Wnt expression level was determined by real time RT-PCR. Wnt7b showed
marked increase 1n its expression after differentiation induction (FIG. 7A). The ability of Wnt 7b
to stimulate the LEF-1 reporter gene was examined and it was able to stimulate the canonical
Wnt pathway (FIG. 7B). FIG. 7C is mouse long bone section in situ hybridization picture. It

shows most of Dkkl is expressed in osteocyte. FIG. D illustrates the interactions between

Kremen, Dkk, LRP, Wnt and Fz.
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DETAILED DESCRIPTION OF THE INVENTION

[0026] As previously reported (5), expression of the LRPS mutant protein (LRP5gi71v)
containing the HBM G171V mutation and an HA-epitope tag at its C-terminus (Fig. 3A) did not
lead to an increase in LEF-1-dependent transcriptional activity compared to the wildtype (Wt)
LRP5 (LRP5w:) (Fig. 3A). Additionally, the G171V mutation did not result in further
potentiation of the activity stimulated by coexpressed Wntl in an autocrine paradigm (Fig. 3B).
LEF-1 is a down-stream target transcription factor of the canonical Wnt signaling pathway. Its
activity, measured by a luciferase reporter gene assay, has been widely used to gauge the
canonical Wnt activity (12, 20). Thus, LRP5gy71v is neither constitutively active nor more
competent in transducing Wnt signaling. Surprisingly, the corresponding mutation on LRP6, a
substitution of a Val residue for Residue G-158, rendered it unable to act synergistically with

Wnt-1 (Fig. 3A), likely 1nactivating the receptor.

[0027] It was shown' that LRP5g;71v was less susceptible to Dkk1-mediated inhibition than
LRPSw; in the absence of Kremen(5). Kremen is a Dkk-binding single-transmembrane protein
known to facilitate Dkk1-induced inhibition (23). In this study, we tested the effect of this
mutation in the presence of Kremen. The coexpression of Kremen! significantly potentiated
Dkk-mediated inhibition (Fig. 3B), confirming the previously reported effect of Kremen (23).
Similar to what was observed in the absence of Kremen, in the presence of both Kremenl and
Dkk1, Wnt showed higher activity in HEK cells expressing LRP5g171v than those expressing

LRP5w,; (Fig. 3B). To ensure that the difference was not a result of multi-plasmid transfection,
the protein expression of Dkk1, Kreminl and LRP5 (Fig. 3C) was examined. Similar results of

increased resistance to Dkk-mediated inhibition of autocrine Wntl activity were also observed in

10
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NIH3T3 cells and two osteoblast-like cell lines, MC3T3 and 2713.

[0028] The prevailing hypothesis for explaining why LRP5 G171V 1is less susceptible to
Dkk1-mediated inhibition has been that the mutation could disrupt the interaction between LRPS
and Dkk1. It is reasonable to hypothesize that the first YWTD repeat domain that contains G171
is required for Dkk1-mediated antagonism. To test this hypothesis, two LRP5 deletion mutants
were generated: LRP5R12 with a deletion of the third and fourth YWTD repeat domains, and
LRP5R34 with a deletion of the first and second YWTD repeat domains (Fig. 1). As previously

reported for LRP6 (24), LRP5R12, but not LRP5R34, could still potentiate Wnt-stimulated LEF-

1 activity (Fig. 6A), suggesting that LRP5R12 retains the Wnt coreceptor function. However,
Dkkl could not inhibit Wnt signaling when LRP5R12 was present even if Kremen was
coexpressed (Fig. 6A). This suggests that the last two YWTD repeat domains may be required
for Dkk1-mediated inhibition. To further delineate the sequence that is required for Dkkl-
mediated inhibition, an additional LRP5 mutant, LRP5R124, was generated in which the third
YWTD repeat domain was deleted (Fig. 1). Like LRP5R12, LRP5R124 is also resistant to
Dkk1-mediated inhibition (Fig. 6A), indicating that the third YWTD repeat domain 1s required

for Dkk1-mediated inhibition.

[0029] As deletion of the entire third YWTD repeat domain may cause gross conformational
changes in LRPS5, point mutations in this domain were created that could disrupt Dkk1-mediated
inhibition. Based on the three-dimensional structure of the third YWTD repeat domain deduced

from that of the LDL receptor (13), 19 LRP5 mutants were created containing Ala substitution

mutations on the surface of the third YWTD repeat domain (Fig. 7A). The ability of these

11
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mutant LRP5 proteins to resist Dkk1-mediated inhibition was determined and i1s shown in Fig.
3A. Nine of the mutants showed altered (more than 5%) sensitivity to Dkk1-mediated inhibition,
and they all contained mutations that were localized on the same surface (Fig. 7A). Among these
mutations, the E721 mutation showed the strongest effect, followed by W781, and then Y719
(Fig. 7B). Mutations of E721-corresponding residues in the first and second YWTD repeat
domains (D111 and D418, respectively) did not significantly alter the sensitivity to Dkk-
mediated inhibition. All the mutants that were resistant to Dkk1-mediated inhibition were also

resistant to Dkk2-mediated inhibition. All this data supports the conclusion that the third YWTD

repeat domain 1s required for Dkk-mediated inhibition.

[0030] An obvious explanation for the requirement of the third YWTD repeat domain for
Dkk-mediated inhibition is that this domain is responsible for Dkk1 binding. The direct binding
of Dkk1-AP fusion protein to LRPS5 expressed on the surface of HEK cells was measured (23).
As shown in Fig. 6C, Dkk1-AP showed a saturating binding curve to HEK cells expressing
LRPS. This binding would only be measured when Mesd, a LRP5/6 chaperon that was shown to
facilitate the folding and trafficking of LRP5/6 (6, 11), was coexpressed. Surprisingly, LRP3g7)
still showed significant binding of Dkkl, and the binding was higher than that shown by
LRP5gi71v (Fig. 6C). LRP5g7,: which is highly resistant to Dkk 1-mediated inhibition compared
to LRP5g171v (Fig. 7B), showed better binding of Dkk1 than LRPSva (Fig. 6C). To show that

the third YWTD repeat domain may indeed bind Dkk1, binding of Dkk1-AP to HEK cells
expressing R34 or R34E (R34E is R34 carrying the E721 mutation) was examined. While R34
showed significant binding of Dkk1-AP, R34E failed to do so (Fig. 15A), demonstrating that

R34 is capable of binding Dkk1 and that E721 is required for the binding to occur. This may be

12
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explained by the observation that the third YWTD repeat domain is not the only site for Dkk
binding on LRPS, allowing LRP5g7; to retain its ability to bind Dkk1. This explanation was
confirmed by observing that R12 could also bind Dkk1 (Fig. 15A). Although both R12 and R34
may bind Dkk1, their affinities for Dkk1 appear to be at least five times less than the affinity of
full-length LRPS (estimated from half maximal binding). Although the maximal binding to cells
expressing R12 or R34 appeared to be comparable or probably even higher than that of LRP5w;
(the binding to R12 or R34 did not appear to reach saturation at the maximal possible inputs), the
expression levels of R12 and R34, as estimated by Western analysis (Fig. 15B) were
approximately twice as much as that of LRPSyw;. This, supports the conclusion that there are

more than one binding sites for Dkk1 on LRPS5 or LRP6.

