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The amyloid-f peptide (AB) plays a major role in neuronal
dysfunction and neurotoxicity in Alzheimer disease. However,
the signal transduction mechanisms involved in Af-induced
neuronal dysfunction remain to be fully elucidated. A major cur-
rent unknown is the identity of the protein receptor(s) involved
in neuronal A binding. Using phage display of peptide librar-
ies, we have identified a number of peptides that bind A and are
homologous to neuronal receptors putatively involved in Af3
interactions. We report here on a cysteine-linked cyclic hep-
tapeptide (denominated cSP5) that binds A with high affinity
and is homologous to the extracellular cysteine-rich domain of
several members of the Frizzled (Fz) family of Wnt receptors.
Based on this homology, we investigated the interaction
between Af and Fz. The results show that A binds to the Fz
cysteine-rich domain at or in close proximity to the Wnt-bind-
ing site and inhibits the canonical Wnt signaling pathway. Inter-
estingly, the cSP5 peptide completely blocks A binding to Fz
and prevents inhibition of Wnt signaling. These results indicate
that the AB-binding site in Fz is homologous to cSP5 and that
thisis a relevant target for A 3-instigated neurotoxicity. Further-
more, they suggest that blocking the interaction of Af3 with Fz
might lead to novel therapeutic approaches to prevent neuronal
dysfunction in Alzheimer disease.

Alzheimer disease (AD)? is a progressive neurodegenerative
disorder characterized, in its early stages, by a striking inability
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to form new memories. Recent work indicates that cognitive
and memory impairments in early AD are caused by synaptic
dysfunction instigated by pathological assemblies of the amy-
loid-B peptide (AB) (for recent reviews, see Refs. 1-3). Neuro-
pathological hallmarks of AD include increased brain levels and
extracellular build-up of A aggregates, intraneuronal neurofi-
brillary tangles composed of hyperphosphorylated Tau, and,
notably, synaptic loss (1). Despite the fact that A has been
strongly implicated in neuronal dysfunction and neurotoxicity
in AD, the signal transduction mechanisms involved in the neu-
ronal impact of AB remain to be fully elucidated. A major cur-
rent unknown is the identity of the neuronal receptor(s) that
bind AB and mediate neuronal dysfunction. Identification of
such receptor(s) would provide considerable insight into mech-
anisms of pathogenesis and might reveal novel opportunities
for the development of strategies to combat AD.

The Wnt signaling pathway has been recently proposed to
play a role in AD (for a review, see Ref. 4). Wnts are secreted
glycoproteins that bind to and signal through Frizzled (Fz)
receptors and mediate cell-cell communication (5). Wnt signal-
ing regulates a variety of biological processes, including devel-
opment, cell movement, polarity, axon guidance, and syn-
apse formation (6). Different types of Wnt-Fz complexes may
signal through the so-called canonical or noncanonical Wnt
pathways. Canonical Wnt/Fz signaling results in stabiliza-
tion and increased intracellular levels of B-catenin, whereas
the noncanonical pathway is considered to be largely 3-cate-
nin-independent, operating instead through stimulation of
intracellular Ca®" release and activation of protein kinase C
and Ca®"/calmodulin-dependent kinase II (6).

Canonical Wnt signaling is essential for neuronal develop-
ment and for the maintenance of the developing nervous sys-
tem (7), and it has recently been implicated in adult hippocam-
pal neurogenesis (8). Of considerable interest regarding its
possible implications in synaptic dysfunction in AD, Wnt sig-
naling is also involved in regulation of synaptic function and
plasticity (reviewed in Ref. 9).

Wnt signaling initiates upon the interaction, at the cell sur-
face, of Wnt ligands with their cognate receptor complex, con-
sisting of one member of the Fz family of membrane receptors
and low density lipoprotein receptor-related protein 5 or 6 (10).
Binding of Wnt to the extracellular cysteine-rich domain of Fz
(FzCRD) results in recruitment of the post-synaptic density
associated protein dishevelled, leading to inhibition of glycogen
synthase kinase-38 (GSK-3f), accumulation, and nuclear
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translocation of B-catenin. In the nucleus, B-catenin binds to
components of the high mobility group family of transcription
factors lymphoid enhancer factor/T-cell factor (TCF) to regu-
late transcription of a variety of genes involved in the wide spec-
trum of functions regulated by this pathway (6). In the absence
of a Wnt ligand, GSK-3 phosphorylates B-catenin, targeting it
for ubiquitin-proteasome degradation (11, 12). As a result,
intracellular B-catenin levels are diminished, thus switching off
the expression of Wnt target genes (13-15).

Several lines of evidence indicate that deregulated Wnt sig-
naling may play a role in the pathogenesis of AD (reviewed in
Refs. 16—19). B-Catenin levels are markedly reduced in AD
patients carrying PS1-inherited mutations (20, 21). Activation
of protein kinase C inhibits AB neurotoxicity by inhibiting
GSK-3B activity and increasing nuclear translocation of 3-cate-
nin, suggesting that regulation of components of the nonca-
nonical Wnt signaling pathway by Ca®>*-dependent protein
kinase C may be relevant in A toxicity (22). Activation of
GSK-38 is involved in the phosphorylation of Tau and forma-
tion of neurofibrillary tangles, a hallmark of AD (23). Moreover,
the addition of Wnt to hippocampal neurons in culture pre-
vents AB neurotoxicity (24). Together, those studies suggest
that the Wnt/B-catenin signaling pathway plays an important
role in neuroprotection against AP toxicity. However, the
mechanisms by which extracellular A3 causes such intraneuro-
nal effects have not been fully clarified.

With the goal of identifying ligands that mediate the neuro-
nal impact of A3, we have used phage display of peptide librar-
ies to identify peptides that bind to A 3. Using this approach, we
isolated a cysteine-linked heptapeptide, denoted cSP5, that
binds A with high affinity. Homology comparison with human
protein sequences revealed that cSP5 is highly homologous to a
conserved region of the FzZCRD present in several members of
the Fz family of Wnt receptors.

