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Abstract
β-Catenin, a key component of the canonical Wnt pathway is also regulated by tyrosine
phosphorylation that regulates its association to E-cadherin. Previously, we reported its association
with the hepatocyte growth factor (HGF) receptor-Met, at the membrane. HGF induced met-β-catenin
dissociation and nuclear translocation of β-catenin, which was tyrosine-phosphorylation dependent.
Here, we further investigate the met-β-catenin interaction, by selectively mutating several tyrosine
residues alone or in combination, in β-catenin. The mutants were subcloned into FLAG-CMV vector
& stably transfected into rat hepatoma cells, which were treated with HGF. All single or double
mutant-transfected cells continued to show HGF induced nuclear translocation of FLAG-β-catenin
except the mutations affecting 654 and 670 simultaneously (Y654/670F), which coincided with the
lack of formation of β-catenin-TCF complex and DNA synthesis, in response to the HGF treatment.
In addition, the Y654/670F-transfected cells also showed no phosphorylation of β-catenin or
dissociation from Met in response to HGF. Thus, intact 654 and 670 tyrosine residues in β-catenin
are crucial in HGF-mediated β-catenin translocation, activation, and mitogenesis.

INTRODUCTION
Hepatocyte growth factor (HGF) or scatter factor, is a multifunctional peptide that signals via
Met, a tyrosine kinase receptor, which undergoes tyrosine phosphorylation and activation [1–
3]. In turn, the signal is transduced downstream, either directly or through its adaptor
molecules-Gab1 or Grb2, which trigger activation of signaling such as ERK1/2/MAPK, PLC-
γ, PI3K, SHP2 and others [4–9]. Some proteins such as Stat3 and Src bind directly to met
[10–13]. These interactions elicit biological responses such as epithelial morphogenesis,
angiogenesis, tubulogenesis, proliferation and cell-cell adhesion. In addition, HGF/Met
pathway also contributes to survival and growth of tumor cells and plays a role in angiogenesis
and metastasis [14]. Owing to these responses, HGF acts as a mitogen, morphogen and motogen
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for epithelial cells [15,16]. In liver, HGF/Met axis is shown to be important in hepatocyte
proliferation during liver regeneration following hepatectomy [17,18].

β-Catenin is a key component of the canonical Wnt pathway where it is chiefly regulated by
serine-threonine phosphorylation [19–21]. Wnt signaling induces inhibition of the kinases with
resulting hypophosphorylation of β-catenin, and binding to TCF/LEF to translocate to the
nucleus. In the absence of the Wnts or in the presence of Wnt inhibitors such as frizzled-related
proteins, β-catenin is phosphorylated at specific serine and threonine residues, which leads to
its ubiquitin-mediated proteosomal degradation. Activation of β-catenin due to mutations in
β-catenin gene (CTNNB1) or its degradation components such as axin and APC, is observed
in many cancers including colorectal, skin, breast and liver [22–24].

β-Catenin also functions as a bridge between the cytoplasmic domain of cadherins and the
actin-containing cytoskeleton [25,26]. β-Catenin complex with the cytoplasmic tail of E-
cadherin is mostly regulated by phosphorylation at tyrosine-654, which induces β-catenin
dissociation from E-cadherin, thus negatively influencing cell-cell adhesion [27]. Previously
others and we have demonstrated key interactions between β-catenin and Met [28,29]. We
observed a subcellular association of these proteins in hepatocytes, which underwent
dissociation following HGF-induced tyrosine phosphorylation of β-catenin [29]. This required
an intact tyrosine kinase domain of Met. Another study has shown the importance of the
tyrosine residue 142 in this interaction, acting as a switch between the adhesion and
transcriptional function [30]. In the present study, we examine the importance of tyrosine
residue 142 along with other residues to positively address, which residues are critical in Met-
β-catenin interaction in hepatocytes along with any associated biological events.