[0031] GI71V, a point mutation in the first YWTD repeat domain, reduces the apparent
binding of Dkkl1 drastically (Fig. 6C). The characteristics of the Dkkl binding curve for
LRP5g171v suggest that the G171V mutation does not appear to alter the affinity for Dkkl,
despite reducing maximal binding six-fold (Fig. 6C). Although both LRP5w,; and LRP5g,7) were
expressed at similar levels (Fig. 6C), the G171V mutation resulted in fewer LRP5 receptors on

the cell surface. Since it is well known that Mesd plays an important role in the transport of

LRP5 receptors to the cell surfaces, the G171V mutation was examined to determine whether it
interfered with Mesd function. Mesd has previously been shown to interact with LRP5 or LRP6
(I1). Consistent with this finding, the co-immunoprecipitation of LRP5 and Mesd was (Fig. 2A).
The 1nteraction of R12 with Mesd was also detected (Fig. 2B). The results showed that the
G171V mutation disrupted the interactions of both LRPS 'with Mesd (Fig. 2A, Lanes 1 and 3)

and R12 with Mesd (Fig. 2B, Lanes 1 and 2), while the E721 mutation did not affect the

13
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interaction (Fi1g. 2A, Lanes 2 and 3). If the interaction between LRPS and Mesd is important for
the function of Mesd (folding and transport of LRPS or LRP6), the G171V mutation should also
impede the secretion of LRPS mutants that lack the transmembrane domains. As expected, the
G171V mutation inhibited the secretion of R12T (Fig. 2C) and R1-4 (Fig. 2D), which are R12
and full length LRPJ, respectively, lacking the transmembrane and intracellular domains. R1-4,
carrying the E721 mutation, did not inhibit its secretion. In addition, live cells expressing
LRP5w: and LRP35g17;v were biotinylated on their surfaces, and the levels of LRPS proteins at
the cell surfaces were compared by Western analysis using streptavidin-HRP after LRPS proteins
were immunOprécipitated. As shown in Fig. 2E, the amount of biotinylated LRP5g17yv 1s clearly
lower than that of LRP5w; although the levels of two LRP5 moleoules in the immunocomplexes

are the same. This confirms that the G171V mutation interferes with the cell surface transport ot

LRPS.

[0032] The G171V mutation was predicted to be a hypermorphic allele since it is associated
with bone phenotypes opposite to those exhibited by LRP5-null or hypomorphic mutations (35, 9,
16, 22). Poor cell surface presentation of LRP5g;71v would contradict this prediction, based on
the assumption that fewer receptors on the cell surface should result in a lower Wnt. However,
when exogenous Wnt, which mimics a paracrine or endocrine paradigm -was added, cells
expressing LRP5g171v showed less of a response than cells expressing LRPSw; (Fig. 16A). This
did not occur when Wnt was coexpressed with the LRPS molecules (Fig.' 3A). The mutation
does not appear to affect the activity of autocrine Wnt, suggesting that Wnt proteins may be able

to bind to their receptors and activate the signaling events before the receptors are actually

transported to cell surfaces. These observations explain how LRP5g;7;v gives rise to higher Wnt
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activity in osteoblasts during their differentiation. The mutation affects more Dkk-mediated
antagonism than Wnt activity when osteoblasts produce autocrine canonical Wnts during their
differentiation and there is paracrine production of Dkkl in bone. The expression of all 19
mouse Wnt genes in bone marrow stromal osteoblast cultures was examined. One of the Wnt
genes, Wnt7b, showed a marked increase in its expression after differentiation induction (Fig.
16A). The ability of Wnt 7b to stimulate the LEF-1 reporter gene, and the canonical Wnt
pathway was shown (Fig. 16B). QAlso, Dkk1 was expressed in high levels in osteocytes and

terminally differentiated osteoblasts, thus functioning as a paracrine factor for differentiating

osteoblasts (Fig. 16C).

[0033] The present invention describes how the HBM G171V mutation enhances canonical
Wnt signaling. The assumption that the G171V mutation may be hypermorphic was based on
the phenotype associated with this mutation and a previous observation that the mutant LRPS
receptor appeared to be more resistant to Dkk-mediated inhibition of coexpressed Wnt activity
(5). The initial hypothesis was that the mutation may be located in the Dkk1 binding region of
LLRP35 thereby interfering with the direct interaction of Dkk and LRPS5. The present invention

shows that the G171V mutation does not directly interfere with the interaction between LRPS
and Dkk1 at the third YW'TD repeat domain of the LRPS receptor, rather than at the first domain
where the G171V mutation 1s located. Instead, the G171V mutation interferes with the

interaction between LRPS5 and its chaperon Mesd and impedes the transport of LRPS5 to the cell

surface, resulting in fewer LRP5 molecules on the cell surface.

[0034] The G171V mutation may still result in an increase in Wnt activity in differentiating
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osteoblasts provided that the differentiating osteoblasts produce autocrine Wnt proteins and have
access to paracrine Dkk proteins in the bone. This 1s because osteoblasts expressing LRPSw; or
LRP5gi171v respond to autocrine canonical Wnt similarly, but pafacrine Dkk has a lower
antagonistic effect on the cells expressing the mutant LRP5. This results in an increase in Wnt

signaling activity in cells expressing LRP5g17;v. As shown in Fig. 16, both conditions exist:

osteoblasts express a canonical Wnt, Wnt7b, and have access to Dkk1 produced from osteocytes.

[0035] Although the G171V mutation may increase bone mass through a mechanism
independent of its Wnt coreceptor role, it is extremely unlikely that the G171V mutation
Increases bone mass by reducing Wnt activity. All available evidence, including human and
mouse genetic and biochemical evidence, indicate a positive relationship between Wnt activity
and osteogenesis. In both humans and mice, LRP5-null or hypomorphic mutations lead to bone
phenotypes that are opposite to those exhibited by humans or mice carrying the G171V mutation
(5, 9, 16, 22). In additton, the canonmical Wnt proteins stimulate both proliferation and
differentiation of osteoblast cells (9, 16) while Dkk1 inhibits osteoblast differentiation in a bone
marrow stromal culture system. These findings, together with the one that the expression of
Wnt7/b is drastically upregulated after osteoblast differentiation (Fig. 16B), suggest that increases
in canonical Wnt signaling activity lead to increases in bone formation. On the other hand, Dkk1
is produced at low levels in differentiating osteoblasts and at higher levels by osteocytes, the
terminally differentiated osteoblasts. Dkk1 produced by osteocytes involved in the regulation of

bone remodeling functions as a negative feedback mechanism in the regulation of osteoblast

activity.
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10036] While the first two YWTD repeats are capable of binding Dkk1 (Fig. 15A), they are
not required for DKK-mediated inhibition of Wnt signaling (Fig. 6A). This 1s because the
binding of Dkk1 to the first two YWTD repeat domains 1s incompatible with the concurrent

interaction of Dkk1 and Kremen as depicted in Fig. 16D. Simultaneous interactions of Dkkl

with both Kremen and LRP5/6 are required for DKK1-mediated inhibition of Wnt signaling (24).
Based on the structure of the LDL receptor YWTD repeat domain, each of the first three YWTD
repeat domains of LRP5 forms a barrel-like structure with a wider opening at one end and a
narrower one at the other (the fourth repeat domain does not share enough amino acid sequence
homology for structural deduction). This structural information allowed the identification of
amino acid residues on the third YWTD repeat domain that are important for Dkk1 binding. The
results showed that Dkk1 interacts with the third YWTD repeat domain via the wider opening of
the barrel structure. Dkk1 interacts with the first two YWTD repeat domains in a similar
manner, because simultaneous, but not individual, mutations of E721 equivalent residues in these
two repeat domains (D111 and D481, respectively) abolished the binding of Dkk1-AP to R12.
This E721 residue of LRPS may form a salt bridge with a basic residue in Dkk1. This postulation
is supported by a recent study on the interaction of nidogen and laminin using crystallography.
The laminin interaction domain of nidogen shares amino acid sequence homology with and has
the same barrel-like structure as the YWTD repeat domains of LRPS, and one of the contact
residues in this nidogen domain is an E721-equivalent Glu, which forms a salt bridge with a Lys

residue on laminin (33).