Here we show, for the first time, that A directly binds to the
extracellular CRD of Fz5 at or in close proximity to the Wnt-
binding site. Furthermore, we show that A inhibits 3-catenin
accumulation, nuclear translocation, and Wnt-targeted gene
transcription. Interestingly, the cSP5 peptide completely blocks
A binding to Fz and its effects on the Wnt/Fz signaling cas-
cade. These results indicate that the AB-binding site in Fz is
homologous to cSP5 and that this is a relevant target for A
neurotoxicity. Furthermore, they suggest that blocking the
interaction of AB with Fz might lead to novel therapeutic
approaches to prevent neuronal dysfunction in AD.

EXPERIMENTAL PROCEDURES

Reagents—Af3 with 40 or 42 amino acid residues was pur-
chased from Bachem (Torrance, CA). The peptide was dis-
solved in 50% trifluorethanol in PBS (140 mm NaCl, 2.7 mm KCl,
10 mMm phosphate buffer, pH 7.3) immediately before use.
Where indicated (see “Results”), the experiments were also car-
ried out using soluble AB42 oligomers (also known as “Af3-
derived diffusible ligands” (ADDLs)) prepared as previously
described (37). Anti-B-catenin antibody was from Sigma,
anti-Af mAb 6E10 was from Abcam (Cambridge, MA), anti-
hemagglutinin (anti-HA) was from Santa Cruz (Santa Cruz,
CA), anti-cyclophilin B was from Affinity Bioreagents (Golden,
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CO), and recombinant Fz4CRD, Fz5CRD, anti-Fz4CRD, and
anti-Fz5CRD were from R & D Systems (Minneapolis, MN).

Biopanning against AB—Screening of the phage display pep-
tide library was performed as previously described (25). Briefly,
AB40 was diluted to 0.1 ug/ml in 50% trifluorethanol/PBS, and
50-ul aliquots were dried in the wells of a 96-well plate at 37 °C
under constant shaking for 16 h. To check the state of aggrega-
tion of the samples, the material from one well was extracted
and submitted to SDS-PAGE electrophoresis. Silver staining of
the gel indicated that most of the A 340 was in monomeric form,
and no high molecular weight aggregates could be visualized.
The wells were blocked with 0.5% bovine serum albumin in PBS
for 1 h, and 10 ul of a phage display library (PhD-C7C, New
England Biolabs, Ipswich, MA) were added to each well. All
further procedures were carried out exactly according to the
manufacturer’s instructions.

A peptide with the amino acid sequence SPPLRFF (denoted
SP peptide) was expressed by one of 24 A 3-binding phages that
were individually picked and amplified and had their DNA
sequenced. The sequence of the SP peptide was compared with
protein sequences deposited in several data banks (NCBI) using
BLAST (26).

Peptide Synthesis—The cyclic peptides ¢SP5 (CSPDLRF-
FLC), cSP3 (CSRDFRPFLC), and cSP6 (CSPNIETFLC) were
synthesized as previously described (27).

Cell Culture—Murine neuroblastoma 2A cells (N2A; ATCC
CCL-131) and L-cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum (FBS, Invitrogen), 100 units/ml penicillin,
and 2 mMm glutamine (Invitrogen) in a humidified atmosphere of
5% CO, at 37 °C. For experiments, N2A cells were plated in
DMEM, 10%FBS for 12 h, and neuronal differentiation was ini-
tiated by incubation in serum-free DMEM supplemented with
250 um N6,2'-O-dibutyryl cAMP for 24 h.

Binding of FzCRD to AB—In a 96-well plate, 1 ug of AB40 or
AB42 in 50 pul of 50% solution of trifluorethanol in PBS were
dried overnight at 37 °C in different wells, washed with PBS,
and blocked for 2 h with 1% BSA in PBS. Different concentra-
tions of Fz4CRD or Fz5CRD in PBS containing 1% BSA were
added to the wells and incubated overnight at 4 °C with agita-
tion. The wells were washed six times with PBS, incubated with
the corresponding anti-Fz4CRD or anti-Fz5CRD for 1 h,
washed, incubated with horseradish peroxidase-conjugated
secondary antibody for 1 h, and developed with SuperSignal
Femto Substrate (Pierce). Specificity of the binding assay was
verified by appropriate controls carried out using wells coated
with BSA alone or using a nonspecific peptide (denoted SQI)
that does not bind AB (25). To calculate the K, for binding of
Fz5CRD to A, wells of an enzyme-linked immunosorbent
assay plate were coated with AB40 or with different concentra-
tions of FZ5CRD alone (i.e. in the absence of A). Wells coated
with AB were then incubated with different concentrations of
soluble FzZ5CRD. All of the wells were incubated with peroxi-
dase-conjugated anti-Fz5CRD and developed with SuperSignal
Femto Substrate (Pierce). The luminescence values obtained
for anti-Fz5CRD adhesion to wells coated with known concen-
trations of FzZ5CRD alone allowed the construction of a stand-
ard curve that directly related luminescence counts to FzZ5CRD
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concentration (in nm). This standard curve was then used to
determine the concentrations of FZ5CRD that bound to A in
each of the AB-coated wells. Nonlinear regression of the bind-
ing data yielded a K, value of 105 = 9 nm for FZ5CRD binding to
AB.

Transfection Experiments—Human embryonic kidney 293T
cells (ATCC) were cultured in 100-mm plates using DMEM
supplemented with 10% fetal bovine serum. At 70% confluence,
the cells were transfected with 10 ug of FzZ5HA, Fz6HA (kindly
provided by Dr. Xi He, Children’s Hospital Boston, Harvard
Medical School), or PCS2 (empty vector) plasmids using a
standard calcium phosphate method (28). Ten hours after
transfection, the medium was changed, and the cells were
allowed to recover for 24 h in growth medium. After the recov-
ery period, the intact cells were directly used in cross-linking
experiments or used for membrane extraction for cross-linking
experiments with AB40, as described below.

Cross-linking—2.5 uM A 340 was incubated for 2 h on ice with
0.5 wm Fz5CRD in PBS buffer containing 0.5 um BSA in the
absence or in the presence of 10 um cSP5, cross-linked with
EDAC as previously described (29), and immunoprecipitated
with anti-AB and protein A-Sepharose beads (Amersham Bio-
sciences). After SDS-PAGE, the samples were transferred to
nitrocellulose, and the membranes were probed with anti-
Fz5CRD.