MATERIALS AND METHODS
Plasmid Constructs

The cDNA for Ctnnb1 (human β-catenin gene) encoding β-catenin protein (nt +211 to +2556)
was generated by PCR using human liver cDNA as template and using oligonucleotides with
incorporated BamHI sites. The cDNA was inserted downstream of the CMV promoter in the
p3XFLAG-CMV™-10 expression Vector (Sigma, Saint Louis, MI). Point mutations
Tyr-86→Phe, Tyr-86→Glu, Tyr-142→Phe, Tyr-142→Glu, Tyr-604→Glu, Tyr-654→Phe,
Tyr-654→Glu, Tyr-670→Phe, Tyr-670→Glu and Tyr-709→Glu, were introduced using the
GeneTailor™ site-directed mutagenesis kit as directed (Invitrogen, Carlsbad, CA). The primers
were designed as directed by the protocol. For example, sense primers Tyr-654→Phe was 5′-
GGAATGAAGGTGTGGCGACATTTGCAGCTGCTGT-3′; for Tyr-654→Glu was 5′-
GGAATGAAGGTGTGGCGACAGAGGCAGCTGCTGT-3′ (changes indicated in bold).
After amplification, the products were transformed into merBC wild type (DH5α™-T1R) E.
Coli. Three double mutants (Tyr-654→Phe/Tyr-142→Phe, Tyr-670→Phe/Tyr-142→Phe and
Tyr-654→Phe/Tyr-670→Phe) were also obtained using this procedure. All sequences of
generated constructs (WT, Y86F, Y86E, Y142F, Y142E, Y604F, Y604E, Y654F, Y654E,
Y670F, Y670E) and double mutant plasmids (Y654/142F, Y670/142F and Y654/670F) were
confirmed.

Cell culture, Transfection and Treatment
The rat hepatoma cell line, JM1, was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum and Gentamycin (500 mg/ml) at 37 °C in a
humidified 5% CO2 atmosphere [31]. This cell line has low endogenous expression of β-catenin
and does not have any mutations in its exon-3, a site critical for its phosphorylation and
degradation.
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Semiconfluent layers of JM1 cells were grown in 35-mm-diameter (6-well) dishes and
transfected with FLAG-tagged-WT-β-catenin plasmid or tyrosine mutants by FuGENE 6
transfection kit (Roche, Indianapolis, IN). DNA dilutions were prepared in 100 ml of DMEM
for transfection of the cells in 35-mm-diameter dishes. The DNA (1 μg) preparations were
subsequently mixed with 97 μl of DMEM containing 3 μl of FuGENE 6 respectively. The
transfection solutions were incubated for 30 min at room temperature and applied directly to
the cell supernatants. After overnight incubation, the transfection solution was replaced with
fresh medium containing 600 μg/ml G418, and maintained in the presence of this drug. Cell
lines expressing FLAG-tagged protein were screened by Western blots. The selected stably
transfected cell lines were maintained in DMEM supplemented with 10% fetal calf serum,
Gentamycin (500 μg/ml) and 200 μg/ml G418 sulfate at 37 °C in a humidified 5% CO2
atmosphere. These cells were serum starved for overnight, followed by treatment with HGF at
different concentrations for 15 min (unless stated otherwise) for subsequent experiments.

Preparation of Total Cell Lysates, Nuclear Extracts and Western blotting
Total cell lysates and nuclear extracts were prepared as already reported [29]. Briefly, total cell
lysate from stably transfected cells was prepared in RIPA buffer containing protease and
phosphatase inhibitors (Sigma Chemical Co.). Nuclear extracts were prepared in HEPES
buffer. The concentration of the protein in the lysates was determined by bicinchoninic acid
protein assay with BSA as a standard. Aliquots of the samples were stored at −80°C until use.

Gel Electrophoresis and Western Blotting
All experiments were performed in triplicates, and representative data is shown. Fifty-100 μg
of total or nuclear proteins were resolved using the mini-PROTEAN-3 electrophoresis module
(Biorad, Hercules, CA) [32]. Proteins were transfered to Immobilon-PVDF membranes
(Millipore, Bedford, MA). Blots were blocked and incubated with primary antibody followed
by a horseradish peroxidase (HRP)-conjugated secondary antibody. Proteins were visualized
by Super-Signal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Primary
antibodies including anti–β-catenin (mouse), anti–E-cadherin (rabbit) were used at 1:200
(Santa Cruz Biotech, Santa Cruz, CA.), anti-FLAG (mouse) were used at 10 μg/mL (Sigma,
Saint Louis, MI). The secondary antibodies including HRP-conjugated anti-mouse and anti-
rabbit were used at 1:50,000 (Chemicon, Temecula, CA).

