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Abstract

Background and Aims: \Wnt/B-catenin signaling plays important roles in development and
cellular processes. The hallmark of canonical Wnt signaling activation is the stabilization of
B-catenin protein in cytoplasm and/or nucleus. The stability of B-catenin is the key to its
biological functions and is controlled by the phosphorylation of its amino-terminal degradation
domain. Aberrant activation of B-catenin signaling has been implicated in the development
of human cancers. It has been recently suggested that GSK3p may play an essential role in
regulating global protein turnover. Here, we investigate if the GSK3B phosphorylation site-
containing degradation domain of 3-catenin is sufficient to destabilize heterologous proteins.
Methods and Results: \We engineer chimeric proteins by fusing f-catenin degradation domain
at the N- and/or C-termini of the enhanced green fluorescent protein (eGFP). In both transient
and stable expression experiments, the chimeric GFP proteins exhibit a significantly decreased
stability, which can be effectively antagonized by lithium and Wntl. An activating mutation
in the destruction domain significantly stabilizes the fusion protein. Furthermore, GSK3
inhibitor SB-216763 effectively increases the GFP signal of the fusion protein. Conversely, the
inhibition of Wnt signaling with tankyrase inhibitor XAV939 results in a decrease in GFP signal
of the fusion proteins, while these small molecules have no significant effects on the mutant
destruction domain-GFP fusion protein. Conclusion: Our findings strongly suggest that the
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-catenin degradation domain may be sufficient to destabilize heterologous proteins in Wnt
signaling-dependent manner. It is conceivable that the chimeric GFP proteins may be used
as a functional reporter to measure the dynamic status of -catenin signaling, and to identify
potential anticancer drugs that target B-catenin signaling.

Copyright © 2013 S. Karger AG, Basel

Introduction

B-Catenin is an essential signal transducer of the Wnt/Wingless signaling pathway.
Many components of this pathway are evolutionarily conserved [1-6]. In normal and
unstimulated cells, the majority of B-catenin protein is present in cell-cell junctions with
very little in cytoplasmic or nuclear fractions, due to the rapid degradation of the -catenin
protein. Wnts initiate the signaling pathway by binding to frizzled receptors, leading to
phosphorylation of the dishevelled protein, which, through its association with Axin and APC,
prevents GSK3p from phosphorylating 3-catenin. Unphosphorylated -catenin is stabilized
by escaping recognition by 3-TrCP. It eventually translocates to the nucleus where it engages
transcription factors LEF/Tcf-4 to regulate expression of downstream genes, such as c-Myc
and cyclin D1 [7-10]. The B-catenin activity is negatively regulated by many factors, including
Tcf-1 [11], Groucho [12], ICAT [13], Idax [14], Duplin [15], Axam [16], presenilin 1 [17], Brg-
1 [18], HBP1 [19], and Suppressor of fused [20], indicating that -catenin signaling is tightly
regulated in normal cells [5, 6].

Deregulation of B-catenin signaling may play an important role in tumorigenesis [4,
5, 21]. The involvement of B-catenin in tumorigenesis was first established in colorectal
cancer, where B-catenin was found to form a complex with APC [22, 23]. The importance
of B-catenin in regulating cell proliferation has been further highlighted by the discovery
of oncogenic mutations of B-catenin in colon cancers containing wild-type APC [24-26].
Mutant B-catenin protein becomes stable by bypassing APC-targeted degradation. Moreover,
B-catenin mutations have been uncovered in a variety of human tumors [27]. A mutation of
Axin was reported in hepatocellular carcinoma [28]. Oncogenic forms of B-catenin have been
shown to induce tumor formation in transgenic animals, whereas mutations in -catenin
gene have been frequently uncovered in tumors induced by either carcinogens or activated
oncogenes [29-31]. Collectively these genetic data suggest that deregulation of B-catenin
signaling may be involved in the development of a broad range of human malignancies.

