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Abstract
Loss of α-catenin is one of the characteristics of prostate cancer. The catenins (α, β) associated with
E-cadherin play a critical role in the regulation of cell-cell adhesion. Tyrosine phosphorylation of
β-catenin dissociates it from E-cadherin and facilitates its entry into the nucleus, where β-catenin
acts as a transcriptional activator inducing genes involved in cell proliferation. Thus, β-catenin
regulates cell-cell adhesion and cell proliferation. Mechanisms controlling the balance between these
functions of β-catenin invariably are altered in cancer. Although a wealth of information is available
about β-catenin deregulation during oncogenesis, much less is known about how or whether α-catenin
regulates β-catenin functions. In this study, we show that α-catenin acts as a switch regulating β-
catenin’s cell-cell adhesion and proliferation functions. In α-catenin null prostate cancer cells, re-
expression of α-catenin increased cell-cell adhesion and decreased β-catenin transcriptional activity,
cyclin D1 levels, and cell proliferation. Further, Src-mediated tyrosine phosphorylation of β-catenin
is a major mechanism for decreased β-catenin interaction with E-cadherin in α-catenin null cells. α-
catenin attenuated the effect of Src phosphorylation by increasing β-catenin association with E-
cadherin. We also show that α-catenin increases the sensitivity of prostate cancer cells to a Src
inhibitor in suppressing cell proliferation. This study reveals for the first time that α-catenin is a key
regulator of β-catenin transcriptional activity and that the status of α-catenin expression in tumor
tissues might have prognostic value for Src targeted therapy.
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Introduction
Cell-cell adhesion is critical to establish and maintain tissue architecture and function. In
epithelial cells, molecules localized to adhesion structures, such as tight junctions, adherens
junctions, and desmosomes, regulate cell-cell adhesion. The adherens junction is composed of
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the calcium-dependent cell-adhesion molecule E-cadherin and catenins (α,β, γ, and p120),
which are linked to the actin cytoskeleton (1,2). E-cadherin’s homophilic adhesion, mediated
by both its extracellular domain and its cytoplasmic tail association with catenins (3,4), is
critical for adherens junction formation and function. During cancer progression, the function
of the adherens junction is generally compromised, leading to loss of cell-cell adhesion and
increased cell proliferation (5). Although the link between cell-cell adhesion and cell
proliferation is well documented, mechanisms that regulate these two seemingly diverse
functions are poorly characterized.

β-Catenin binds directly to both E-cadherin and α-catenin and plays a critical role in the cell-
cell adhesion function of E-cadherin (6,7). In addition to its role in cell-cell adhesion, β-catenin
also plays a major role in the Wnt signaling pathway, which is involved in the regulation of
cell proliferation, embryonic development, and cancer progression (6,7). The levels of
cytoplasmic (free) β-catenin are regulated by its association with the adenomatous polyposis
coli (APC) protein, which targets β-catenin for phosphorylation by glycogen synthase
kinase-3β (GSK-3β), marking it for degradation via the ubiquitin/proteosome pathway.
Activation of the Wnt receptors, Frizzled and LRP5/6, inhibits APC/GSK-3β function
prevents β-catenin degradation (8,9). This inhibition stabilizes β-catenin within the cytoplasm
and allows translocation to the nucleus, where it associates with the T-cell factor/lymphoid
enhancer factor (TCF/LEF) family of activators (10). β-catenin and the TCF/LEF
transcriptional activators induce transcription of several target genes. One of these well-studied
target genes is cyclin D1, a protein involved in cell growth and proliferation (11,12). Mutations
in either the APC or the GSK-3β phosphorylation sites of β-catenin also increase the level of
free β-catenin by preventing its degradation by the proteosome pathway and result in aberrant
transcription of β-catenin/TCF/LEF target genes (13). These mutations occur commonly in
colon cancer and are associated with oncogenic activation of β-catenin transcription (14). In
addition, recent studies indicate that phosphorylation of β-catenin also might play a role in
oncogenic activation of β-catenin transcription. Tyrosine phosphorylation of β-catenin by
either Src family tyrosine kinases or Met receptor disrupts β-catenin association with E-
cadherin and α-catenin (15). Tyrosine phosphorylated β-catenin shows increased nuclear
localization and transcriptional activity (15,16). Thus, β-catenin is a key molecule of the
adhesion machinery that controls cell-cell adhesion and cell proliferation when localized to
adherens junctions and nucleus, respectively.