Immunoprecipitation
400 μg of lysate were precleared using appropriate IgG and protein A/G agarose (Santa Cruz
Biotechnology) and incubated with 8 μg of rabbit Anti-FLAG polyclonal antibody and 20 μl
of protein A/G agarose [32]. Pellets were washed in RIPA buffer and resuspended in
electrophoresis loading buffer. 30 μl of the samples were resolved on ready gels and transferred
as described earlier. The antibodies used for blotting included Met, E-cadherin and PY20 as
well as HRP-conjugated secondary antibodies. The change in association of FLAG-β-catenin
to E-Cadherin or met or detection of PY20-FLAG-β-catenin was quantified by comparing the
intergrated optical density (IOD) following scanning of the western blots and densitometry by
the NIH Imager software. The IOD was normalized to the non-HGF treated cells and presented
as fold-change or change in percentage.

Immunofluorescence Microscopy
The staining protocol has been described before [29]. Briefly, transfected cells grown on glass
coverslips were serum starved and experimental group was treated with HGF (50 ng/ml) for
15 minutes. Cells were fixed in methanol, blocked and incubated with rabbit anti-FLAG
polyclonal antibody and detected by Alexa Flou 488 fluorochrome-conjugated secondary
antibody. Nuclei were counterstained by DAPI and the slides viewed on Zeiss epifluorescence
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microscope. Digital images were obtained by Nikon Coolpix camera and collages prepared
using Adobe Photoshop 7.0 software.

Cell proliferation
Proliferation of the transfected cells in response to HGF was measured by 3H-thymidine
incorporation assay. Cells (1 x 105) were plated in 6 well plates in DMEM with 10% fetal calf
serum, serum starved for 24 h, and then pulsed with 3H-thymidine (2.5 μCi/ml) +/− HGF for
48 hour at 50 ng/ml. Cells were washed with 0.9% NaCl, lysed in 0.2% SDS, 1× SSC (150
mM NaCl, 15 mM Na-Citrate pH 7.0), 5 mM EDTA and aliquots used to determine 3H-
thymidine incorporation on Beckman Scintillation counter and total DNA using Hoechst dye
H33258 and fluorescence meter (Hoefer, DyNA Quant 200).

Electrophoretic Mobility Shift Assay (EMSA) for β -Catenin-TCF Binding
The WT- TCF probe was prepared by annealing - 5′-TGCCGGGCTTTGATCTTTG-3′ and 5′-
AGCAAAGATCAAAGCCCGG-3′ deoxyoligonucleotides [33]. Double-stranded probes
were end-labeled using [g-32P] ATP and T4 polynucleotide kinase (Life Technologies, Inc),
followed by purification on a G-25 Sephadex spin column (5 Prime to 3 Prime, Boulder, CO).
Binding reactions contained 5–10 μg nuclear protein, 50 ng/ml poly(dI-dC), 10 mM Hepes
(pH 7.9), 60 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, and 12% glycerol. Binding reactions
involving non-radiolabeled competitor probes also contained 100-fold molar excess of the
competitor. Reactions (excluding radiolabeled probe) were assembled on ice and incubated for
5 min at room temperature. The radiolabeled probe (30,000 cpm) was added and reactions
incubated at room temperature for 20 min. Samples were then applied to a 4% polyacrylamide
gel in 0.5X TBE at room temperature (3 h, 200 V). Gels were transferred to Whatman paper
followed by autoradiography.

Statistical Analysis
For immunofluorescence studies, the numbers of cells showing FLAG-β-catenin in the nuclei
were counted at 400X magnification in three random fields. The averages were compared for
statistical significance by the student t-test using InStat software and the p<0.001 was
considered significant. For thymidine incorporation, the averages (+/−SEM) of counts in
response to HGF treatment for each mutant were compared for statistical significant differences
using the student t test. P<0.05 was considered significant.