Stabilization of B-catenin protein is the key to its activation. Identification of oncogenic
mutations in the GSK3P phosphorylation sites of the (-catenin degradation domain has
suggested that down-regulation of GSK3p activity and concomitant stabilization of 3-catenin
may be critical to the activation of B-catenin signaling [27]. Traditionally, Wnt/B-catenin
activity is measured by using luciferase or GFP reporters driven by Tcf/Lef-binding sites.
However, these types of reporters only monitor the downstream events of Wnt/f-catenin.
A recent report suggests that GSK3p may play an essential role in regulating global protein
turnover [32]. Here we investigate the potential effect of the 3-catenin degradation domain
(bcd) on the stability of heterologous proteins. When the bcd is fused with GFP at its amino-
and/or carboxyl-termini, resulting in B-catenin destabilized GFPs (bcdGFPs), we find that
these fusion proteins exhibita markedly reduced stability. However, the fusion proteins can be
significantly stabilized by lithium and Wnt1. An activating mutation S33P in the destruction
domain significantly stabilizes the fusion protein. Furthermore, GSK3 inhibitor SB-216763
[33] effectively increases GFP signal of the fusion protein. Conversely, an inhibition of Wnt
signaling with tankyrase inhibitor XAV939 [34] results in a decrease in GFP signal of the
fusion proteins. These results strongly suggest that B-catenin degradation domain may be
sufficient to destabilize heterologous proteins in a Wnt signaling-dependent manner. It is
conceivable that the chimeric GFP proteins may be used as a functional reporter to measure
the dynamic status of B-catenin signaling, and to identify potential anticancer drugs that
target B-catenin signaling.
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Materials and Methods

Cell Culture and Chemicals

HEK 293 cells and human colon cancer line HCT116 were obtained from the ATCC (Manassas, VA).
293 cells were maintained in complete DMEM supplemented with 10% FBS (Mediatech, Herndon, VA), 100
units of penicillin, and 100 pg of streptomycin at 37°C in 5% CO,. HCT116 cells were maintained in complete
McCoy’s 5A medium supplemented with 10% FBS, 100 units of penicillin, and 100 pg of streptomycin at
37°C in 5% CO,. GSK inhibitor SB-216763 was obtained from ENZO Life Sciences (Farmingdale, New York,
USA). TNKS inhibitor XAV939 was purchased from R & D Systems (Minneapolis, MN USA). Unless indicated
otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Construction of B-Catenin Destabilized Green Fluorescent Proteins (bcdGFPs)

The degradation domain of wild-type human [-catenin was PCR amplified using the
following oligonucleotides: 5’-CGGGGTACCATGGGCATGGCTACTCAAG CTGATTT-3’ and
5’-CGCGGATCCATTGCATACTGTCCATCAATATC-3". The amplified fragment was cloned, in-frame with respect
to the GFP coding sequence, into the Kpn I and Bam HI sites of pEGFP-N1 (CLONTECH, Palo Alto, CA), resulting
fusion protein vector pbcdGFP1 that contained a linker sequence: 5’-GAT CCA CCG GTCGCCACC-3". For the
construction of bcdGFP2 fusion protein, the amplified fragment was cloned, in-frame with respect to GFP
coding sequence, into Kpn I and Bam HI sites of pEGFP-C1 (CLONTECH). The pbcdGFP2 fusion protein vector
also contained a multiple cloning sites-derived linker sequence: 5’-TCCGGACTCAGATCTCGAGCTCAAGCTTC
GAATTCTGCAGTCGACGGTACCATGGGC-3". The pbcdGFP3 was constructed on the base of pbcdGFP1 vector by
replacing its BsrGI/Stu I fragment with the corresponding fragment derived from pbcdGFP2. The activating
mutant S33P of the N-terminal bcd domain of bcdGFP1, namely mbcdGFP, was generated by using site-
directed mutagenesis. All PCR amplified sequences and cloning junctions were verified by DNA sequencing.

Establishment of Inducible Cell Lines Expressing bcdGFP Fusion Proteins

The coding regions of bcdGFP fusion proteins were subcloned into THE inducible system previously
developed in our laboratory [35]. For a control, EGFP coding sequence was also cloned into the tetracycline
inducible system. Details on vector construction are available upon request. Exponentially growing 293
cells were transfected with 1.0 pg DNA per 25 cm? tissue culture flask with Lifectamine (Life Technologies,
Gaithersburg, MD). At 24h after transfection, cells were trypsinized and replated into 96-well cell culture
plates at multiple dilutions. Stable clones were selected in the presence of G418 at a final concentration of
0.2 mg/ml for two weeks. Clones derived from single cells were grown up for further characterization.