[0037] The present invention has identified compounds which, when provided to a cell, bind

to, interact with or fit into sites or cavities found on the domains of the co-receptors involved 1n

17



CA 02771941 2012-03-20

the stimulation, enhancement, inhibition or regulation of bone formation, or bone remodeling.
These receptors include the LRPS receptor, the LRP6 receptor, the frizzled receptor or any other
receptor involved in the LRPS or LRP6 (LRP5/6) receptor system. The frizzled receptor 1s a co-
receptor that has a domain containing CRD, a Wnt-binding site which functions to increase or

decrease Wnt activity.

[0038] The compounds were identified using screening methods described 1n the
EXAMPLES. Some of these compounds were found to disrupt the Dkk and LRPS interaction.
Other compounds inhibited Wnt signaling by probably inhibiting the binding of Wnt to LRP5/6.
The compounds of the present invention are non-native, or exogenous compounds which are not
present in the cell, but originate from an outside source. They comprise agonists, which are
agents that can combine with the receptors to initiate events, antagonists, which are agents that
combine with the receptors to inhibit the effect of agaonists, and partial agonists, which have
characteristics of both agonists and antagonists — at times appearing to cause actions and at other
times inhibiting actions by decreasing the effects of agonists, for example. Some of thse
compounds were also found to increase affinities, or the degree to which drugs or compounds are

attracted to receptor binding sites.

[0039] The LRP5g171v mutation which causes high bone density, attenuates the Mesd-LRP5
interaction, resulting in less LRPS5 receptors present at the cell surface. Compounds were found

that also disrupted the Mesd-LRP5 interaction, leading to an increase in bone density through

bone formation or bone remodeling.
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[0040] High amounts of Wnt activitiy have been associated with many cancers. Compounds
were found that decreased this Wnt activitiy by disrupting the bdining of Wnt to the second
domain of the LRP5 receptor, leading to an inhibition of Wnt activity and a treatment for tumors

and growths characterized by an increase in Wnt activity.

[0041] Wnt signaling has been shown to be a positive regulator of osteogenesis. Compounds

were also identified which could increase Wnt activity to promote osteogenesis, bone formation

or bone remodeling.

[0042] Dkk acts as a Wnt antagonist when it binds to, or interacts with, the third domain of the
LRPS5 receptor compounds were identified that inhibit the Dkk-LRPS interaction to promote
bone formation or remodeling. One compound, NCI366218 was tested for osteoblast
differentiation in tissue culture models. Bone marrow stromal (BMS) cells were 1solated from
three-month old mice carrying a Green Fluorescent Protein (GFP) transgene controlled by the
2.3Kb CollA1 promoter (2.3Col-GFP), in which GFP was used as a marker of osteoblast cells.
On the 8" and 12" days, the cultures were treated with the NCI366218 compound. On the same

days, the cultures were treated with DMSO as a control. After the cells were treated with
NCI366218, more cells became GFP positive compared to those treated with DMSO. These

results indicate that the NCI366218 compound stimulates osteoblast differentiation. Compounds

(such as NCI366218 and NCI8642) which attenuate Dkk-mediated inhibition of Wnt have

potential therapeutic applications to treat osteoporosis and other bone diseases.

(0043] Wnt and Dkk have been shown to regulate the growth and differentiation of
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mesenchymal stem cells. Compounds have been identified which function as mesenchyl stem

cell regulators for the regulation of bone formation and for the development and differentiation

of hemaetopoietic stem cells.

[0044] Wnt has been shown to regulate the growth and differentiation of hematopoietic stem
cells. Compounds have been identified which function as hemaetopoietic stem cell regulators for
the regulation of bone formation and for the proliferation and expansion of stem cells in vivo and

In vitro.

MATERIALS AND METHODS

Cell culture, transfection, preparation of CM, and luciferase assay.

[0045] Human embryonic kidney cell (HEK) line A293T and mouse fibroblast cell line
NIH3T3 were maintained and transfected as previously described (1). Pre-osteoblast cell lines
2T3 and MC3T3 were cultured in «-MEM containing 10% FCS. For luciferase assays, cells in
24-well plates were seeded at 5x10° cells/well and transfected with 0.5 ng DNA/well using
Lipofectamine Plus (Invitrogen, CA), as suggested by the ﬁlanufacturer. The LacZ plasmid was
usually used to make DNA concentrations equal for each transfection. Cell extracts were
collected 24 hr after transfection. Luciferase assays were performed as previously described (1,
2). Luminescence intensity was normalized against fluorescence intensity of GFP. For the
preparation of Dkk1-AP containing CM, HEK cells were seeded in 6 well-plates at 4x10°

cells/well and transfected with 1 ug DNA/well. CMs were collected 48 hours after transfection.

Construction of expression plasmids and mutagenesis.
[0046] The wild-type and mutant forms of human LRP5, LRP6, mouse Wntl, Dkk1, and

Dkk2 were generated by PCR using the high fidelity thermostable DNA polymerase Pfu Ultra
(Stratagene, CA). HA or Flag epitope tags were introduced to the C-termini of the full-length
and mutant molecules. The expression of these molecules was driven by a CMV promoter. The

LEF-1 reporter gene constructs were obtained from an outside source (3).
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Dkk1-AP binding assay and immunoprecipitation assay.

[0047] HEK cells in 24-well plates were transfected with LRPS and its mutants. One day
later, cells were washed with cold washing buffer (HBBS containing BSA and NaN3) and
incubated on ice with mouse Dkk1-AP conditioned medium for two hours. The cells were then
washed three times with washing buffer and lysed. The lysates were heated at 65°C for 10
minutes, and their AP activity was determined using a Tropix luminescence AP assay kit. The

Immunoprecipitation assays were carried out as previously described (4).

Biotinylation of cell surface proteins.

[0048] HEK cells were transfected with LacZ, LRP5, and LRP55;7,v expression plasmids.
The cells were labeled with 0.5 mg/ml sulfo-NHS-biotin (Pierce) in ice-cold PBS, washed and
lysed as previously described (5). The cell lysate was immunoprecipitated with an anti-HA

antibody and A/G-agarose protein.

Primary osteoblast cultures.

[0049] Bone marrow stromal (BMS) osteoblast cultures from 3 month old mice were
generated as previously described (6). The cells were induced to undergo osteogenic
differentiation in the presence of 10 nM Dexamethasone, 8mM B-Glycerophosphate, and

50ug/ml ascorbic acid. The media was changed every two days.

Homology modeling.

[0050] A homology model of the third YWTD-EGF domain of LRPS was built with ICM
(Molsoft L.L..C., La Jolla, CA) using sequences obtained from the Swiss-Prot/TTEMBL database
(Entry Name Q9UP66 [8]). The LDL receptor (Low-Density Lipoprotein) YWTD-EGF domain
(PDB code 11JQ [9]) was chosen as the template.