The procedure was basically the same when A 340 was cross-
linked to whole cells; AB40 was incubated for 2 h on ice with
2 X 10° 293T cells transfected with FzZ5HA, Fz6HA, or empty
plasmid (mock transfected) in the presence or absence of cSP3,
cSP5, or ¢SP6. The proteins were cross-linked with EDAC, and
the cells were washed three times with PBS and lysed with 100
mM f3-D-n-octyl glucoside in 50 mm Tris-Cl, pH 7.6, for 2 h at
4 °C. The material was centrifuged at 14,000 X g for 30 min, and
the supernatant was immunoprecipitated with anti-Ap.

When cell membrane extracts were cross-linked to Af40,
4 X 10° 293T cells transfected with FzZ5HA or with PCS2
(empty vector) plasmids were rinsed briefly with ice-cold
detachment buffer (0.25 m sucrose, 1 mm EDTA, 0.3 mm phen-
ylmethylsulfonyl fluoride, 10 mm Tris-Cl, pH 7.0) and scraped
off in the presence of 0.5 ml of detachment buffer. The samples
were centrifuged at 12,000 X g for 2 min, the supernatant was
removed, and the pellet was incubated with solubilization
buffer (1% Triton X-100, 125 mm NaCl, 1 mm EDTA, 10 mm
Tris, pH 7.0) supplemented with protease inhibitor mixture
(Roche Applied Science) for 40 min at 4 °C with end-over-end
mixing. After solubilization, insoluble cell debris were removed
by centrifugation at 12,000 X g. The material was incubated
under gentle agitation for 2 h on ice with A and cSP5 (as
described above) and then with Protein-A-Sepharose for
another hour. The supernatant was then immunoprecipitated
with anti-AB. After SDS-PAGE analysis, the samples were
probed by Western immunoblotting with anti-HA.

Wnt Conditioned Medium—Wnt 3A conditioned medium
was produced by L-Wnt3A cells following the ATCC protocol.
Briefly, the cells were cultured in growth medium without G418
for 4 days, approximately to confluency. After this period, con-
ditioned medium was recovered, and fresh medium was added

APRIL 4, 2008 VOLUME 283+NUMBER 14

Inhibition of Wnt Signaling by A3

for 3 more days. The final conditioned medium was a mixture of
the media collected after 4 and 3 days of incubation with cells.

Affinity Chromatography—1 mg of AB40 was coupled to a
solid matrix (UltraLink Biosupport medium; Pierce) and used
for affinity chromatography experiments. The cell membrane
preparations from 4 X 10° 293T cells transfected with FzZ5HA)
or with control empty plasmid (mock transfected) were incu-
bated overnight with the A affinity gel at 4 °C with agitation.
The gel was loaded into a 1-ml column and washed with 40 ml
of PBS. The gel was then sequentially washed with 10 ml of 1 M
NaCl, 40 ml of PBS, and 10 ml each of 4 and 8 M urea solutions.
The collected fractions were dialyzed, concentrated, and, after
SDS-PAGE separation, the samples were probed by Western
blot with anti-HA.

B-Catenin Quantification—N2A cells or L-cells were incu-
bated with 15% Wnt conditioned medium or 15% control
medium, 500 nm A3, and/or 1.5 um cSP5 for 9 h. The cultures
were then rinsed with PBS and lysed in buffer containing 100
mM Tris-HCI, pH 7.5, 1% SDS, 150 mm NaCl, 1 mm EDTA, 20
mM sodium pyrophosphate, 20 mMm sodium fluoride, 1 mm
sodium orthovanadate, and a mixture of protease inhibitors.
Nuclear enriched fractions were prepared as described by
Golan et al. (30). Protein content in the samples was measured
by the BCA method using bovine serum albumin as a standard.
The samples (10 ug of total protein applied per lane) were
resolved by SDS-PAGE. The gel was transferred to nitrocellu-
lose membranes and probed with anti-B-catenin antibody. As a
loading control, anti-cyclophilin B was used to allow direct
comparison between the total protein mass applied to different
lanes.

To evaluate the amount of B-catenin in the nucleus, N2A
cells or L-cells plated on coverslips were incubated as described
above with Wnt, AB, and/or cSP5 and were fixed with 4%
p-formaldehyde. The cells were permeabilized with 0.05% sap-
onin in 0.5% BSA solution in PBS for 1 h and incubated with
anti-B-catenin as recommended by the manufacturer for 1 h.
The coverslips were washed five times with PBS, incubated with
Alexa 488-labeled goat anti-rabbit IgG, and rinsed five times.
The cell nuclei were stained with DAPI (Sigma). The coverslips
were mounted and imaged on a Nikon Eclipse TE300 micro-
scope. The overlap between DAPI and anti-B-catenin labeling
was used to determine nuclear localization of the protein. For
each experimental condition, five images were acquired from
each coverslip, enabling the counting of 3-catenin in the nuclei
of ~1,200 cells/experimental condition. The data were ana-
lyzed for statistically significant differences between groups
using Student’s ¢ test.

Cell Transfection and Luciferase Activity Assay—HEK 293T
cells cultured in DMEM supplemented with 10% fetal bovine
serum were transfected with TOPFlash (luciferase reporter
containing TCF/lymphoid enhancer factor-binding site) and
pGal (for B-galactosidase expression) plasmids using FUGENE
6 transfection reagent (Roche Applied Science). 0.1 g of TOP-
Flash and 0.025 ug of pGal/well were mixed with FUuGENE rea-
gent in DMEM, according to the manufacturer’s instructions.
DNA/FuGENE mixture was added to cells and maintained for
24 h at 37 °C. The cells were incubated for 18 h with 15% of Wnt
conditioned medium, 500 nm A, and/or 1.5 um cSP5, ¢SP3, or
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Reference  Protein Homology
cSP CSPPLRFFC
gi 17433018 Fz5 78 CSPDLRFFLC
gi 17432988 Fz7 94 CSPELRFFLC
gi 17433019 F=z2 84 CSPELRFFLC
gi 17433053 F=z8 80 CSPDLKFFLC
gi 17433091 F=z10 79 CHGHLRFFLC
gi 17432964 Fz9 B84 CHSHLRFFLC
gi 17433092 Fzl 162 CSAELKFFLC
gi 17433090 Fz4 90 CSSQLQFFLC
gi 17433071 F=3 73 CSRDFRFFLC

gi 17432985

C

Fz6 69 CSPNIETFLC

coat:

Fz4CRD Fz5CRD Fz4CRD Fz5CRD

Additions

FIGURE 1. The cSP peptide is homologous to the conserved extracellular CRD of human Frizzled recep-
tors. A, sequence alignments of cSP with members of the human Fz family. Identical residues are shown in red
and highly conservative replacements are in blue. B, ribbon representation of the structure of the extracellular
domain of Fz5. The amino acid sequence homologous to the cSP peptide is highlighted in red and orange.
Residues involved in Wnt binding (5) are shown in yellow and orange. The figure was generated using RasMol
and the atomic coordinates for Fz5 (Protein Data Bank accession code 11JY; Ref. 5). C, wells in a 96-well plate
were coated with either 1 ug of AB40 or 1 ug of BSA, blocked with 1% BSA, and incubated with 500 ng of
Fz5CRD or Fz4CRD. After washing, binding was evaluated with anti-Fz4 or anti-Fz5 antibody. The plot shows
results from densitometric quantification of the binding data using National Institutes of Health Image J soft-
ware. Each bar represents the average of two independent experiments performed in triplicate. The blot

illustrates one of the experiments performed.

cSP6. The cells were then lysed, and the lysates were used to
determine reporter gene expression using the luciferase assay
kit (Promega, San Luis Obispo, CA) in a Veritas Microplate
Luminometer (Turner Biosystems). Transfection efficiencies
were normalized with control plasmids by using 3-galactosid-
ase reporter activity, and the results are presented as “fold
increases” in TOPFlash activity relative to cells transfected with
the empty vector.

RT-PCR—Total RNA was isolated using the TRIzol method
(Invitrogen) from N2A cells incubated as described above with
Wnt, AB, and/or cSP5. RNA concentration was determined by
absorption at 260 nm, and cDNA templates were prepared
from 1 ug of RNA by using the SuperScript III First Strand
Synthesis System for RT-PCR (Invitrogen). RT-PCR was per-
formed using 0.1% of the cDNA product as starting material and
primers for B-actin (131-bp fragment, 5'-GCCAAGTCCTGTT-
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TCTGCTC-3" and 5'-TCTACAAT-
GAGCTGCGTGTG-3'), cyclin D1
(167-bp fragment, 5'-TCTCCTGCT-
ACCGCACAAC-3" and 5'-TTCCT-
CCACTTCCCCCTC-3'), and axin 2
(5'-CTCCTTGGAGGCAAGAGC-3'
and 5'-GGCCACGCAGCACCG-
CTG-3’). The reaction was fol-
lowed in real time by SYBR green
incorporation using SYBR GreenER
qPCR SuperMix Universal accord-
ing to the protocol provided by the
manufacturer (Invitrogen) using an
Applied Biosystems 7500 real time
PCR system. After RT-PCR, a first
derivative melting curve analysis
was performed to confirm specific-
ity. All of the reactions were per-
formed in triplicate. Gene expres-
sion was normalized for the
expression of the housekeeping
gene (3-actin.

RESULTS

AP Binds to the Cysteine-rich
Domain of Frizzled—To identify
putative AP ligands, we initially
screened a phage display peptide
library and selected clones that
bound specifically and with high
affinities to soluble AB40 (see
“Experimental Procedures”). The
sequence of each clone was then
submitted to BLAST analysis. One of
the peptides thus identified, with
amino acid sequence CSPPLRFFC
(henceforth denoted as cSP), pre-
sented significant sequence homol-
ogy to a conserved region of the extra-
cellular CRD of several members of
the human Fz family of proteins (Fig.
1A). Interestingly, the region of the
FzCRD domain that is homologous to cSP (Fig. 1B, highlighted in
red and orange) has been shown to be part of the Wnt-binding site
inFz (5). These initial results suggested that AB binds at or near the
Wnt-binding site at the extracellular FZCRD.

To confirm the binding of AB to FzCRD, we performed a
direct in vitro binding assay. AB40 and BSA were solubilized
and immediately used to coat the wells of a 96-well plate. After
blocking with BSA, the wells were incubated with Fz4CRD or
Fz5CRD and probed with the respective anti-Fz4 or anti-Fz5
antibody. This essay revealed that FZ4CRD as well as FzZ5CRD
specifically bound to AB40 (Fig. 1C), suggesting that the amino
acid residues that are replaced in the cSP-homologous region of
Fz4CRD relative to Fz5CRD are not essential for AB binding.

We also investigated the binding of FZ5CRD to Af in differ-
ent aggregation states, including soluble oligomers currently
accepted as the main toxins in AD and commonly known as
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FIGURE 2. Fz5CRD binds AB40 and AB42. A, wells in a 96-well plate were
coated with either 1 ug of AB40, 1 ug of AB42, 1 ug of soluble AB oligomers
(ADDLs),1 g of ABfibrils, T g of BSA, or 500 ng of Fz5CRD, blocked with 1%
BSA and incubated with 500 ng of FzZ5CRD or 1% BSA. After washing, binding
was evaluated using anti-Fz5 antibody. The plot shows densitometric quan-
tification of binding results using National Institutes of Health Image J soft-
ware. Each bar represents the average of two independent experiments per-
formed in triplicate. The blot illustrates one of the experiments performed.
B, wells were coated with 1 ug of AB40 or BSA, blocked with 1% BSA, and
incubated with different concentrations of FzZ5CRD as indicated. After wash-
ing, binding was evaluated with anti-Fz5 antibody. The plot represents values
obtained for FzZ5CRD binding to AB-coated wells minus background binding
to BSA-coated wells. Each point represents the average of two independent
experiments performed in triplicate. The inset shows a Scatchard plot of the
binding data fit to a single straight line.

ADDLs (37). FzZ5CRD bound to wells coated with soluble A 340
and AB42, ADDLs, and fibrillar AB42 (Fig. 2A). Interestingly,
Fz5CRD binding to fibrillar AB42 is 35% lower than binding to
soluble AB40 and to ADDLs. It is also important to note that we
cannot exclude the possibility that our A fibril preparation
may contain a small percentage of soluble A3 species in equi-
librium with fibrils. These results suggest that FzZ5CRD inter-
acts preferentially with soluble A species.