Western Blotting Analysis

Western blotting was carried out as previously described [36-42]. Briefly, cleared total cell lysates
were subjected to SDS-PAGE. After electrophoresis, proteins were transferred to an Immobilon-P membrane
(Millipore) via electroblotting. The membrane was blocked with 5% nonfat milk in TBST (10mM Tris-HCl,
pH8.0, 150mM NaCl, 0.05% Tween-20) at room temperature for 1h and probed with a rabbit anti-GFP
antibody (CLONTECH) for 1h, followed by 30MIN incubation with anti-rabbit IgG-HRP secondary antibody
(PIERCE). The presence of GFP protein was detected by using the SuperSignal West Pico Chemiluminescent
Substrate kit (PIERCE).

Preparation of Wnt-1 Conditioned Medium

The cDNA encoding mouse Wnt-1 was subcloned into pAdTrack-CMV vector. Recombinant adenovirus
expressing Wnt-1 (AdWnt1) was generated as previously described [43-48]. To prepare Wnt-1 conditioned
medium (Wnt1-CM), AdWnt1 was used to infect exponentially growing HCT116 cells in 75cm? cell culture
flasks (MOI = 20) [49]. Adenovirus-containing medium was changed at 6h after infection and replaced with
10ml DMEM per 75cm? flask. The Wnt1 conditioned medium was collected at 24h and, after passing through
0.2 pm filters, was kept at -80°C in 2.0 ml aliquots.

FACS Analysis
293-bcdGFP3 and 293-EGFP cells were induced with doxycycline (1ng/ml) for 16h, followed by
washing with PBS three times. Cells were collected by trypsinization at 0, 24, and 48h after doxcycline
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Fig. 1. (A) Structural representation of EGFP

and three bcdGFP fusion proteins. EGFP, a non- A EGFP

fusion control; bcdGFP1, a B-catenin (aal-88) p-catenin

fusion protein at the N-terminus of the EGFP; bedGFPA ... EGFP

bcdGFP2, a B-catenin (aal-88) fusion prote- aa1-88 ,

in at the C-terminus of the EGFP; bcdGFP3, a ot
B-catenin (aal-88) fusion protein at both N- bedGFP2 m

and C-termini of the EGFP; aa, amino acid. (B) B-catenin - B-catenin
Exponentially growing 293 cells were transfec- bcdGFP3 ... EGFP . .
ted with the expression vectors for EGFP and aa1-88 aa1-88

three bcdGFP fusions. At 24h cells were coll-
ected, lysed and subjected to Western blotting B
using a rabbit anti-GFP antibody. Total cell lysa-
te derived from empty vector-transfected cells 1 2 3 4 5
was used as a control (Lane 5).

D>
60((? o \‘o\

removal, and were resuspended in complete DMEM at 5x10° cells/ml. Cells were subjected to FACScan
(Becton Dickinson, San Jose, CA) with the signal gated to measure GFP fluorescence. Signal threshold was
determined by using parental 293 cells. Approximately 10,000 cells were analyzed to determine mean
fluorescence intensity of each sample. The mean fluorescence intensity of the induced cells at 0 hour after
doxycycline removal was used as the 100% control.

Quantification of GFP Signal Level

All images with GFP expression were captured and processed with NIH Image] software to quantify the
amount and intensity of fluorescence and compare levels across different samples as previously described
[50]. Briefly, fluorescent images were captured with the fixed exposure time (i.e., 0.25 second) and size (in
pixels). Images were converted to 8-bit grayscale format to simplify processing. Because there was mainly
one channel of color (green), there was not significant data loss during this conversion. A histogram was
then constructed to analyze the distribution of pixel values. This distribution list was then imported into
an Excel (Microsoft) spreadsheet, and the pixel value (0-256) was multiplied by the number of pixels in
the image that contained that value. The Total Image Value (TIV) was defined as the sum of all the pixel
values multiplied by the pixel counts and was directly proportional to the amount of fluorescence. At least
10 randomly selected images were captured and analyzed for each assay conditions. The average TIVs were
used for further analysis, including statistical analysis.