Virtual screening.
[0051] The UNITY ™ program (Tripos, Inc.) was used to screen the National Cancer Institute

(NCI) database for chemical compounds that were able to fit into the cavity formed by six-

propellers at the end with Glu456. The candidate compounds were then docked into the Dkk1

binding cavities of the LRP5 domains using the FlexX'" program (Tripos, Inc.) for energy
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minimization [10]. The chemical compounds displaying the highest binding affinities in the
calculations were obtained from the Drug Synthesis & Chemistry Branch, Developmental
Therapeutics Program, Division of Cancer Treatment and Diagnosis, National Cancer Institute,
for further experimental tests. Second and third rounds of screenings were carried out based on

the results of biochemical assays.

22



CA 02771941 2012-03-20

EXAMPLES

1. Deletion mutants of LRPS.
[0052] A set of PCR primers were designed, PCR reactions were carried out, and PCR

fragments were sucloned into vectors to generate several LRP5 deletion mutants. Deletion of the

third and fourth domains (residues 646 to 1198) resulted in LRP5R12; deletion of the first and
second domains (residues 1 to 646) resulted in LRP5SR34 and deletion of the third domain
(residues 947 to 1198) resulted in LRP5R124. (see Fig. 1).

2. Domain I of LRPS i1s essential for Mesd-mediated LRPS function.
2.1 The G171V mutation in the first domain of LRPS disrupts LRPS trafficking.
(A) Interaction of LRPS with Mesd.

[0053] HEK cells were transfected with expression plasmids, as indicated in Fig. 2A. One day
later, the cells were lysed and immunoprecipitation was carried out using an anti-Flag antibody.
Mesd was Flag-tagged and all LRP5 molecules were HA-tagged. The results showed that the
G171V mutation of domain I disrupted the interactions of both LRPS5 with Mesd (Fig. 2A, lanes
| and 3) and R12 with Mesd (Fig. 2B, lanes 1 and 2), whereas the E72 1 mutation of domain III
showed no effect on the interaction (Fig. 2A, lanes 2 and 3).

(B) LRPS mutants do not efficiently present themselves to the cell surface.

[0054] HEK cells were transfected with Mesd plasmids and expression plasmids, as indicated

in F1g. 2B and Fig. 2C. R12TGV, R12T, R1-4 and R1-4GV (GV) are AP fusion proteins, which

are LRPS5 mutants lacking transmembrane domains that are secreted in the cell culture medium.
One day later, the conditioned medium (CM) was collected and centrifuged at a high speed. The
supernatant was either immunoprecipitated by an anti-HA antibody (Fig. 2C) or used for an AP
assay (Fig. 2D). Cells were also lysed in the SDS-PAGE sample buffer and analyzed by Western
blotting (lower panels of Fig. 2C&D). The results indicate that the G171V mutation attenuates

the presentation of LRPS to the cell surface.
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(C) Evaluation of cell surface LRPS levels.

[00S55] HEK cells were transtected with LacZ, wildtype HA-LRP5 or HA-LRP5G171V
expression plasmids. The levels of cell surface LRP5 molecules were detected by Western
analysis using streptavidin-horse radish peroxidase (SA-HRP) after the cell surfaces were
biotinylated and the LRP5 molecules were precipitated with anti-HA antibody (Fig. 2E upper
panel). The levels of LRPS in the immunocomplexes are shown in the lower panel. These results

show a decrease in cell surface presentation of the G171V mutant.

2.2 LRPSG171v 1s less susceptible to Dkk1-mediated inhibition of the activity of
coexpressed Wnt.

(A) Effects of the G171V mutation on canonical Wnt signaling activié:.
[0056] HEK cells were transfected with plasmids, as indicated in Fig. 3A, together with LEF-1
expression plasmids, LEF-1 luciferase reporter plasmids and GFP expression plasmids. One day
later, the cells were lysed. GFP levels and luciferase activity of the lysed cells were determined
and normalized against GFP levels, as described in the Materials & Methods. The activity from
cells transtected with LacZ was taken as 100% to establish the control. The expression of LRPS,
LRP5g171v, LRP6, and LRP6g,ssy was detected using an antibody specific to the HA tag carried

by LRP5 proteins, or an anti-LRP6 antibody (Fig. 3A). The results indicate that the HBM G171V
mutation did not lead to an increase in LEF-1-dependent transcriptional activity compared to

wildtype (Wt) LRPS (LRPS5w;) by itself or in transducing signals for coexpressed Wnt.

(B) Effects of the G171V mutation on canonical signaling activity stimulated by

coexpressed Whntl.
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[0057] HEK cells were transfected with plasmids of LEF reporters, Wnt-1, Dkk1 and Kremen
in the presence of LRP5w; or LRP5g171v, as indicated in Fig. 3B. Human HEK cells were
transfected with LacZ, or cotransfected with Dkk1, Kremenl and Wntl in the presence of LRPS
or LRP5g171v. The protein expression level was verified by Western blotting (Fig. 3C). In the
presence of both Kremenl and DKK1, Wnt showed higher activity in HEK cells expressing
LRP5Gy71v than those expressing LRPSw; (Fig. 3B). These results indicate that the LRPS5gi71v

tranduces more signals than the wild type 1n the presence of Dkk].

2.3 Binding of Dkk1-AP to LRPS and LRPS5 mutants.
[0058] HEK cells were transfected with Mesd plasmids and LRP5 plasmids, as indicated 1n

Fig.4, and incubated on ice with CM prepared from HEK cells expressing Dkk1-AP. The AP
activity was determined in arbitrary units (AU), as described in the Materials and Methods. The
expression of Wt and mutant LRP5 molecules are shown in Fig. 4B. These results indicate that
cells expressing the LRP5g17;v mutant show less apparent Dkk binding than those expressing

LRP5 w(Fig. 4A), which is consistent with less LRP5g171v on cell surfaces, shown in Fig.2.

3. Domain 11 of LRPS is required for Wnt activity.
[0059] HEK cells were transfected with the LEF activity reporter plasmids and expression

plasmids, as indicated in Fig. 5. Expression plasmids LRP5SR494Q and LRP5G479V are LRP>
receptors with point mutations in their second domain. One day later, the cells were lysed. GFP

levels and luciferase activity of the lysed cells were determined and normalized against GFP

levels, as described in the Materials & Methods. Fig. 5 shows that LRP5R494Q and

LRP5G479V can abolish Wnt signaling, as compared to LRPSw:. These results indicate that

Domain II 1s required for Wnt activity.

4. Domain 111 is required for Dkk-mediated inhibition.
4.1 Analysis of domain III.
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(A). Functional analysis of domain III.
[0060] HEK cells were transfected with the LEF activity reporter plasmids, Kremen! plasmid

and expression plasmids as indicated in the Fig. 6A. The expression of Wt LRPS and its mutant
molecules were shown in the Fig. 6B. The result shows that LRP5SR12 or LRP5R 124, but not
LRP5R34, could still potentiate Wnt-stimulated LEF-1 activity (Fig. 6A), suggesting that
LRP5R12 or LRP5R124 retains the Wnt coreceptor function. However, Dkk1 could not inhibit
Wnt signaling when LRP5R12 or LRP5R 124 was present (Fig. 6A). This suggests that the

domain III 1s required for Dkk1-mediated inhibition.