RESULTS
JM1 transfected cells express FLAG-tagged β-catenin fusion protein

We successfully constructed CMV promoter controlled recombinant plasmids: WT β-catenin,
tyrosine point mutant β-catenin plasmids (Y86E, Y142E, Y604E, Y654E, Y670E, Y709E,
Y86F, Y142F, Y654F, Y670F) and 3 double mutants of β-catenin (Y142F/Y654F, Y142F/
670F, Y654F/670F) (Fig. 1).

Transfected JM1 hepatoma cells were examined for FLAG-tagged protein expression by
Western blot utilizing an antibody against FLAG. The results confirmed successful generation
of stable JM1 cell lines expressing FLAG-tagged WT or tyrosine-mutated β-catenin (Fig. 2A).
The selected stable- transfected cell lines were maintained in DMEM medium supplemented
with 200 mg/ml G418 and used for all subsequent experiments.
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HGF increased nuclear translocation of FLAG-tagged β-catenin in all cell lines except Y654/
Y670F double mutants

WT or mutant β-catenin transfected cells were cultured in DMEM medium containing 200 mg/
ml G418, serum starved for overnight and treated with HGF (50 ng/ml) for 15 minutes. Total
and nuclear proteins were isolated for analysis using the anti-FLAG antibody.

For examining the importance of individual tyrosine residues, Y to E mutants were examined
for basal nuclear translocation of FLAG-β-catenin in comparison to HGF-induced nuclear
translocation of FLAG-WT-β-catenin. HGF increased nuclear FLAG-β-catenin in WT-β-
catenin transfected cells as expected, and in Y604E and Y709E cells (Fig. 2B). Spontaneous
nuclear FLAG-β-catenin was observed in Y86E, Y142E, Y654E and Y670E-transfected cells
only (this mutation imparts negative charge mimicking tyrosine phosphorylation) (Fig. 2B).
These findings were consistent with immunofluorescence analysis (Fig. 3A–H).

Based on the above results, Y86F, Y142F, Y654F and Y670F-transfected JM1 cells were
treated with HGF. Interestingly, all of the above mutants showed an increase in nuclear FLAG-
β-catenin (Fig. 2B), which was also evident in immunofluorescence studies (Fig 3I–P). The
numbers of nuclei showing nuclear FLAG-β-catenin were counted as described in methods
(400X). A significant increase ranging from 9–16-fold was observed following HGF treatment
in all cells (Fig. 4A). This data suggested that there might be multiple tyrosine residues or
additional independent tyrosine residues, mediating HGF-induced β-catenin nuclear
translocation.

Next, double mutants Y142/654F; Y142/670F; and Y654/670F were treated with HGF. WT,
Y142/654F and Y142/670F transfected JM1 cells showed nuclear-FLAG-β-catenin in response
to HGF treatment by western blot (Fig. 2C), which was also evident by immunofluorescence
(Fig. 3Q–T). This increase ranged from 15–17 fold (Fig. 4B). A complete abrogation of nuclear
translocation of FLAG-β-catenin was observed Y654/670F-transfected cells in response to
HGF (Fig. 2C). This was confirmed by immunofluorescence studies as well (Fig. 3U–V and
4B). Thus intact tyrosine residues 654 and 670 are critical in HGF-mediated nuclear
translocation of β-catenin.

Cell proliferation in response to HGF in WT and mutant-transfected JM1 cells
To ascertain any biological relevance of the Met-β-catenin interaction, we examined the
various cells for proliferation in response to HGF. DNA synthesis was measured by the 3H-
thymidine incorporation assay as described in methods. HGF treatment of WT-β-catenin
transfected cells led to 2.5-fold (p<0.001) increase in thymidine incorporation. Similarly
Y86E-, Y142E-, Y654E- and Y670E-transfected cells showed around 2-fold (p<0.05) increase
in thymidine incorporation even in the absence of HGF (Fig. 5A). A significant (p<0.001)
increase ranging from 2–2.5-fold in thymidine incorporation in response to HGF was observed
in Y86F-, Y142F-, Y654F- and Y670F cells (Fig. 5B). Also, a significant (p<0.001) and 2.0-
fold increase in DNA synthesis in response to HGF was observed in Y142/654F and Y142/670F
cells, while no increase occurred in Y654/670F cells (Fig. 5C). This demonstrated the
importance of tyrosine residues 654 and 670 in β-catenin, in mediating HGF-induced cell
proliferation.