AB42 has a high propensity to aggregate and to form insolu-
ble fibrils under physiological conditions. To minimize this
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A
- Fz5CRD
Ap + - + + +
BSA + + - - - .
Fz5CRD - + + + + IP anti-Ap
cSP5 - - - + - WB anti-Fz5
Wnt - - = - +
B Fz5HA-transfected Mock-transfected
IP anti-Ap

- = WB anti-HA

Ap - + + - + +

¢SP5 - - o+ - - 4

C  Fz5HA-transfected

Fz6HA-transfected
IP anti-Ap
" iy ' . WB anti-HA
Ap + + + 4 -+ 4+ 25%0flP
cSP5 - + B = - = 4 supernatant
cSP6 - - + - 5 i -
cSP3 - - - + & : .

FIGURE 3. ¢SP5 inhibits the binding of AB40 to Fz. A, 2.5 um AB40, 0.5 um
Fz5CRD, 0.5 um BSA, 15% of Wnt3A conditioned medium, and/or 10 um cSP5
were incubated for 2 h on ice, cross-linked with EDAC, and immunoprecipi-
tated (IP) with anti-AB (see “Experimental Procedures”). After SDS-PAGE, the
gel was transferred to nitrocellulose, and the membrane was probed with
anti-Fz5CRD. B, membrane extracts from 293T cells transfected with FzZ5HA
plasmid (Fz5HA) or empty plasmid (mock transfected) were incubated for 2 h
on ice in the absence or in the presence of 2.5 um AB40 and 10 um cSP5. The
proteins were cross-linked with EDAC and immunoprecipitated with anti-Ag.
After SDS-PAGE and transfer to nitrocellulose, the membranes were probed
with anti-HA. C, intact 293T cells transfected with Fz5 (Fz5HA) or with Fz6
(Fz6HA) were incubated for 2 h on ice with 2.5 um AB40 in the presence orin
the absence of 10 um cSP5, cSP3, or cSP6. The proteins were cross-linked with
EDAC, detergent-solubilized, and immunoprecipitated with anti-Ap. After
SDS-PAGE and transfer to nitrocellulose, the membranes were probed with
anti-HA. WB, Western blot.

problem and to avoid fibrillization and consequently loss of
affinity of Fz5CRD by A in the different binding assays per-
formed, in all subsequent experiments we used AB40, which is
much less prone to aggregation. Fig. 2B shows a dose-response
curve in which wells were coated with A 340 and incubated with
different concentrations of FZ5CRD. The K, estimated from the
binding data (see “Experimental Procedures”) was 105 = 10 nm.
Because Wnt binds to Fz with a K, in the 1-10 nM range (38),
these results suggest that Fz has a lower affinity for AB than for
Wnt.

¢SPS5 Inhibits the Binding of A340 to Fz—The effect of the cSP
peptide on AB40 binding to Fz5CRD was next investigated
using a cyclic synthetic peptide analog corresponding to the Fz5
region that is homologous to SP ("*CSPDLRFFLC?®’), denoted
cSP5. AB40 was incubated in solution with FzZ5CRD in the
absence or in the presence of ¢SP5 and/or Wnt3A and of the
cross-linking agent EDAC (see “Experimental Procedures”).
The samples were then immunoprecipitated by anti-Af anti-
body, resolved by SDS-PAGE, and probed by Western immu-
noblotting with anti-Fz5CRD antibody. Fig. 34 shows that
Fz5CRD bound to AB40 could be immunoprecipitated with
anti-AB. Interestingly, AB40 binding to FZ5CRD was almost
completely blocked by the presence of either cSP5 or Wnt (Fig.
3A), supporting the notion that AB binds to the Wnt-binding
domain of Fz with lower affinity than Wnt.

Binding of AB40 to Fz5 and the effect of the cSP5 peptide
were also investigated in cell culture experiments. To this
end, cell membrane extracts from 293T cells that had been
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FIGURE 4. Fz5HA binds with high affinity to immobilized AB40. Mem-
brane extracts from 293T cells expressing Fz5HA (Fz5HA) or transfected with
empty plasmid (mock) were incubated with the AB40 affinity gel as described
under “Experimental Procedures.” The gel was sequentially eluted with 1 m
NaCl (Na), 4 m urea (4U), and 8 m urea solutions (8U). Aliquots of the eluates
were analyzed by SDS-PAGE and probed by Western immunoblotting with
anti-HA. Most of the Fz5HA bound to AB40 was eluted with 4 m urea. MW,
molecular mass. Ext, total cell extract.

transfected with Fz5HA (or mock transfected with empty
plasmid) were incubated with AB40 in the absence or pres-
ence of cSP5. The material was then cross-linked, solubi-
lized, immunoprecipitated with anti-Af, and probed by
Western blotting with anti-HA. As shown in Fig. 3B, FzZ5HA
present in the membrane extract from transfected cells
bound to AB and binding was significantly inhibited by cSP5.

The interaction between AB40 and Fz was further inves-
tigated using intact cells. 293T cells that had been previously
transfected with FzZ5HA or Fz6HA were incubated with
AB40 in the absence or in the presence of cSP5, cSP3 (CSRD-
FRPFLC), or cSP6 (CSPNIETFLC). cSP3 and cSP6 show the
lowest homology to the cSP peptide selected by phage dis-
play and to Fz5 (Fig. 14). Cross-linking of cell-bound A3 was
then performed as described under “Experimental Proce-
dures.” After lysis and solubilization of the cell contents, the
samples were immunoprecipitated using anti-Af antibody,
resolved by SDS-PAGE, and probed by Western blotting
using anti-HA antibody. The results shown in Fig. 3C show
that the Fz5HA construct expressed by transfected cells
bound to AB40 and could be immunoprecipitated with anti-
ApB. Interestingly, cSP5 and c¢SP3 significantly inhibited
binding of FZ5HA to AB40, whereas cSP6 did not (Fig. 3C).
Moreover, the Fz6HA construct expressed by transfected
cells did not significantly bind to AB40 and therefore did not
immunoprecipitate with anti-AB. Rather, the majority of
Fz6HA remained in the supernatant (Fig. 3C).