(B). Binding of DKKI1-AP to LRP5 and LRP5 mutants.
[0061] HEK cells were transfected with Mesd plasmids and LRPS plasmids, as indicated in

Fig.6C, and incubated on ice with CM prepared from HEK cells expressing Dkk1-AP. The AP
activity was determined in Arbitrary Units, as described in the Methods and Materials. The
expression of Wt and mutant LRP5 molecules are shown in the right panel of Fig. 6C. These
results indicate that LRP5R34 contains Dkk1 binding sites, and that E721 in R34 is required for
Dkk1 binding. (Fig. 6C).

4.2 Identification of the amino acid residues on the interaction surface on domain III which
are required for DkK inhibition.

(4) Schematic representation of Ala substitution mutations on interaction surface I11.

[0062] The space filled model of Domain III was deduced based on the structure ot the LDL
receptor YWTD repeat domain (13). The homology model of Domain 111 of Dkk1 was built
with ICM (Molsoft L.L.C., La Jolla, CA) using sequences obtained from the Swiss-
Prot/TrEMBL database (Entry Name Q9UP66 [18]). The Low-Density Lipoprotein (LDL)
receptor YWTD-EGF domain (PDB code 11JQ [22]) was chosen as the template. Based on the

three-dimensional structure, we generated 19 LRPS5 mutants containing Ala substitution
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mutations on the surface of Domain III (Fig. 7A). The ability of these mutant LRPS proteins to
resist Dkk1-mediated inhibition was determined and is shown in Fig. 7A. Nine of the mutants
showed altered (more than 5%) sensitivity to Dkk1-mediated inhibition, and contained mutations

localized on the same surface (Fig. 7A).

(B) Effect of representative point mutations on the Wnt coreceptor activity of LRPS.
[0063] HEK cells were transtected with LEF activity reporter plasmids, Kremenl plasmids
and expression plasmids, as indicated in Fig. 7B. The expression of Wt and mutant LRP35

molecules are shown in the lower panel. Among 19 mutations, the E721 mutation showed the

. strongest effect on Dkk1-mediated inhibition, followed by W781, and Y719 (Fig. 7B).

. Screening compounds that interact with the specified domains of LRPS.

5.1 Screening compounds using Domain III as a template.

(A). Virtual screening.
[0064] The UNITY™ program ( Tripos, Inc.) was used to screen the National Cancer Institute
(NCI) database (http://129.43.27.140/ncidb2) for chemical compounds that were able to fit into
the cavity on Domain III. This database is freely searchable and includes the coordinates of
250,251 small chemical compounds. A search query was designed to consist of R764 and E721
with 0.3A tolerance, and a hydrophobic center with 1.0A tolerance that is 3.2A away from
Trp781, pointing towards the cavity. Taking the flexibility of the compounds into consideration,
the Directed Tweak algorithm in the UNITY '™ program allowing for a rapid, conformationally
flexible three dimenstonal search [21] was applied.
[0065] The candidate compounds obtained using the UNITY ™ program were then docked into
the Dkk1 binding surface using the FlexX'™ program (Tri'pos, Inc.) for energy minimization
[17], which quickly and flexibly docks ligands to protein-binding sites [44]. Residues E721,
W864, Y719, R764, D877, F888, G782, W781 and M891, shown to be critical for Dkk1
recognition (Fig. 7A), were considered 1n the calculations. Following the docking procedures,
the compounds were then ranked based on their predicted ability to bind to the Dkk1 binding

T

pocket using the Cscore'™ program. Cscore'™ generated a relative consensus score based on

how well the individual scoring functions of the protein-ligand complexes performed [8]. The
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™ were then subjected to final manual visual inspection. While 40 compounds with the

Cscore
highest consensus scores were requested from NCI, only 17 were obtained due to unavailability.

These compounds were then subjected to the Dkk-1 binding assay (see section 5). Three of these
compounds were found to have an effect on the binding of Dkk1 to LRP-S.: NCI106164 (Fig.
8A) mhibited Dkk1 binding by 32%, while NCI39914 (Fig. 8B) and NCI1660224 (Fig. 8C)
stimulated Dkk1 binding by 645% and 275%, respectively. The stimulatory effect of NCI39914
and NCI660224 may be due to the enhanced interaction of these compounds with the Dkk1
binding cavity of the third domain. This enhancement could result from bridging of the gap that
exists between the interaction surfaces of Dkk1 and LRPS. Since anthra-9,10-quinone (Fig. 9A)
1s a common substructure among compounds NCI39914 and NCI1660224, anthra-9,10-quninone
may play a key role in the binding interaction with LRP5. A two dimensional search for
compounds found 1n the NCI database that are similar to anthra-9,10-quinone was performed
using the similarity search algorithm of the UNITY™ program. The hits were then docked with
the FlexX '™ program, as previously described. 25 compounds with the highest scores were
obtained from NCI and tested. Compounds NCI657566 (Fig. 9B) and NCI366218 (Fig. 10A)
were able to reverse the Dkk1-mediated inhibition of Wnt signaling. A new two dimensional
similarity search was conducted using a NCI366218-derived template shown in Fig. 9C and 13
candidate compounds were identified. Biological assays (as described below) showed that NCI
8042 (Fig. 10B) was the best compound for the reversal of Dkk-mediated inhibition of Wnt
signaling and the disruption of Dkk1 binding to LRP5.

(B) Biological assays.

[0066] Biological assays were used to screen the compounds identified by virtual screening.
() Dkk-1 binding assay.

[0067] The binding of Dkk1-AP to HEK cells expressing full length LRPS or LRP5R34
mutant lacking the first two domains was performed as described in section 2 (Fig. 4). The first
batch of 17 compounds was initially screened for the inhibition of Dkk1 binding to full length
LRP5. We tound that NCI106164 showed a 68% inhibitory effect on Dkk1 binding, while
NCI39914 and NCI660224 stimulated Dkk1 binding by approximately 654% and 276%,

respectively. (see Table I.)
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(1l) Wnt activity assay.

[0068] The second and third domains of LRPS are required for Wnt signaling, and these
domains probably directly interact with Wnt molecules. Since these domains share extensive
amino acid sequence homology, it is probable that certain compounds that bind to the third
domain may also bind to the first two domains, potentially causing the inhibition of Wnt activity.
The second batch of compounds were initially screened using the Wnt activity assay and
subsequently screened using the binding assay to confirm that compounds reversing Dkk
inhibition inhibited Dkk binding to LRP5. As shown in Table II, 25 compounds from the second
batch were screened using the Wnt activity assay. The compounds were examined for the
following: 1) basal reporter activity inhibition; 2) Wnt activity inhibition; and 3) reversal of Dkk-
mediated inhibition of Wnt activity. As shown in Table II, 17 out of 25 compounds were found
to inhibit Wnt activity by more than 30%. Two compounds, NCI366218 and NCI657566, were
found to reverse Dkk1 mediated inhibition of Wnt signaling without affecting Wnt activity.

[0069] To determine which compounds reverse Dkk-mediated inhibition, a third batch of
compounds was identified using virtual screening. 13 compounds were identified and subjected
to Wnt activity screening. As shown in Table III, three compounds were found to greatly inhibit

Wnt activity, and one compound (NCI8642) significantly reversed Dkk-mediated inhibition.