Met/FLAG-β-Catenin/E-Cadherin association in response to HGF treatment
To directly examine association of FLAG-β-catenin to Met and E-cadherin following HGF
treatment, various double mutant-transfected cells were examined by coprecipitation studies
as described in methods. HGF induced a decrease in Met-β-catenin association by 3–5 fold in
WT-β-catenin-, Y142/654F- and Y142/670F-transfected cells while no change was observed
in Y654/670F-transfected cells (Fig. 6A and 6B). At this time and dose of HGF, all cells showed
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a small but consistent decrease in E-cadherin-β-catenin association ranging from 15–30% (Fig.
6A and 6C). To determine the overall tyrosine phosphorylation status of FLAG-β-catenin in
response to HGF, we examined the immunoprecipitate for PY20, which showed a dramatic
increase by 2-5-4-fold in WT-, Y142/654F- and Y142/670F-transfected JM1 cells after HGF
treatment (Fig. 6A and 6D). No tyrosine phosphorylation was identified in Y654/670F-
transfected cells after HGF treatment (Fig. 6A and 6D). This demonstrates that indeed tyrosine
residues 654 and 670 undergo tyrosine phosphorylation following HGF/met activation.

Lack of β-catenin-TCF complex formation in response to HGF in the Y654/670F-transfected
JM1 cells

Nuclear translocation of β-catenin along with its association with TCF/LEF factors are the key
steps in transactivation of β-catenin target genes, which further go on to regulate events such
as cell proliferation. Next, we examine β-catenin–TCF binding in the WT-β-catenin and
double-mutant-β-catenin-transfected JM1 cells following HGF treatment by gel mobility shift
assay as elaborated in the methods. β-Catenin-TCF binding was observed in WT-β-catenin-,
Y142/654F- or Y142/670F-transfected JM1 cells only after HGF treatment (Fig. 7). However
no β-catenin-TCF binding was observed in the presence of HGF in the Y654/670F-transfected
cells (Fig. 7), indicating the importance of 654 and 670 tyrosine residues for successful HGF/
Met mediated β-catenin tyrosine phosphorylation, nuclear translocation and activation.

DISCUSSION
Tyrosine phosphorylation-dependent regulation of β-catenin is being increasingly recognized
for its role in not only modulating cell-cell adhesion but also as a means of β-catenin activation.
This broadens the overall role of β-catenin from just being a downstream effector of the
canonical Wnt pathway. β-Catenin has now been shown to be tyrosine phosphorylated in
response to a number of tyrosine kinases, which in turn leads to its activation. Furthermore,
different protein tyrosine kinases can modify specific tyrosine residues in β-catenin, which
might dictate the ensuing downstream signaling and eventual biological function. For instance,
Src, has been shown to phosphorylated tyrosine 86 in β-catenin [27]. Similarly Fer modifies
β-catenin at the tyrosine residue 142 [34].

E-Cadherin-β-catenin association is well characterized at the cell membrane [35,36]. Tyrosine
654 has been shown to play a role in regulating association of β-catenin to E-cadherin and
correlates with the disassembly of adherens junctions and decreased cell adhesion observed in
invasion and metastasis in various tumors [27]. Conversely, inhibition of tyrosine
phosphorylation can lead to reassociation of β-catenin to E-cadherin in rat-transformed cells
[34,37]. More recently, tyrosine-142 was shown to be phosphorylated in response to HGF/met
in MDCK cells, where it acted as a switch between the transcription and adhesive function via
interaction with BCL9-2 [30].