Statistical Analysis

All quantitative experiments were performed in triplicate and/or repeated three times. Data were
expressed as mean * SD. Statistical significances were determined by one-way analysis of variance and the
student’s t test. A value of p<0.05 was considered statistically significant.

Results

Construction of bcdGFP Fusion Proteins

[tis generally assumed that the GSK3[ kinase plays an importantrole in the APC-targeted
degradation of B-catenin through the ubiquitin/proteosome pathway. The degradation
process is presumably initiated by GSK3p-mediated phosphorylation of the N-terminal
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Fig. 2. (A) 293 cells were transfec-
ted with vectors expressing EGFP,
bcdGFP1, bcdGFP2, and bcdGFP3. At
24h after transfection, cyclohemixi-
de (CHX) was added to the transfec-
ted cells. GFP intensity was recorded
under a fluorescence microscope at
4h and 9h. The untreated cells were
used as a control. (B) 293 cells were
transfected with vectors expres-
sing EGFP, bcdGFP1, bcdGFP2, and
bcdGFP3 as described in (A). At 16h
cells were treated with CHX for 4h,
9h, 14h and 24h and subjected to
flow cytometry. Each assay condi-
tion was done in triplicate. % decre-
ase in GFP signal was calculated by
comparing the GFP signal (TIV) with
that of respective no-CHX control.

portion of B-catenin [27, 51]. As illustrated in Fig. 1A, we constructed three B-catenin-
GFP fusion proteins. Among them, the bcdGFP1 was a chimeric protein with the 3-catenin
degradation domain (amino acids 1-88) fused to the N-terminus of EGFP. The bcdGFP2 was a
chimeric protein with the presumed degradation domain of 3-catenin fused to the C-terminus
of EGFP, whereas bcdGFP3 was a fusion of the EGFP flanked with B-catenin degradation
domains. When the constructs were transiently transfected into 293 cells, the expression of
bcdGFP fusion proteins was confirmed by Western blotting using an anti-GFP antibody (Fig.
1B). Interestingly, several lower bands were reproducibly observed in bcdGFP3-transfected

-CHX

+CHX 4hr

+CHX 9hr

bcdGFP2 bcdGFP1 EGFP

bcdGFP3

B 25% 1

20% A m bcdGFP1
bcdGFP2
® bcdGFP3

eGFP

15% A

10% A

5% A

% decrease in GFP signal

0% -
CHX 4h CHX 9h CHX 14h CHX 24h

cell lysate (Fig. 1B, lane 4), which may represent the degraded products of bcdGFP3.
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Fig. 3. (A) Inducible 293 Ii-
nes expressing EGFP, bcdGFP1,
bcdGFP2, and bcdGFP3 were
exposed to doxycycline for 24h.
Doxycycline was removed by
washing the cells with complete
DMEM. GFP intensity was recor-
ded at 24h or 48h afterwards.
Cells constantly exposed to doxy-
cycline were used as a positive
control. (B) Cells were induced
with doxycycline for 16h, follo-
wed by washing with PBS and
adding doxycycline-free complete
medium. At the indicated hours
after doxycycline removal, cells
were collected and subjected to

A -Dox +Dox 24hr 48hr

EGFP

bcdGFP1

bcdGFP2

FACS analysis. Each assay condi- 2
tion was done in triplicate. Mean 6
fluorescence signal (TIV) of the 3
induced cells at Ohr after doxy- 2
cycline removal was used as the
100% control. B -
T [J293-EGFP
5 o B 293-bcdGFP3
(/]
o=
83w
[
? 8
5%
é‘ X 40
c
3 20
E [
oL
Dox = + +
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post wash 0 24 48

Destabilization of bcdGFP Fusion Proteins

We transfected the bcdGFPs and pEGF-C1 expression vectors into 293 cells. At 24h
after transfection, protein synthesis inhibitor cycloheximide was added to the medium
(100 ng/ml) for 4h or 9h. GFP intensity was evaluated. As shown in Fig. 2A, GFP signal was
readily observed in 293 cells transfected with the three fusion constructs and control EGFP
vector. However, the cells transfected with bcdGFP2 and bcd-GFP3 constructs exhibited
lower level of GFP expression (Fig. 2A, -CHX column). When exposed to cycloheximide, the
bcdGFP-transfected cells exhibited a significant decrease in GFP intensity, suggesting that
the produced bcdGFP fusion proteins were less stable than control EGFP protein. Further
quantitative analysis of GFP signal intensity indicates that bcdGFP3 exhibited the greatest
decrease in a time-dependent manner (Fig. 2B).