[0070] Both NCI8642 and NCI366218 were further characterized by Wnt activity assays and
Dkk binding ass\ays, as shown 1n Fig. 11 and Fig. 12. NC18642 was more effective in the

reversal of Dkk-mediated inhibition. NCI8642 also had wider range of effective concentrations
than NCI366218. Both compounds began to show Wnt inhibition at high concentrations. Both

compounds reversed Dkk-mediated inhibition by disrupting the interaction between Dkk1 and

[LRP5 since both compounds inhibited the binding of Dkk1-AP to full length LRP35 and the
[LRP5 R34 mutant that lacks the first two domains. NCI8642 was shown to be more effective
than NCI366218 in the inhibition of Dkk1 binding, consistent with its increased effectiveness in

the reversal of Dkk-mediated antagonism to Wnt signaling.
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(II]) Osteogenic assay.

a) Osteogenic assays in culture.

[0071] Wnt stimulates the proliferation and differentiation of cultured osteoblasts and Dkk
inhibits this process. Therefore, these compounds increase osteogenesis. This may be monitored
by the examination of mineralization or the expression of osteogeneic markers, including the
expression of BSP, osteocalcin, and collagen. The expression of GFP driven by the 2.3 Kb
CollA1 promoter may also be monitored. Fig. 13 shows that NCI366218 stimulates GFP
expression suggesting an increase in osteoblast differentiation. Fig. 14 shows that NC1366218

stimulates mineralization. NCI366218 also stimulates bone formation in calvarial organoculture.

b) Invivo osteogenic assays

[0072] Testing for the effectiveness of these compounds in vivo may be conducted to
determine if the compounds increase osteogenesis in vivo. A variety of compound doses may be
injected at the outer surfaces of calvarias and into bone marrow cavities. Increased bone

formation may be examined histologically and through the use of pQCT, DNX, and X-ray
radioautography.

(IV) Beta-catenin level assay.

[0073] Cytosolic B-catenin is stabilized by Wnt signaling. The effect of these compounds on
Wnt signaling may be examined by the resulting levels of B-catenin. For example, mouse L1
cells were treated with compounds combined withWnt3a CM, or a Dkk1-Wnt3a CM mixture for
8 hours. Cells used as a control were also treated with only Wnt3a CM, or Dkk1-Wnt3a CM
mixture for 8 hours. B-catenin levels in cell lysates were measured by Western blotting or ELISA
using specific anti-B-catenin antibodies. 3-catenin levels from compound-treated cells were then
compared to their controls. This method may also be used to screen compounds biologically.

149]
(V) Phosphorylation of PPPSP sites of LRP5/6

[0074] It was recently discovered that Wnt stimulates the phosphorylation of LRP5 at PPPSP
motifs at the intracellular domain of LRP5 (Tamai et al., 2004). Antibodies specific to
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phosphorylated PSPPP may be obtained and used to examine Wnt activity (Tamai et al., 2004).
The advantage of this assay is that it only measures receptor activation. Compounds that
participate in this event are less likely to affect Wnt intracellular signaling events compared to
the compounds screened using other assays. For example, HEK cells were treated with
compounds combined withWnt3a CM or DKK1-Wnt3a CM mixture for 10-60 minutes. Cells
used as a control were treated with only Wnt3a CM or DKK 1-Wnt3a CM mixture for 6 hours.
The phosphorylation of PPPSP sites of LRPS or LRP6 were measured by Western blotting or
ELISA using specific antibodies against phosphorylated PPPSP sites. Compound treated cells
were compared to their controls in order to screen compounds which showed an effect on Wnt
activity according to levels of phosphorylated LDLR-PPPSP sites. This method may also be used

to screen compounds biologically. [49]

5.2 Screening compounds using Domain I of LRP5 as a template.

(A). Virtual screening.

[007S] The structure of this domain may be deduced using homology modeling, as described
In the “Materials and Methods”. Site-directed mutagenesis was used to map the residues that are
required for Wnt signaling, as described in section 4.2. Virtual screening methods were applied
to this Wnt signaling surface using the methods described in section 5.1(A). Since domain II is
involved in Wnt signaling, compounds identified using domain II as a template may increase
Wnt signaling or decrease Wnt signaling. Since domain II and domain III are homologous, the
compounds 1dentified using virtual screening may: 1) increase Dkk binding; 2) decrease Dkk

binding; 3) increase Dkk antagonism; and/or 4) decrease Dkk antagonism.

(B). Biological assays.

[0076] Compounds were tested using biological assays described in section 5.1 (B).
Compounds that increase or decrease Wnt activity were identified using methods described in
section 5.1 (B), I-V. Compounds that enhance or inhibit Dkk1 binding were determined using
assays described in 5.1 (B), I. Compounds that enhance or inhibit Dkk1 antagonism were

determined using assays described in 5.1 (B), I1.

31



CA 02771941 2012-03-20

5.3. Screening compounds by using Domain I of LRPS as a template.

(A). Virtual screening.

[0077] The structure of this domain may be deduced using homology modeling, as described
in the “Materials and Methods”. Site-directed mutagenesis was used to map the residues that are
required for Mesd binding and function, as described in Fig. 2. Virtual screening methods were
applied to this Mesd-binding surface using the methods described in section 5.1(A). Since
domain I 1s involved in Mesd functions, compounds identified using domain I as a template may
increase or decrease LRPS presentation to the cell surface, thereby increasing or decreasing Wnt
signaling and/or increasing or decreasing Dkk antagonism. Since domain I and domain II are
homologous, the compound identified using virtual screening may increase or decrease Wnt
signaling. Since domain I and domain III are homologous, thé compounds identified using
virtual screening may: 1) increase Dkk binding; 2) decrease Dkk binding; 3) increase Dkk
antagonism; and/or 4) decrease Dkk antagonism.

(B). Biological assays.

[0078] Compounds that increase or decrease Wnt activity were identified using methods
described 1n section 5.1 (B), I-V. Compounds that enhance or inhibit Dkk1 binding were
determined using assays described in section 5.1 (B), I. Compounds that enhance or inhibit Dkk1
antagonism were determined using the assays described in section 5.1 (B), II. Compounds that

affect Mesd function were determined using assays shown in Fig. 2.

6. Screening of compounds that interact with the CRD of the frizzled receptor.

[0079] Whnt signals through a transmembrane receptor of the frizzled family. This frizzled
receptor passes through the cell membrane several times. A conserved cysteine-rich domain
(CRD) located on the N-terminal extracellular region of frizzled acts as a Wnt binding site.
Secreted frizzled-related protein Frzb-1 contains CRD and serves as an antagonist of Wnt
signaling expression.

[0080] The crystal structures of the CRDs of Frizzled 8 and secreted Frizzled-related protein 3
from mice have been determined. (Dann C. et al.) The Wnt binding sites have also been

determined by Wnt-binding and mutagenesis assays.
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6.1 Virtual screening.

[0081] Virtual screening methods described in 5.1(A) were used to screen for potential
compounds that interact with CRD to regulate the Wnt signaling pathway. A homology model
was created using the known CRD structure from mouse protein as a template. Homology
models for other frizzled family members or for human frizzled protein CRD regions were
created. Based on the structure and the amino acids involved in the CRD-Wnt interaction,
energy minimization methods were used to screen for compounds to further test the biological
activity of each compound. For those that showed higher biological activity, a similar structural

query was used to identify additional candidate compounds.

6.2 Biological assays.

[0082] Wnt-binding assays were used to screen the effect of compounds on the CRD region of
frizzled proteins. CRD peptides (or frizzled proteins) expressed on the surface of the cell with a
detectable marker (e.g, Myc-tag). Medium containing the compound and Wnt-alkaline
phosphatase fusion protein (e.g Wnt8-AP) was used. After incubation, binding was determined
using immuno-histochemistry staining.