As an alternative approach to evaluate the specificity of
AB-Fz interactions, AB40 was coupled to a gel matrix. The
affinity matrix thus obtained was incubated with detergent-
solubilized membranes from 293T cells that had been trans-
fected with Fz5HA or with empty plasmids. The column was
then eluted with increasingly denaturing buffers, and the elu-
ates were analyzed by Western blotting with anti-HA. This
showed that FZ5HA strongly bound to the immobilized AB in
the gel and was eluted by 4 M urea (Fig. 4). Taken together, these
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results corroborate our hypothesis that AB binds with higher
affinity to members of the Fz family that contain the cSP
homologous sequence. They also show that AB binds to the
extracellular CRD of Fz5 in both in vitro solution assays and in
cell membranes and that the cSP5 peptide blocks this
interaction.

¢SP5 Blocks the Inhibition of Wnt/B-Catenin Signaling by
AB—Because the results described above indicated that A
binds to Fz at or in close proximity to the Wnt-binding site, we
hypothesized that AB might compete with Wnt ligands for
binding to Fz, thereby inhibiting downstream signaling via this
pathway, including -catenin stabilization and nuclear import.
Indeed, we found that 500 nm AB40 significantly reduced (by
~40%) total B-catenin levels in L-cells stimulated with Wnt3A
(Fig. 5A) and reduced by ~50% the amount of B-catenin in the
nuclear fraction isolated from such cells (Fig. 5B). Remarkably,
the addition of 1.5 um cSP5 completely abolished the decrease
in B-catenin levels induced by AB40 in L-cells. This indicates
that AB40 binding to Fz is directly responsible for triggering a
decrease in cellular levels of B-catenin.

These results prompted us to investigate the effects of AB340
and c¢SP5 on the nuclear translocation of [-catenin. As
expected, stimulation of L-cells with Wnt3A markedly
increased the nuclear localization of B-catenin (Fig. 5, Cand D).
In such Wnt-stimulated cells, treatment with AB40 decreased
by ~33% the presence of B-catenin in the nucleus (p <
0.00001). Interestingly, cSP5 completely blocked (p < 0.0001)
the decrease in nuclear import of 3-catenin induced by A (Fig.
5, Cand D).

¢SP3 and ¢SP6 did not significantly block the decrease in
B-catenin levels promoted by A, although cSP3 promoted a
slight recovery in the levels of B-catenin in the nucleus (Fig. 5, A
and B). Moreover, cSP3 (p = 0.06) and cSP6 (p = 0.93) did not
significantly block the inhibition of B-catenin translocation to
the nucleus promoted by A (Fig. 5, C and D). To evaluate the
effects of AB and cSP5 on Wnt/3-catenin signaling in a neuro-
nal model, we performed the same experiments described in
Fig. 5 using N2A cells (Fig. 6). The results showed that 500 nm
AB40 significantly reduced (by ~25%) B-catenin levels in N2A
cells stimulated with Wnt3A (Fig. 6A4). The addition of 1.5 um
cSP5 completely abolished the decrease in B-catenin level
induced by AB40. As expected, stimulation of N2A cells with
Wnt3A markedly increased the nuclear localization of B-cate-
nin (Fig. 6B), and treatment with AB40 decreased by ~70% the
presence of B-catenin in the nucleus. cSP5 completely blocked
the decrease in nuclear import of B-catenin induced by A (Fig.
6, Band C). Itis important to note that cSP5 had no effect on the
increase in B-catenin levels promoted by Wnt (Fig. 64), nor on
B-catenin nuclear translocation (Fig. 6, Band C), indicating that
cSP5 does not bind Wnt. Indeed, we found that biotinylated
cSP5 does not bind to Wnt in vitro (supplemental Fig. S1).

¢SP5 Rescues the Inhibition of the Expression of Wnt Target
Genes by AB—293T cells were incubated with Wnt and AB40 in
the presence or absence of cSP5 and TCF-binding site reporter
gene activity was measured (using the TOPFlash assay) in tran-
sient transfection experiments. As expected, Wnt significantly
enhanced transcriptional activation of TCF/lymphoid
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FIGURE 5. cSP5 blocks the inhibition of Wnt/B-catenin signaling by A in L-cells. A, L-cells were incubated with 15% Wnt3A conditioned medium or 15%
of control medium, 500 nm AB, and/or 1.5 um cSP5, cSP3 or cSP6 for 9 h at 37 °C. The cells were washed and lysed, and total (A) and nuclear (B) B-catenin levels
were quantified by Western immunoblotting. The plots represent the means of two independent experiments, and the blot illustrates one of the experiments
performed. C, L-cells incubated with Wnt, AB40, and/or cSP5, cSP3, or cSP6 as described in A were fixed and stained. The nuclei were stained with DAPI (blue).
B-Catenin was detected using murine anti-B-catenin and anti-mouse Alexa 555 conjugate (red fluorescence). The images illustrate results from one of the
experiments performed. D, nuclear localization of B-catenin was determined by co-localization of DAPl and -catenin fluorescence in merged images. The plot
represents the percentage of cells exhibiting nuclear B-catenin labeling (means = S.D.) from four independent experiments, with five microscopic fields
analyzed per condition in each experiment (~1,200 cells counted per experimental condition). *, p < 0.00001; **, p < 0.0001.

pletely rescued the inhibition of axin 2 expression by AB (Fig.
7B).

enhancer factor-1. Importantly, AB40 inhibited stimulation by
Wnt and c¢SP5 blocked the interference by A (Fig. 7A).
To further substantiate the functional significance of the

inhibition of Wnt/B-catenin signaling by AB in a neuronal DISCUSSION

model, N2A cells were incubated with Wnt, AB40, and/or cSP5,
and expression of the Wnt target genes cyclin D1 and axin 2 was
evaluated by RT-PCR (Fig. 7B). Consistent with the inhibition
of nuclear translocation of B-catenin, A treatment of the cells
significantly reduced cyclin D1 (Fig. 7B, black bars) and axin 2
(Fig. 7B, gray bars) gene transcription, whereas cSP5 com-
pletely rescued the inhibition of cyclin D1 and almost com-