In hepatocytes, short-term HGF treatment induced an insignificant change in β-catenin-E-
cadherin association while the Met-β-catenin complex undergoes rapid dissociation. A
concomitant increased in c-myc has been observed suggesting a more mitogenic consequence
of this interaction [29].

Based on previous studies and close proximity to the region of armadillo repeats, we selected
tyrosine residues 86, 142, 604, 654, 670 and 709 in β-catenin for additional analysis. The
tyrosine 670 was of particular interest since none of the crystal structures of β-catenin
encompassed this area and it was close to residue 654, which is a known functional residue.
Tyrosine (Y) to glutamate (E) mutation imparts a negative charge and thus mimics tyrosine
phosphorylation. Spontaneous nuclear translocation was observed only in 86, 142, 654 and
670 mutants thus identifying their functionality. As mentioned before these residues upon
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phosphorylation will clearly induce nuclear translocation and perhaps activation of β-catenin.
However particular upstream effectors might affect specific residues and this specificity might
dictate the eventual response. Additional analysis will be essential in mapping these
interactions to examine the contribution of β-catenin in morphogenesis, mitogenesis,
motogenesis or other biological responses in response to various proteins. Although tyrosine
709 was also selected for analysis, we were aware that it was not phosphorylated and anticipated
its use as a negative internal control [27]. To block phosphorylation, these tyrosine residues
were mutated to phenylalanine Interestingly, we failed to identify a single tyrosine residue,
whose mutation could block the HGF-induced nuclear translocation and activation of β-catenin
suggesting the role of two or more tyrosine residues or the capacity of some of these residues
to be redundant.

To address this, we mutated two tyrosine residues simultaneously in β-catenin protein. Based
on the importance of tyrosine 142 in HGF-mediated β-catenin phosphorylation we also mutated
this site along with tyrosine residues 654 or 670 to phenylalanine [30]. In addition, we
concomitantly mutated 654 and 670 residues. These cell lines were examined for their
responsiveness to HGF in terms of nuclear translocation and activation of β-catenin as well as
for biological relevance by examining proliferation. HGF induced all these events in all double
mutants except the Y654/670F-transfected JM1 cells. While Y142/654F and Y142/670F
continued to show tyrosine phosphorylation as observed in the PY20 western blot, there was
a complete abrogation of tyrosine phosphorylation of β-catenin in response to HGF. This
indicated that an intact 654 or 670 residue at any given time is sufficient to respond to HGF/
Met stimulation. In addition, there was a lack of β-catenin nuclear translocation as well as β-
catenin-TCF complex formation in response to HGF, highlighting the importance of these two
neighboring tyrosine residues in HGF-mediated β-catenin regulation. β-Catenin-Met
association was lost in response to HGF in all cells except the Y654/670F cells, again
demonstrating the importance of these residues in β-catenin dissociation. On the other hand E-
cadherin-β-catenin association was mildly affected in all cells in response to HGF. We can
speculate that E-cadherin-β-catenin complex in liver cells is more stable in response to the
specific dose and duration of HGF treatment, whereas the Met-β-catenin succumbs rapidly.
This prevents any negative effect on cell-cell adhesion at this time, but dissociated β-catenin
does translocate to the nucleus and begins an increase in expression of pro-proliferative genes
such as c-myc [29]. In agreement with this, HGF induced DNA synthesis occurred in all single
and double mutants of β-catenin-transfected JM1 cells except the Y654/670Fcells, indicating
a definite role of tyrosine phosphorylation-dependent β-catenin activation in HGF-induced
mitogenesis. Tyrosine-142 alone or in combination with 654 or 670 does not seem to play a
role in HGF-mediated response in liver cells. This might be mostly due to tissue specific
differences as the previous work was done in the COS-7 cells [30]. This cell line is in fact
kidney fibroblasts and thus is inherently different from liver cells. Additional differences might
be due to the dissimilarity in the dose and duration of HGF treatment. However, in the liver
cells, tyrosine residues 654 and 670 appear to be critical in HGF-induced nuclear translocation
and activation of β-catenin.