Once the candidate compounds showed an effect on Wnt binding, other biological assays (as

described in 5.1(B)) were applied to determine each compounds effect on Wnt signaling. [27, 338,
12]

7. Screening of compounds that interact with DKK.

7.1 Virtual screening.

[0083] The structure of Dkk1 was solved and its interaction surfaces to Kremen and LRP5/6
were mapped using mutagenesis, as described in section 4.2. Virtual screening was conducted
according to the methods described in section 5.1(A). Compounds were found to increase or

decrease Dkk binding to LRP5 or Kremen, or increase or decrease Dkk-mediated inhibition of

Wnt,
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7.2. Bilogical assays.

[0084] Compounds that increase or decrease Dkk binding to LRPS5 were determined as
described in section 5.1 (B), I. Compounds that increase or decrease Dkk binding to Kremen
were determined as described in section 5.1 (B), I with the exception that the cells were
transfected with Kremen instead of LRPS5. Compounds that increase or decrease Dkk

antagonism were determined as described in section 5.1 (B), II-1II.

8. Screening of compounds that interact with Dvl domains.
[0085] Cytoplasmic dishevelled (Dvl) proteins are activated by the Wnt-frizzled receptor

complex. They are essential in both canonical and non-canonical Wnt signaling pathways. Dvl
proteins are composed of an N-terminal DIX domain, a central PDZ domain, and a C-terminal
DEP domain. These three conserved domains each associate with different proteins, thereby each
functioning in a different pathway.

[0086] The DIX domain exists as a homodimer and forms a predominantly helical structure.
This was determined using pulsed-field gradient NMR studies. The DIX domain mediates
targeting to actin stress fibres and cytoplasmic vesicles in vivo. It thereby may represent a point
of divergence in Wnt signaling. The stabilization of 3-catenin through canonical Wnt signaling
involves memberance targeting of Dvl. Lys 58, Ser 59 and Met 60 in mouse DvI2 are critically
involved in the actin interaction. Lys 68 and Glu 69 are important in cytoplasmic vesicle
localization.

[0087] The PDZ domain interacts with several molecules and plays an important role in both
the canonical and non-canonical Wnt pathways. The three dimensional Xenopus PDZ domain
structure has been determined (Cheyette. Et al). Through the use of chemical-shift perturbation

NMR spectroscopy and binding assays, it was shown that there is a direct interaction between the
conserved motif KTXXXW of frizzled and the PDZ domain of mouse Dvl1. This allows the
binding region to be determined. (Wong. Et al).

[0088] The DEP domain of Dvl proteins transduces signals to effector proteins downstream of
Dvl in the Wnt pathway. The DEP domain of dishevelled is required for the upregulation of 3-
catenin activity and the stimulation of Lef-1 mediated transcription in mammalian cells. The

mouse Dvl1 DEP domain’s structure has been determined. (Wong, et at) It has been shown that
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Lys434, Asp445, and Asp 448 play an important role in protein-protein interaction, and that their

mutations Wnt-1 induced Lef-1 activation.

8.1 Vitual screening.

[0089] Since the functional residues and secondary structures of the DIX domain have been
determined, a screening of the existing protein domains may provide information for tertiary
structural configurations potential candidates and a simulation for the same may generate
candidate compounds for binding analysis. Candidate compounds affecting binding may be
analyzed, and a new group of similar compounds may be assayed biologically.

Since the three dimensional structure for PDZ and DEP is known, a virtual screening method
similar to the method described in section 5.1 may be used. This structure may be used as a
template to create a homology model for human protein domains or other similar functional
protein domains. Based on the structure and the amino acids involved in specified functions,
energy minimization methods may be used to screen compounds. The biological activity of each
compound may be tested. For those compounds that show high biological activity, a similar

structural query may be used to find more candidate compounds, and biological activity will be

further assayed.

8.2 Biological assays.
[0090] Actin-binding inhibition assays for actin binding regions, and Xnr3 or Siamois
expression levels may be used for DIX domain vesicle localization. A constructed vector

containing tagged DIX may be transfected into a cell, after compound treatment.
Immunofluorenscence staining may then be used to determine actin-binding inhibition. RT-PCR

may be used to detect Xnr3 or Siamois levels for vesicle localization.

(0091] Ann vitro binding assay may be used for initial screening for the PDZ domain. A
peptide (e.g, Drp C terminal region) that binds to the PDZ domain of Dvl may be used. Puritied
tagged peptide bound to beads may be mixed with the PDZ domain and each compound, and
after incubation, antibody may be used to detect the bound compounds. The binding efficiency
effect of each compound may be determined.

[0092] To screen for compounds that will affect canonical Wnt pathway, a luciferase assay

may be used for the domain. Cells may be transfected with the Dvl domain. Once these cells are
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incubated with compounds, Wnt/BB-catenin activated luciferase activity may be assayed, thereby
measuring each compound’s effect.

[0093] The compounds are then classified based on their structure, and the 1dentified
compounds are further screened. Once candidate compounds affecting protein binding are
identifed, other biological assays described section in 5.1(B) may be used to determine the effect

of each compound on Wnt signaling. [57, 6, 58, 55, 7]

9. Screening of compounds that interact with 3-catenin.

[0094] BB-catenin mediates the transmission of the Wnt signal into the nucleus and thereby
activating the target genes. The Wnt signal prevents f3-catenin degradation, allowing 3-catenin to
accumulate and subsequently translocate to the nucleus to form a transcriptional activating
complex with members of the Tct/LLEF familiy of proteins.

[0095] The crystal structure of B-catenin, as well as the complex it forms with Axin, Lef, TCF
and several other proteins, have been solved. This information may be used for the screening of
compounds that regulate canonical Wnt signaling.

[0096] B-catenin contains N-terminal armadillo repeats, which are the binding sites for APC,
LEF/TCF, E-cadherin and conductin/axin. All the binding sites are located in armadillo repeat
units 3-8 of B-catenin. The binding of the factors occupy the groove and thus preclude the

simultaneous binding of other competing -catenin partners.

9.1 Virtual screening

[0097] A modified strategy similar to the virtual screening described in section 5.1 may be
used for 1dentifying compounds for 3-catenin interaction for binding. The homology model ot B-
catenin from different species may be generated using B-catenin as a template. Based on the
structure and the critical amino acids involved in the interactions with LEF/TCF, Axin and APC,
energy minimization methods may be used to screen for compounds to create groups of
candidate compounds. Since all the aforementioned proteins occupy similar positions on 8-
catenin, when biological assays are used for the screening of each compound, all four

interactions are tested. Based on initial biological activity, the structure of effective compounds
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are analyzed, and new groups of compounds are tested using similar methods. Additional

biological assays may be carried out to 1identify the most effective compounds.

9.2 Biological assays.

[0098] Since ali the B-catenin partners occupy similar positions, in vitro translation and protein
binding assays may be used to determine the effectiveness of each compound. Tagged 3-catenin,
TCF, APC, LEF or Axin constructs may be transcribed and translated in vitro. Once they are
incubated with the compounds, immunoblotting may be used to detect binding.