α-catenin binds to β-catenin, links the E-cadherin complex to the actin cytoskeleton and
stabilizes E-cadherin at the adherens junction (17,18). Lack of α-catenin expression results in
reduced cell-cell adhesion and loss of the epithelial phenotype (19-22); these effects are
reversed after repletion of α-catenin (19,20,22,23). In addition to α-catenin’s role in cell-cell
adhesion, α-catenin also is implicated in the regulation of cell proliferation, as expression of
α-catenin reduced cell growth (22,24) and suppressed tumor formation in in-vivo xenografts
(19,20). However, how α-catenin is involved in the control of cell proliferation remains to be
determined.

In this study using α-catenin null prostate cancer cells, we show that repletion of α-catenin
leads to formation of the adherens junctions, and reduced β-catenin transcriptional activity,
cyclin D1 levels, and cell proliferation. We also show that small molecule inhibition of Src has
a profound effect on cell proliferation in α-catenin-positive cells compared with α-catenin null
cells, indicating that the α-catenin status of tumor tissues might have prognostic value for
targeted therapy against Src.
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Materials and Methods
Cell Lines and Cell Culture

The prostate cancer cell line, PC3, was obtained from the American Type Culture Collection
(Manassas, VA). The PC3 cell line expressing α-catenin was generated by micro-cell transfer
of chromosome 5 (PC3-α), and the α-catenin null revertant cell line (PC3-Rev) has been
described previously (20). All cell lines were maintained in RPMI 1640 supplemented with
10% fetal bovine serum, MEM nonessential amino acid solution (Invitrogen, Grand Island,
NY), and penicillin/streptomycin.

Antibodies and Reagents
Monoclonal antibodies against cyclin D1 (Cell Signaling Technology, Danvers, MA), E-
cadherin, β-catenin, phosphorylated tyrosine: PY20 (BD Biosciences, San Jose, CA), α-catenin
(Vector Laboratories, Burlingame, CA), and 4G10-(Millipore, Carlsbad, CA), and polyclonal
antibodies against β-catenin (Millipore), phosphorylated Src (Tyr416), Src (Cell Signaling
Technology), and zonula occludens-1 (ZO-1) (Invitrogen, Carlsbad, CA) were obtained from
indicated vendors. Fluorescein isothiocyanate (FITC) and CY3-labeled anti-mouse and anti-
rabbit antibodies were obtained from Jackson ImmunoResearch Laboratories (West Grove,
PA), and horseradish peroxidase conjugated anti-mouse and anti-rabbit were obtained from
Cell Signaling Technology. The TOPFLASH and FOPFLASH reporter plasmids were kindly
provided by Dr. Marian Waterman (University of California-Irvine, Irvine, CA). PP2 (4-
amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine-#529573) was purchased
from EMD Biosciences (San Diego, CA) and dissolved as a 5 mM stock in dimethyl sulfoxide
(DMSO). The α-catenin cytomegalovirus (CMV) expression vector was kindly provided by
Dr. Masatoshi Takeichi (RIKEN Center for Developmental Biology, 2-2-3 Minatojima
Minamimachi, Chuo-ku, Kobe, Japan) and has been described previously (22).

Immunoblotting
Total protein lysates were prepared using either a lysis buffer containing 20 mM Tris (pH 7.5),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,
1 mM β-glycerolphosphate, 1 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride,
and 5 μg/ml of antipain, leupeptin, and pepstatin (protease inhibitor cocktail) or a lysis buffer
containing 25 mM Tris-HCl (pH 7.4), 95 mM NaCl, 3 mM EDTA, 2% SDS, and protease
inhibitor cocktail. One hundred micrograms of cell lysate was separated by SDS-PAGE and
transferred to nitrocellulose membrane. For immunoblotting, blots were blocked in 5% nonfat
milk in TBS/0.1% Tween 20 (TBST). Primary and secondary antibodies were diluted in 5%
nonfat milk/TBST or 5% bovine serum albumin/TBST and incubated overnight at 4°C, and
blots were developed with ECL or ECL plus (GE Biosciences, Piscataway, NJ). The blots were
quantified using a Bio-Rad VersaDoc. The densities of the bands were normalized with respect
to actin.