APRIL 4, 2008+VOLUME 283-NUMBER 14

AP is thought to cause synaptic dysfunction and neuronal
loss in AD. Applied to neurons in culture, AB induces an
increase in levels of reactive oxygen species and hyperphospho-
rylation of Tau protein, which forms neurofibrillary tangles in
AD brains (for recent examples, see Refs. 31, 32). However, the
molecular events that determine the fate of neurons exposed to
AP are unclear. Recent observations suggest that early memory

JOURNAL OF BIOLOGICAL CHEMISTRY 9365



Inhibition of Wnt Signaling by A3
- B

cyclophilin B == s s o
4

A i
-catenin — = —_—

P hase

A
i®

=

*k

B-catenin
(normalized units)
1] w

=

Mock + -
Wnt i

Ap 3 ~
cSP5 =™ -

c 100 -

N
+ 4+ o+
+ 1+

3

(% of cells)
ES

[\
[=]
1

% B-catenin in the nucleus

0 -
Mock + =
Wnt = +
AB e o @
cSPS - -

T+ o+
+ + 1

+ +

contrast
_%)'_,:g; s

DAPI B-catenin merge

FIGURE 6. c¢SP5 blocks the inhibition of Wnt/-catenin signaling by A in neuronal differentiated N2A cells. A, differentiated N2A cells were incubated
with 15% Wnt3A conditioned medium or 15% of control medium, 500 nm AB, and/or 1.5 um cSP5 for 9 h at 37 °C. The cells were washed and lysed, and B-catenin
levels were quantified by Western immunoblotting. The plot represents means = S.D. of eight independent experiments, and the blot illustrates one of the
experiments performed. *, p < 0.003; **, p < 0.008. B, cells were incubated with Wnt, AB40, and/or cSP5 as described in A, then fixed, and stained. The nuclei
were stained with DAPI (blue). B3-Catenin was detected using murine anti-B-catenin and anti-mouse Alexa 555 conjugate (red fluorescence). The images
illustrate results from one of the experiments performed. C, nuclear localization of B-catenin was determined by co-localization of DAPI and B-catenin
fluorescence in merged images. The plot represents the percentage of cells exhibiting nuclear B-catenin labeling (means = S.D.) from three independent
experiments, with five microscopic fields analyzed per condition in each experiment (~1,200 cells counted per experimental condition).

A 3 B 41 MCyclin D1
Q . Axin 2
£ S
o /)]
2 2 o
: 4
2 L "
(2]
3 o
° 118 =
2 =
® [
© (14
(4
u -
\h’vock + ; ; ; Mock = =
nt: = = + +
By = = F 3 :v; e 4 & &
¢ cSP5 - - : +

FIGURE 7. c¢SP5 rescues Wnt target gene transcription from inhibition by
AB40. A, 293T cells were transfected with 0.1 ug of the TOPFlash or FOPFlash
plasmids and with 0.025 ng of pGal and were incubated with 15% Wnt3A
conditioned medium or 15% control medium, 500 nm AB, and/or 1.5 um cSP5
for 9 h at 37 °C. Reporter gene activities were assayed, normalized by pGal
expression, and expressed relative to basal Wnt activity. B, differentiated N2A
cells were incubated with Wnt3A, A, and/or cSP5 as described for A. Expres-
sion levels of the housekeeping gene B-actin and of the Wnt target genes
cyclin D1 and axin 2 were measured by RT-PCR. Cyclin D1 and axin 2 expres-
sion results are normalized by B-actin mRNA levels. Wnt-induced up-regula-
tion of cyclin D1 and axin 2 expression was significantly blocked by AB, and
cSP5 completely rescued A inhibition.
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loss in AD may be related to soluble AB-derived species and
that formation of those species and/or their interaction with
neurons may constitute primary targets for intervention in AD
(1-3).

To find ligands for soluble A that could provide insight into
the mechanisms of A toxicity, we used a phage display library
of random heptapeptides. The display of random peptides on
filamentous bacteriophage has allowed the identification of
peptides that bind specifically to a variety of targets, including
AB (25, 33, 34). Peptides thus identified have been shown to act
as agonists or antagonists of various receptors and to mimic the
binding sites of physiological receptors (25). Using this
approach, we have now identified a cysteine-linked heptapep-
tide (denoted cSP5) that binds to soluble AB40/AB42 and is
homologous to the extracellular cysteine-rich domain (FzZCRD)
present in several members of the Fz family of Wnt receptors.

The Fz domain homologous to cSP5 has been shown to be
directly involved in Wnt binding (5). Insertion of a tripeptide
(Gly-Ser-Gly) in the c¢SP5 homologous region of mouse Fz8
(between amino acid residues Ser®' and Pro®? or between Leu®*
and Phe®®) completely eliminates Wnt binding (5). Interest-
ingly, among the 10 Fz family members that are expressed in
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humans and presented in Fig. 14, the SP peptide showed the
lowest homology to Fz6. Fz6 is a member of the Fz family that
does not transmit Wnt-induced [B-catenin/TCF-dependent
signaling when exposed to various Wnt ligands. In fact, Fz6
represses the Wnt pathway by transmitting an antagonistic sig-
naling (30). Collectively, these results indicate that A binds to
several members of the Fz family that are homologous to cSP5
at or in close proximity to the Wnt-binding site.

Wnt signaling plays important roles in several aspects of neu-
ral circuit development, such as neuronal migration, axon path-
finding, dendritic morphogenesis, and synaptic differentiation
(for areview, see Ref. 35). Moreover, synaptic activity causes the
releaseof Wnt3aatsynapsesinanN-methyl-p-aspartatereceptor-
dependent manner, and inhibition of Wnt signaling impairs
LTP (36). LTP is a classic paradigm for synaptic plasticity and a
model for memory and learning, faculties that are selectively
lost in early stage AD. Indeed, Af3 oligomers have been show to
bind to dendritic spines in hippocampal neurons and inhibit
LTP (37, 39). Therefore, investigation of AB/Fz interactions
may provide insight into cellular mechanisms involved in syn-
aptic dysfunction and blockade of LTP.