Establishment of Stable Clones Expressing bcdGFPs in an Inducible Fashion

To further analyze the dynamics of the destabilization effect mediated by B-catenin
degradation domain on these fusion proteins, we subcloned the bcdGFP fusion constructs
and the control EGFP into pTHE inducible system [35]. These inducible constructs were
transfected into 293 cells, and multiple stable cell lines for each construct were generated
and characterized. As shown in Fig. 3A, the background expression of GFP was negligible
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in all four inducible lines (Fig. 3A, -Dox column). Upon the addition of doxycycline (1ng/
ml), GFP expression was readily detected at 24h after induction in all lines (Fig. 3A, +Dox
column). However, when doxycycline was removed at 24h of induction, the GFP signals
of all fusion constructs became weaker than that of the control EGFP at 24h and 48h post
doxycycline removal (Fig. 3A, 24h and 48h columns), suggesting that bcdGFP proteins were
significantly less stable. Consistent with the earlier findings (Figs. 1B and 3), bcdGFP3 fusion
was reproducibly shown to exhibit the most pronounced destabilization effect.

We next carried out quantitative FACS analysis of the stability of bcdGFP3 protein. As
shown in Fig. 3B, 293-bcdGFP3 exhibited a significantly decrease in stability. Specifically, at
24h after doxycycline removal the mean fluorescence intensity of 293-bcdGFP3 decreased to
approximately 12% of the unwashed control, while the mean fluorescence intensity of 293-
EGFP only decreased to approximately 37% of the unwashed control. Similarly, at 48h after
doxycycline removal, the mean fluorescence intensity of 293-bcdGFP3 almost decreased to
the basal level (approximately 6% of the unwashed control), whereas the 293-EGFP still
maintained about 21% of the mean fluorescence intensity of the control (Fig. 3B). Similar
results were also obtained from 293-bcdGFP1 and 293-bcdGFP2 lines, although the decrease
of fluorescence intensity in these lines was less pronounced than that of 293-bcdGFP3 line
(data not shown). Taken together, these results strongly suggest that the chimeric GFP
proteins may be destabilized by B-catenin destruction domain.

Destabilization Mediated by the B-Catenin Degradation Domain Can Be Antagonized by

Lithium and Wnt1

Lithium is a commonly-used Wnt surrogate, which presumably mimics the Wnt signal
by inhibiting GSK3f activity [52, 53]. We tested the effect of lithium on the stability of
bcdGFP fusion proteins. As shown in Fig. 44, a significant increase in GFP intensity was
observed in bcdGFP lines (especially for bcdGFP2 and bcdGFP3 cells) in the presence of both
doxycycline (1ng/ml) and lithium chloride (30mM) for 24h (Fig. 4A, right column), whereas
no significant increase in GFP intensity for the EGFP control line was observed under the
same conditions, suggesting that the destabilization effect of -catenin-GFP fusions can be
antagonized by lithium.