Immunofluorescence and Confocal Microscopy
Immunofluorescence and confocal microscopy were performed as described earlier (25). Co-
localization of β-catenin with propidium iodide (PI) or α-catenin was performed using a Zeiss
LSM 5 Pascal laser scanning microscope (Carl Zeiss, Oberkochen, Germany) and analyzed by
Pascal software.

Transmission Electron Microscopy (TEM)
Cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 2 h at
room temperature and processed for transmission electron microscopy as described previously
(26).
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Triton X-100 Solubility
The prostate cancer cells, PC3 and PC3-α, were washed with cold PBS, pH 7.4, supplemented
with 1 mM CaCl2 and 1 mM MgCl2 (PBS-CM), and lysed for 10 min at 4°C with 500 μl of
extraction buffer (10 mM PIPES, pH 6.8, 50 mM NaCl, 3 mM MgCl2, 0.5% Triton X-100,
300 mM sucrose, and protease inhibitor cocktail). Lysates were transferred into microfuge
tubes, spun at 13,000 rpm for 30 min, and the supernatant (soluble fraction) was transferred to
a fresh tube. The pellet (insoluble fraction) was resuspended in 500 μl 2X SDS sample buffer
and sonicated. For immunoblotting, the soluble fraction (30 μl of supernatant + 30 μl of 2X
SDS sample buffer) and the insoluble fraction (30 μl of pellet fraction + 30 μl of extraction
buffer) were separated by SDS-PAGE and blotted as described above. The β-catenin levels in
the insoluble fractions were normalized to the β-catenin levels in the corresponding soluble
fractions.

Immunoprecipitation
Cell lysates were prepared as described above in lysis buffer (10 mM Tris, 150 mM NaCl, 1
mM EGTA, 1 mM EDTA, 0.2 mM Na-vanadate, 1% Triton X-100, 0.50 % IGEPAL, 0.1%
SDS, 1% deoxycholic acid, and protease inhibitor cocktail) and pre-cleared with protein G-
sepharose. Antibodies were pre-coupled to protein G-sepharose (GE Biosciences) and
incubated overnight with 1000 μg of total protein lysate. Immunoprecipitates were washed and
separated by SDS-PAGE and immunoblotted as described above.

TOPFLASH/FOPFLASH Reporter Assay
The TOPFLASH/FOPFLASH luciferase reporter assay was performed as described previously
(27). Briefly, 100,000 cells per well were plated onto six-well plates. One microgram per well
of either TOPFLASH or FOPFLASH was transfected using LIPOfectamine PLUS (Invitrogen)
according to manufacturer’s instructions. Per well, 0.5ng of Renilla control luciferase plasmid
was co-transfected to normalize for transfection efficiency. Forty-eight hours post transfection,
cells were lysed with 1X passive lysis buffer (Promega, Madison, WI), and the luciferase assay
was performed using the Dual-Luciferase Reporter Assay Kit (Promega). TOPFLASH and
FOPFLASH values were normalized to Renilla, and fold induction for each cell line was
calculated as normalized relative light units of TOPFLASH divided by normalized relative
light units of FOPFLASH. For Src inhibition, transfected cells were incubated with 10 μM PP2
in RPMI for 24 h before lysis, or an equal volume of DMSO was used as a vehicle control.

Measurement of Growth Curve
One hundred thousand cells per well of PC3, PC3-α, or PC3-Rev cells were plated onto six-
well plates. At the indicated time points, cells were trypsinized and the number of cells was
determined by a hemocytometer. The cell doubling time was calculated according to the
equation Td = 0.693(t)/ln (N/No); t = time (in hours), N = cell number at time t, and No = cell
number at initial time. For inhibition of Src, PP2 was diluted to a final concentration of 10
μM in complete RPMI, and treatment began 24 h after cells were plated. Fresh media and PP2
were added every 24 h. An equal volume of DMSO was used as a vehicle control.