While we are sure of the importance of these two tyrosine residues as downstream effectors of
HGF/met response, we are unsure of the structural feasibility of this interaction. Although
crystal structure like the ones described previously would be needed to determine this, we
examined the amino acid sequence around the residues 654 and 670 [36,38]. We found a proline
residue between these two residues, which has previously been shown to be responsible to turn
over the helix structure [39]. Such an event would place tyrosine residues 654 and 670 more
closely, for appropriate interaction. Additional analysis would be needed to determine such
configuration. From the amino acid sequence of the region around tyrosine 670, it appears to
lie in a hydrophilic region close to surface of the molecule and to the active site. For tyrosine
670 residue, the amino acid sequence shows Y-1 has an acidic residue (Aspartic acid) as does
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Y-5 (Aspartic acid) and Y-6 (Glutamic acid). Acidic residues are found close to tyrosine
residues in other proteins, which can be phosphorylated in vitro [40,41]. However, there are
also 3 basic amino acids in its Y+1 to Y+3, which some believe, might inhibit tyrosine
phosphorylation [27]. Overall, it has been speculated that the N-terminal sequence of the
autophosphorylation site of some proteins need to be optimal for both recognition and
phosphate acceptance [42]. However, additional secondary and higher order structure may be
more important than primary structure for the selection for tyrosine phosphorylation sites.