To produce biologically active Wnt1 protein, we generated a recombinant adenoviral
vector, AdWnt1, which constitutively expresses mouse Wnt1 under the control of the CMV
promoter. AdWntl-mediated Wntl expression was readily detected by Western blotting
analysis [49] (data not shown). We prepared Wntl-conditioned medium (Wnt1l-CM) by
harvesting the Wntl-containing medium from AdWntl-infected HCT116 cells. Wnt1-CM
was biologically active as it was shown to effectively activate a Tcf4-responsive reporter [49]
(data not shown). To test Wnt1-CM’s stabilizing effect on the bcdGFP proteins, bcdGFP3 and
control EGFP cells were transiently induced with doxycycline (1ng/ml) for 12h, followed by
washing cells with complete DMEM three times. Wnt1-CM was added to the washed cells.
GFP signal was recorded at 24h and 48h after Wnt1-CM stimulation. As shown in Fig. 4B,
basal GFP signal was low in both lines (Fig. 4B, -Dox row). Upon addition of doxycycline,
GFP intensity was significantly induced in EGFP line, but slightly enhanced in bcdGFP3 line
(Fig. 4B, +Dox row). At 48h after doxycycline removal, the induced GFP signal significantly
diminished in EGFP line and completely disappeared in bcdGFP3 line (Fig. 4B, Wash 48h
row). However, the addition of Wnt1-CM was shown to profoundly increase the stability
of GFP signal in bcdGFP3 line, but to exert little effect on the control EGFP line (Fig. 4B,
bottom two rows). Similar results were obtained for bcdGFP2 and, to a lesser extent, for
bcdGFP1 (data not shown). We further conducted a quantitative analysis of Wnt1-mediated
stabilization of bcdGFP proteins using FACS and demonstrated that bcdGFP3 exhibited the
highest increase in GFP signal intensity upon Wnt1 stimulation, although all three bcdGFP
proteins had significant increases in GFP signal (p<0.01) (Fig. 4C). These findings, together
with the results obtained from the lithium study, have demonstrated that B-catenin-
destabilized GFP proteins can be stabilized in a Wnt signal-dependent fashion.
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Fig. 4. (A) The bcdGFP1, bcdGFP2, bcdGFP3, and EGFP lines were plated in 12-well cell culture plates, and
were induced with doxycycline in the presence or absence of lithium chloride. At 24h GFP expression was
recorded. (B) Both bcdGFP3 and EGFP cells were plated in 12-well plates. Cells were transiently induced
by doxycycline for 12h. After washing the cells, Wnt1-CM was added to the cells. GFP signal was recorded
at 24h and 48h after Wntl stimulation. Controls were the un-induced and the transiently induced at 48
hours after doxycycline removal (Wash 48h). (C) 293 cells were transfected with vectors expressing EGFP,
bcdGFP1, bcdGFP2, and bcdGFP3 as described in Fig. 4A. At 16h cells were washed and treated with Wnt1-
CM or GFP-CM for additional 24h. Cells were collected and subjected to flow cytometry. Each assay condi-
tion was done in triplicate. % increase in GFP signal was calculated by comparing the mean GFP TIV with
that of respective GFP-CM treatment control. “**”, p < 0.01.

Small Molecules That Modulate Wnt/B-Catenin Pathway Can Affect the Stability of bcdGFP

Proteins

To further demonstrate that the instability of bcdGFP proteins is mediated by -catenin
destruction domain, we constructed an activating mutant mbcdGFP, which harbors S33P
mutation at the bcd domain, through site-directed mutagenesis (Fig. 5A). The mutant bcd
was shown to increase the stability of GFP signal, when compared with that of bcdGFP3’s (Fig.
5B, a & b vs. ¢ & d). Using this mutant and bcdGFP3, we tested the effects of the commonly-
used GSK3 inhibitor SB-216763 [33] and Wnt signal/tankyrase inhibitor XAV939 [34] on
the GFP stability. When bcdGFP3-expressing cells were treated with SB-216763, there was
an apparent increase in GFP signal intensity/positivity, while no significant changes were
observed in mbcdGFP-expressing cells (Fig. 5C, a vs. b and d vs. e), suggesting that the
GSK3 inhibitor may mimic Wnt activation. Conversely, an inhibition of Wnt signaling with
tankyrase inhibitor XAV939 resulted in a decrease in GFP signal in bcdGFP3-expressing cells
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A 33 37 41 45
GAC TCT GGA ATC CAT TCT GGT GCC ACT ACC ACA GCT CCT TCT CTG
D G | H G A T T A P L