Several intracellular binding partners for Wnt/Fz signaling
have been implicated in AD. In accord with our data, all studies
so far indicate that AB inhibits Wnt/Fz signaling. A was
shown to induce the expression of the Wnt antagonist Dick-
kopf-1 (DKK1), consistent with interference with normal Wnt
signaling (40). Moreover, canonical Wnt signaling controls the
kinase activity of GSK-33, indicating that Wnt signaling could
be a key link between two major hallmarks of AD, namely the
brain accumulation of AB (which can interfere with Wnt sig-
naling) (40) and neurofibrillary tangles formed by hyperphos-
phorylated Tau (a well known GSK-38 substrate) (16, 17, 40,
41). However, no direct evidence of AB binding to a member of
the Wnt/Fz signaling pathway had yet been presented.

Here we show, for the first time, that FZ5CRD binds to immo-
bilized AB40 as well as to AB42, to soluble AB42 oligomers
(ADDLSs) and, to a lesser extent, to A fibrils. In addition, A340
co-immunoprecipitates with recombinant Fz5CRD and with
Fz5HA present in the membranes of 293T cells transfected with
Fz5HA. Moreover, we identified a peptide, denoted cSP5, that
is homologous to amino acid residues 78 -87 from Fz5 and
almost completely blocks the binding of FZ5CRD or Fz5HA to
AB40. Because cSP5 is homologous to a highly conserved
domain of the human Fz family (Fig. 14), our data strongly
suggest that AB40 or AB342 are also capable of binding to other
members of the Fz family that contain the conserved cSP5
domain, such as Fz4 (Fig. 1C). We propose that AB preferen-
tially binds to members of the Fz family with higher homologies
to ¢SP5, such as Fz5, Fz7, Fz2, and Fz8 (Fig. 14). Interestingly,
these members of the Fz family have been shown to be involved
in transduction and intercellular transmission of polarity infor-
mation during tissue morphogenesis and/or in differentiated
tissues (42). Because the physiological functions of soluble
AB40 have not yet been fully identified, our results may open
new avenues for the study of the role of soluble AB40 in embry-
onic development.

Several lines of evidence show that B-catenin-mediated tran-
scription plays an important role in neuronal viability (7). Pre-
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vious studies indicated that presenilin-1 inherited mutations,
which lead to particularly aggressive forms of AD, may affect
the levels, trafficking, or phosphorylation state of cytosolic
B-catenin (43). Moreover, exposure of hippocampal neurons to
Wnt conditioned medium containing 5 um fibrillar AB pro-
moted a decrease in the levels of cytosolic B-catenin, signifi-
cantly reducing the transcription of the Wnt target genes
engrailed-1 (~25%) and cyclin D1 (~8%) (22, 44). These obser-
vations are in agreement with our results, because we also
observed a decrease in the levels of B-catenin and in transcrip-
tion of cyclin D1 (~36%) and axin 2 (~55%) in cells incubated
with Wnt and AB (Figs. 5-7). However, in contrast to the work
of Garrido et al. (22), we used 500 nm of soluble A 840 instead of
5 uM of fibrillar AB42, suggesting that soluble A340 species are
mainly responsible for inhibition of the Wnt/Fz signaling path-
way and, consequently, for the decrease in the levels of B-cate-
nin and of Wnt target gene transcription. The incomplete func-
tional blockade of Wnt/Fz signaling (Fig. 6A) by A may result
from the presence of endogenous Wnt in the medium and from
the heterogeneity of Fz members expressed in N2A cells, with
some members of the Fz family of receptors being less sensitive
to inhibition by AB40.

In the present study, we also show that Af effects on
B-catenin levels and on Wnt target gene transcription can be
prevented by specifically inhibiting the binding of AB40 to
Fz using micromolar concentrations of the synthetic peptide
cSP5 (Figs. 5-7), which mimics the AB-binding site in Fz
receptors. Taking into account that AB40-induced inhibi-
tion of Wnt/Fz signaling is completely rescued in the pres-
ence of ¢SP5 and that cSP5 by itself does not augment
Wnt/Fz signaling, our results suggest that there is a common
binding domain for Fz receptors and cSP5 on AB40 and
AB42. However, we cannot completely rule out the possibil-
ity that other regions of the Fz receptor might also partici-
pate in interactions with AB. This issue clearly deserves
deeper investigation, and cSP5 might be an important tool to
understand the Wnt/Fz signaling function as well as A3 tox-
icity. In this regard, it is important to note that cSP5 up to 10
UM is not toxic to cells (data not shown).

Similar to ¢SP5, cSP3 inhibits A8 binding to Fz5 expressed by
transfected 293T cells (Fig. 3C). However, cSP3 is not effective
in blocking the effects of AB on 3-catenin levels (Fig. 5). Signif-
icant differences between these two assays may explain this
apparent discrepancy. First, the binding assay was performed
for 2 h on ice in PBS buffer with 293T cells transfected exclu-
sively with Fz5HA. On the other hand, B-catenin assays
employed L-cells incubated for 9 h at 37 °C in culture medium.
Use of different cells and assay conditions may interfere with
the interactions between ¢SP3 and A3 and/or AB and Fz. More-
over, it is possible that, unlike cSP5, cSP3 does not effectively
block the interaction of A with other members of the Fz family
(besides Fz5), which may be expressed by L-cells. Conceivably,
the interaction between A and cSP3 is weaker than with cSP5
and is disrupted under the more physiological conditions of the
B-catenin assay, whereas the AB/cSP5 interaction seems to be
more stable. Future studies aimed to characterize in more detail
the interactions between AR and different members of the Fz
family may shed light on such differences.
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In conclusion, we present the first biochemical evidence of
binding of A to members of the Fz family, suggesting that the
AB40-binding site in Fz co-localizes or is in close proximity to
the Wnt-binding site. Moreover, we identified an A 8 ligand, the
cSP5 peptide, that mimics the region comprising residues
78— 87 of Fz5 and blocks the inhibitory effects of A on Wnt/Fz
function in L-cells and in N2A cells, restoring 3-catenin levels
and the transcription of Wnt target genes. The results pre-
sented here may provide valuable insight for the rational design
of novel drugs that block the inhibition of Wnt/Fz signaling by
AB.
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