Spheroid Growth in Matrigel
The PC3, PC3-α, and PC3-Rev cells were trypsinized and suspended at a final concentration
of 20,000 cells/ml in ice-cold Matrigel (BD Biosciences). Two hundred microliters of the cell/
Matrigel mixture (4000 cells per well) were layered onto filter inserts (Nalgene Nunc
International, Rochester, NY) and allowed to gel at 37°C. The hardened gel was covered in
RPMI 1640 and monitored daily for spheroid formation. Media were replenished every two to
three days. At day 14, gels were washed with PBS and fixed in 4% paraformaldehyde in PBS.
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Spheroids were photographed and counted. Data were analyzed using a Student’s t-test for
unequal variance.

siRNA Knockdown of β-catenin
SMARTpool® β-catenin siRNA (M-003482) and control siRNA (D-001206-13-05) were
purchased from Millipore and diluted according to manufacturer’s instructions. Two hundred
thousand PC3 cells were plated onto 60-mm dishes and allowed to attach overnight.
Transfections with siRNA oligomers were performed using Oligofectamine according to
manufacturer’s instructions (Invitrogen).

Expression of α-catenin in PC3 Cells
Two hundred thousand PC3 cells were plated onto 60-mm dishes and allowed to attach
overnight. Five micrograms of α-catenin expression vector or empty vector were transfected
with Fugene 6 (Roche Diagnostics, Indianapolis, IN). After 24 h, transfected cells were selected
by incubation with 500 μg/ml of geneticin (G418) for 5 days. Cells were then either lysed for
immunoblotting/immunoprecipitation or plated onto glass coverslips for immunofluorescence
as described above.

3H-thymidine Incorporation Assay
Ten thousand PC3-α and PC3 cells were plated onto 12-well plates and allowed to grow for
24 h. The PP2 was diluted in complete RPMI at indicated concentrations, added to cells, and
incubated for a total of 48 h. Both the media and PP2 were refreshed at 24 h. After 48 h, 6
μCi/ml of 3H-thymidine was added to each well, and cells were pulsed for 4 h. Cells were lysed
in 0.125N NaOH/0.05% SDS lysis buffer and counted in a Beckman LS 6500 scintillation
counter. To calculate percent inhibition, the average counts per minute (CPM) from vehicle-
treated samples were considered as 0% (no inhibition). The resulting values were used to
calculate IC50 values by plotting data (inhibition against concentration) to generate a dose
response curve, which was used to calculate the concentration of PP2 at which inhibition of
thymidine incorporation was 50%. This experiment was performed in triplicate and repeated
once.

Results
α-Catenin Restoration Induces Tight Junctions, Adherens Junctions, and Desmosomes in
PC3 Cells

The prostate cancer cell line, PC3, was initially isolated from a bone metastasis of a patient
diagnosed with androgen-independent prostatic adenocarcinoma (28). Cytogenetic analysis
has revealed that PC3 cells exhibit dramatic chromosomal abnormalities; one of which is the
absence of normal copies of chromosome 5 (20), which renders PC3 cells null for the
expression of α-catenin (Fig. 1A). To induce α-catenin expression, normal chromosome 5
containing a neomycin resistance gene was re-introduced into PC3 cells using micro-cell
transfer, followed by selection with neomycin (20). The resulting cell line, PC3-α, contains
two normal copies of chromosome 5 and expresses α-catenin (Fig. 1A). While both PC3 and
PC3-α cells differ in regards to α-catenin expression, both cell lines expressed similar levels
of E-cadherin (Fig. 1A). Yet, despite E-cadherin expression, PC3 cells displayed a non-
epithelial phenotype (data not shown), while PC3-α-cells showed epithelial morphology and
grew as compact colonies. Immunofluorescence analyses of E-cadherin (adherens junction
marker) and ZO-1 (tight junction marker) revealed localization at the cell-cell contact sites in
PC3-α cells (Fig. 1B, top panel) while in PC3 cells E-cadherin was less intense at the plasma
membrane, and ZO-1 was primarily intracellular (Fig. 1B, bottom panel). The dramatic
differences in both E-cadherin and ZO-1 localization in PC3 and PC3-α cells suggested that
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the repletion of α-catenin in PC3 cells restored the adherens junctions and other epithelial
junctional complexes. Transmission electron microscopy (TEM) confirmed tight junctions
(arrowhead) and adherens junctions (arrow) in PC3-α cells (Fig. 1C, top panel), whereas these
junctional complexes were absent in PC3 cells (Fig. 1C, bottom panel). In addition, PC3-α
cells showed microvilli (Fig. 1C, top panel-asterisk) and desmosomes (Fig. 1C, top panel-white
arrowhead), indicating that re-expression of α-catenin restored epithelial junctional complexes
in PC3 cells. These results demonstrated that α-catenin has a critical role in supporting the
cadherin cell-cell adhesion function and formation of epithelial junctional complexes.