This report, thus divulges another important aspect of β-catenin signaling, which is tyrosine
phosphorylation dependent, putting this protein under the list of HGF/met effectors.
Independent of the canonical Wnt pathway, β-catenin in hepatocytes is capable to regulating
proliferation in a tyrosine-dependent manner via its association with met. Thus, examining
tyrosine-phosphorylation of β-catenin in cancers especially hepatocellular cancer might reflect
not just an invasive or metastatic phenotype, but rather a proliferative one as well.
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Figure 1.
Human β-catenin gene (CTNNB1) plasmid construction and tyrosine residues mutagenesis.
Schematic representation of the CTNNB1 cDNA encoding the entire region of human β-catenin
protein consisting of 781 residues. Nucleotides +211 to +2556) were inserted in multiple
cloning site (BamHI) downstream of the CMV promoter in the p3XFLAG-CMV ™-10
expression vector and labeled as WT-β-catenin plasmid. This was subjected to site-directed
mutagenesis to generate the 6 single residue control mutants (Tyrosine to Glutamic acid):
Y86E, Y142E, Y604 E, Y654E, Y670E and Y709E; 4 single residue mutants (Tyrosine to
Phenylalanine): Y86F, Y142F, Y654F and Y670F; and 3 double mutants (Tyrosine to
Phenylalanine): Y142F/Y654F, Y142F/Y670 and Y654F/Y670F. The nucleotides changes
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were: Tyrosine to Phenylalanine-TAT/TAC to CAG; Tyrosine to Glutamic acid-TAT/TAC to
GAG, all shown as small shadowed box.
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Figure 2.
Detection of FLAG-β-catenin using FLAG antibody and changes in nuclear levels of FLAG-
β-catenin in response to HGF (50 ng/ml for 15 min) in the cells.
A. FLAG-β-catenin (~100 kDa) is detected in whole cell lysates from FLAG-tagged WT or
mutant β-catenin transfected cells.
B. Western blots using nuclear proteins demonstrate presence of FLAG-β-catenin protein in
the absence of HGF in Y86E, Y142E, Y654E and Y670E mutants only. HGF induced nuclear
translocation of FLAG-β-catenin was observed in WT-, Y604E- and Y709E-transfected cells.
Increased nuclear FLAG-β-catenin was observed in response to HGF in Y86F, Y142F, Y654F,
Y670F, Y142/654F and Y142F/670F cells and not Y654F/Y670F cells.
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Figure 3.
Immunofluorescence using the FLAG antibody reveals nuclear translocation of β-catenin
(green) in response to HGF, in all tyrosine to phenylalanine mutants except the Y654/Y670F
mutants. (400X). (A)-WT-β-catenin transfected cells show absent nuclear β-catenin without
HGF; (B)-HGF induced nuclear translocation in these cells; Nuclear FLAG-β-catenin observed
in absence of HGF in (C)-Y86E; (D)-Y142E; (F)-Y654E and; (G)-Y670E-cells and no nuclear
FLAG-β-catenin in (E)-Y604E and (H)-Y709E-transfected cells; No nuclear FLAG-β-catenin
in absence of HGF in Y86F-cells (I); Y142F-cells (K); Y654-cells (M); Y670F-cells (O);
Y142/654F-cells (Q); Y142/670F (S); or Y654/670F-cells (U). Nuclear FLAG-β-catenin
detected upon HGF treatment in Y86F-cells (J); Y142F-cells (L); Y654F-cells (N); Y670-cells
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(P); Y142/654F-cells (R); or Y142/670F-cells (T); (V)-Absent nuclear FLAG-β-catenin in
presence of HGF in Y654/670F-cells. (−): without HGF; (+) with HGF.
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Figure 4.
Statistical analysis reveals significant (p<0.001) increase in number of cells showing nuclear
FLAG-β-catenin in response to HGF except the Y654/670F-transfected cells.
A. Significant increase in the number of nuclei showing FLAG-β-catenin, following HGF
treatment in WT-, Y86F-, Y142F-, Y654F- and Y670F-transfected cells.
B. Significantly higher numbers of nuclei show FLAG-β-catenin, following HGF treatment in
WT-, Y142/654F- and Y142F/670F-transfected cells. Nuclei showed no FLAG-β-catenin in
presence or absence of HGF in Y654F/Y670F-transfected cells.
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Figure 5.
Lack of increase in DNA synthesis following HGF treatment in the Y654F/Y670F-transfected
cells.
A. A significant increase in thymidine incorporation was observed in WT-β-catenin transfected
cells following HGF treatment and in the Y86E-, Y142E-, Y654E- and Y670E-transfected
cells without HGF. No such increase was observed without HGF in Y604E and Y709E-
transfected cells.
B. A significant increase in thymidine incorporation occurred in WT-, Y86F-, Y142F-, Y654F-
and Y670F-cells following HGF treatment (p<0.001).
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C. A significant increase in thymidine incorporation occurred in WT-, Y142/654F- and
Y142/670F-transfected cells after HGF treatment (p<0.001), which remained unchanged in
Y654/670F-transfected cells.
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Figure 6.
No change in Met/β-catenin association or tyrosine phosphorylation of β-catenin following
HGF treatment in Y654/670F-transfected. Total cell lysates from WT or double mutant-
transfected cells cultured with or without HGF were immunoprecipitated with anti-FLAG
antibody and blotted for Met, E-cadherin or PY20.
A. A representative western blot analysis reveals decrease in Met-β-catenin coprecipitation in
WT-, Y142/654F- and Y142/670F-transfected cells in response to HGF, while no change was
evident in Y654/670F-cells. A less dramatic difference was observed in E-cadherin-β-catenin
association in all cells. Also phosphotyrosine antibody detected β-catenin tyrosine
phosphorylation after HGF treatment in WT-, Y142/654F, Y142/670F and not in Y654/670F
cells. Comparative pull down of FLAG-β-catenin in all conditions was confirmed by western
with anti-FLAG antibody.
B. A representative analysis of studies done in triplicates demonstrates a decrease in Met-β-
catenin association ranging from 3–5 fold in all cells except Y654/670F-transfected cells.
C. A small but consistent decrease in E-cadherin-β-catenin association ranging from 15–30%
was observed following HGF treatment in all cells.
D. A 2.5–4.0-fold increase in PY20-FLAG-β-catenin was observed in response to HGF in all
cells except Y654/670F-transfected cells.
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Figure 7.
EMSA revealed lack of β-catenin-TCF complex formation in Y654/670F-transfected cells
following HGF treatment. 10 μg of nuclear extracts from WT- or double mutant-transfected
cells cultured in the absence (1) or presence (2) of HGF were examined for β-catenin-TCF
(cyclin-D1) binding. β-Catenin-TCF complex was observed in response to HGF in the WT-,
Y142/654F- and Y142/670F-transfected cells, which was successfully competed off with cold
probe (3). No complex was observed in Y654/670F-transfected cells after HGF treatment.
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