Once compounds are identified which affect Wnt binding, other biological assays may be used,

as described in section 5.1(B), to determine the effect of each compound on Wnt signaling. [52,

43, 16, 59, 11]

10. Screening of compounds that interact with LEF-1/TCF transcription factors.

[0099] Lymphoid enhancer-binding factor (LEF) is a DNA-binding protein that plays an
architectural role in the assembly and function of a regulatory nucleoprotein complex. It
recognizes specific nucleotide sequences through a high-mobility-group (HMG) domain. The
solution structure of the HMG domain of mouse LEF-1, complexed with a 15-base-pair
oligonucleotide duplex containing the optimal binding site from the TCR-alpha gene enhancer,

has been solved.

10.1 Virtual screening.

[0100] A strategy similar to the virtual screening described in section 5.1 may be used to
screen for potential compounds that interact with HMG-oligonucleotide binding, to thereby
affect the activity of gene expression regulation. Based on the structure, proteins containing
HMG domains bend the DNA to which they bind. Any compounds that affect DNA bending or
binding ability have an effect on the regulation of gene expression. The homology model for the
LEF HMG domain for different species may be created using the known structure as a template.
Based on the structure and the amino acids involved in HMG-oligo interaction, energy
minimization methods may be used to screen for compounds. Compounds which may either

force the bending or prohibit the bending are selected. The DNA biding activity used to screen
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the compounds. For compounds which show a much higher or much lower biological activity, a

similar structural query may be used to identify additional candidate comopounds.

10.2 Biological assays.

[0101] DNA-binding assays may be used to screen the compounds. Oligonucleotides and
HMG domains are incubated with the compounds. Gel retardation assays are used to determine
the DNA binding. The binding experiment may be modified with uniformly "°C labeled NMR to
analyze domain bending. Since LEF controlled gene regulation is directly affected, luciferase
assay may also be used for detecting compound effects. Once compounds affecting protein
binding are identified, other biological assays described in 5.1(B) may be used to determine the

eftect of each compound on Wnt signaling. [33]

11. Screening of compounds that interact with any other Wnt signaling -related proteins.

[0102] Additional protein factors involved in Wnt signaling exist. Their structure may be
solved in the future. Based on interaction surface structures, compounds may be screened and

their biological activity tested, as described in section 3.
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WHAT IS CLAIMED IS:

1. Use of at least one non-native compound for accumulation of the intracellular
protein B-catenin, wherein the at least one non-native compound binds to or
interacts with a receptor or co-receptor involved in bone formation or bone
remodeling, and wherein the receptor or co-receptor 1s an LRPS receptor, an
LRP6 receptor, a frizzled receptor or other receptor in the LRP5 or LRP6 receptor
system.

2. Use of at least one non-native compound for inhibition of accumulation of the
intracellular protein B-catenin, wherein the at least one non-native protein binds to
or interacts with a receptor or co-receptor involved in bone formation or bone
remodeling,, and wherein the receptor or co-receptor 1s an LRPS receptor, an

LRP6 receptor, a frizzled receptor or other receptor in the LRP5 or LRP6 receptor

system.

3. The use of claim 1 or 2, wherein the at least one non-native compound 1s other
than Wnt or Dkk protein.

4. The use of any one of claims 1-3, wherein said accumulation or inhibition of

accumulation of intracellular protein (-catenin i1s via a non-canonical Wnt
pathway.

5. Use of at least one non-native compound for the treatment of a tumor or abnormal

erowth in a mammalian subject, wherein the at least one non-native compound

inhibits accumulation of the intracellular protein B-catenin through binding with
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an LRP5 receptor, an LRP6 receptor, a frizzied receptor or other receptor 1n the
LRPS or LRP6 receptor system.
The use of claim 5, wherein the at least one non-native compound interacts with a

receptor or co-receptor involved in bone formation or bone remodeling,

The use of claim 5 or 6, wherein the at least one non-native compound 1s other
than Wnt or DKkK.

The use of claim any one of claims 5-7, wherein the accumulation of the
intracellular protein B-catenin is via a non-canonical pathway.

The use of any one of claims 1-8 wherein said at least one non-native compound
comprises at least one agonist, antagonist, partial agonist, or any combination
thereof.

The use of any one of claims 1-9 wherein said at least one non-native compound
comprises NCI366218, NCI8642, NCI106164, NCI657566, or any derivative or
analog thereof.

The use of any one of claims 1-10 wherein said at least one non-native compound
comprises a small molecule, protein, peptide, polypeptide, cyclic molecule,
heterocyclic organic molecule, nucleic acid, lipid, charged lipid, polar lipid, non-
polar lipid, sugar, glycoprotein, glycolipid, lipoprotein, chemical, or a fragment of
a compound that comprises a heterocyclic organic molecule, nucleic acid, lipid,
charged lipid, polar lipid, non-polar lipid, sugar, glycoprotein, glycolipid,
lipoprotein, or chemical.

The use of any one of claims 1-11 wherein said use comprises inhalation, oral,

intravenous, intraperitoneal, intramuscular, parenteral, transdermal, intravaginal,
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intranasal, mucosal, sublingual, topical, rectal, or subcutaneous use, or any
combination thereof.
The use of any one of claims 1-12 wherein said non-native compound is identified
using a method comprising:

a. screening for a compound that fits into the cavity on the receptor using the

UNITY ™ program;
b. docking said compound into the cavity using the Flexx'™ program; and
c. obtaining the compound with the highest binding atfinity using the

T

Cscore'™ program.

A therapeutic composition for the treatment of a tumor or abnormal growth 1n a
mammalian subject comprising a pharmaceutically acceptable carrier and at least
one non-native compound that binds to or interacts with a receptor or co-receptor
involved in bone formation or bone remodeling to inhibit the accumulation of the
intracellular protein B-catenin, and wherein the receptor or co-receptor is an LRPS
receptor, an LRP6 receptor, a frizzled receptor or other receptor in the LRPS or
LRP6 receptor system.

The therapeutic composition of claim 14 wherein the at least one non-native
compound is other than Wnt or Dkk protein.

The therapeutic composition of claim 14 or 15 wherein the accumulation of the
intracellular protein B-catenin is via a non-canonical Wnt pathway.

The composition of any one of claims 14-16 wherein said at least one non-native
compound comprises at least one agonist, antagonist, partial agonist, or any

combination thereof.
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The composition of any one of claims 14-17 wherein said at least one non-native
compound comprises NCI366218, NCI8642, NCI106164, NCI657566, or any
derivative or analog thereof.
The composition of any one of claims 14-18 wherein said at least one non-native
compound comprises a small molecule, protein, peptide, polypeptide, cyclic
molecule, heterocyclic organic molecule, nucleic acid, lipid, charged lipid, polar
lipid, non-polar lipid, sugar, glycoprotein, glycolipid, lipoprotein, chemical, or a
fragment of a compound that comprises a heterocyclic organic molecule, nucleic
acid, lipid, charged lipid, polar lipid, non-polar lipid, sugar, glycoprotein, glycolipid,
lipoprotein, or chemical.
The composition of any one of claims 14-19 for administration by inhalation, oral,
intravenous, intraperitoneal, intramuscular, parenteral, transdermal, intravaginal,
intranasal, mucosal, sublingual, topical, rectal, or subcutaneous administration, or
any combination thereof.
The composition of any one of claims 14-20 wherein said composition is formulated
as a tablet, pill, dragee, liquid, gel, capsule, syrup, slurry or suspension.
The composition of any one of claims 14-21 wherein said at least one non-native
compound is identified using a method comprising:

a. screening for a compound that fits into the cavity on the receptor using the

UNITY "™ program;
b. docking said compound into the cavity using the Flexx'™ program; and
c. obtaining the compound with the highest binding atfinity using the

T

Cscore'™ program.
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