mbcd GAC CCT GGA ATC CAT TCT GGT GCC ACT ACC ACA GCT CCT TCT CTG
D P G | H G A T T A P L,

mbcdGFP EGFP

B-catenin aa 1 - 88

bcdGFP3 mbcdGFP

B 24kr

bcdGFP3

mbcdGFP

ODMSO mSB-216763 = XAV939

% of GFP Positive Cells

bcdGFP3 mbcdGFP

Fig. 5. (A) Schematic representation of the S33P mutant bcdGFP construct. (B) 293 cells were transfected
with bcdGFP3 or mbcdGFP plasmid DNA. GFP signal was recorded at 24h and 48h after transfection.
Representative results are shown. (C) 293 cells were transfected with bcdGFP3 or mbcdGFP expression
vector for 16h and treated cells with SB-216763 (10uM), XAV939 (2.5uM) or DMSO. At 24h GFP signal was
recorded. Each assay condition was done in duplicate. Representative results are shown. (D) Flow cytometric
analysis of SB-216763 or XAV939-treated cells. 293 cells were transfected and treated with SB-216763 or
XAV939 as described in (C). At 24h cells were collected and subjected to flow cytometry to determine GFP
positive cells above the fixed threshold. Each assay condition was done in triplicate.

but not in mbcdGFP cells (Fig. 5D, a vs. c and d vs. f), consistent with the presumed function
of bcdGFP3 as Wnt signaling reporter. Lastly, we performed a quantitative analysis on these
small molecules’ effect on bcdGFP proteins. As shown in Fig. 5D, SB-216763 significantly
increased the GFP signal of bcdGFP3 (p<0.05) while XAV939 drastically inhibited the GFP
signal of bcdGFP3 (p<0.01). Neither compounds exhibited any significant effect on the GFP
signal of mbcdGFP’s.
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Discussion

Our findings have demonstrated that the N-terminal degradation domain of 3-catenin
can efficiently mediate a destabilization signal for heterologous proteins, such as GFP. The
destabilizing effect seems to be the most pronounced in bcdGFP3 and the least in bcdGFP1.
Both lithium and Wnt1l-CM can effectively antagonize the destabilizing effect and to
drastically increase the stability of bcdGFP proteins. Therefore, these bcdGFPs may be used
as a biological reporter for B-catenin signaling, and have at least two important functional
and technological ramifications.

First, such destabilized GFP proteins (especially bcdGFP3) can be used as an effective
biological reporter to assess the functional status of Wnt signaling or to identify potential
upstream factors that can stabilize B-catenin protein. Such factors may play an important
role in the development of human cancers. Cytoplasmic and/or nuclear accumulation or
elevation of B-catenin protein has been detected in a broad range of human tumors [27, 54-
56]. With the exception of colon cancer, molecular and/or genetic causes of the accumulation
of B-catenin is not known since mutations in B-catenin, APC tumor suppressor, or other
negative regulators of the 3-catenin signaling pathway are infrequent in most tumor types.

Secondly, the reported bcdGFP fusions may be used as a functional tool to screen for
candidate compounds that can specifically inhibit 3-catenin signaling. Because of the built-in
GFP reporter, a high throughput strategy can be devised. Compounds from a combinatorial
library can be added to the cells and robotic automation for the GFP signal measurement
may be performed. Leading compounds that antagonize Wnt signal and diminish the GFP
signal can be selected for further study. Ultimately, this line of investigation may lead to the
development of novel and effective anti-cancer agents.

While it remains to be further elucidated if the destruction domain of B-catenin
is a necessary and sufficient measurement of Wnt/B-catenin activity, our results have
been supported by a recent report from De Robertis’ group [32]. They found that Wnt
signaling caused the relocalization of cytoplasmic GSK3 to multivesicular endosomes.
Cryoimmunoelectron microscopy showed that GSK3 was translocated from cytosol into
multivesicular bodies after Wnt pathway activation, whereas Wnt signal transduction was
blocked by depletion of Hrs/Vps27 or expression of dominant-negative Vps4, two proteins
essential for intralumenal vesicle formation in multivesicular bodies [32]. As approximately
20% of the human proteome contains multiple putative GSK3 phosphorylation sites, total
protein half-life was extended by Wnt treatment or GSK3 inhibition [32]. They in fact showed
that the addition of GSK3 phosphorylation sites was sufficient to place the stability of a GFP
biosensor under the control of Wnt. They concluded that canonical Wnt signaling sequesters
GSK3 inside multivesicular bodies, reducing GSK3 cytosolic levels and extending the half-
life of many GSK3 substrates [32]. Our results are consistent with this observation. Thus,
bcdGFP fusion proteins may be used as a functional barometer for Wnt/B-catenin signaling
activity.
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