α-Catenin Restoration Reduces Nuclear β-Catenin Levels
In epithelial cells, β-catenin is generally localized to the basolateral plasma membrane and the
adherens junction (26). In the absence of adherens junctions, β-catenin localizes to the nucleus
(29). Since re-expression of α-catenin in PC3 cells restored the adherens junction, we
hypothesized that α-catenin re-expression might affect β-catenin localization. Confocal
microscopy revealed intense β-catenin staining at the regions of cell-cell contact in PC3-α cells,
with low levels in both the cytoplasm and nucleus (Fig. 2A). In contrast, PC3 cells revealed
increased β-catenin staining in both the cytoplasm and the nucleus (yellow) compared with
PC3-α cells (Fig. 2A). To further confirm the distribution of β-catenin in PC3 and PC3-α cells,
we analyzed the β-catenin levels within the detergent-soluble (containing cytoplasmic and
nuclear proteins) and insoluble (containing proteins associated with the actin cytoskeleton)
fractions. A quantitative immunoblot analysis of the soluble (S) and insoluble (In) fractions
revealed 6.9-fold more β-catenin in the detergent-insoluble fraction in PC3-α cells compared
with PC3 cells (Fig. 2A, middle panel). In addition, immunoprecipitation analysis revealed
that the amount of β-catenin co-immunoprecipitating with E-cadherin was 68% higher in PC3-
α cells compared with PC3 cells (Fig. 2A, bottom panel), indicating that in the presence of α-
catenin, the β-catenin interaction with E-cadherin is enhanced.

Since PC3-α cells were generated by micro-cell transfer of an entire copy of chromosome 5,
it is possible that other genes located on chromosome 5 also might contribute to the formation
of junctional complexes and reduced β-catenin nuclear localization. We used a revertant clone
of PC3-α cells (PC3-Rev) to investigate the specific role of α-catenin. The PC3-Rev cells were
subcloned from PC3-α cells because of their reversion to the non-epithelial phenotype (20).
The PC3-Rev cells are null for α-catenin expression (Fig. 2B, top and bottom panel) due to
deletion of the α-catenin gene yet still retain chromosome 5 containing the neomycin resistance
gene (20). Immunofluorescence analysis of β-catenin revealed both cytoplasmic and nuclear
localization in PC3-Rev cells (Fig. 2C), and TEM revealed the absence of tight junctions,
adherens junctions, and desmosomes in these cells (Fig. 2D). Together, these results
demonstrated that re-expression of α-catenin induced junctional complexes and reduced
nuclear β-catenin levels in PC3 cells.

Regulation of β-Catenin Transcriptional Activity and Cyclin D1 by α-Catenin
Nuclear localization of β-catenin is associated with β-catenin-mediated TCF/LEF
transcriptional activity (10). The TOPFLASH and FOPFLASH luciferase assay is a well-
established quantitative reporter assay for β-catenin/TCF/LEF transcriptional activity (30). We
transiently transfected either TOPFLASH (positive control containing TCF/LEF binding sites
for β-catenin) or FOPFLASH (negative control containing mutated TCF/LEF binding sites)
plasmids into PC3, PC3-α, and PC3-Rev cells and measured the luciferase reporter activity.
As expected, PC3 and PC3-Rev cells showed 2.91-fold (± 0.08) and 3.29-fold (± 0.68) more
TOPFLASH over FOPFLASH activity, respectively, while PC3-α cells showed a minimal
difference (0.67-fold, ± 0.11; P= 4.99 × 10-6) (Fig. 3A, top panel). This reduced TCF/LEF
transcriptional activity in PC3-α cells was not due to reduced β-catenin levels as they are similar
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in these cell lines (Fig. 2B). These results indicated that α-catenin expression reduced the
transcriptional activity of β-catenin in PC3 cells.

β-catenin/TCF/LEF transcriptional activity increases expression of cyclin D1, a protein that is
involved in cell proliferation (11,12,31). The cyclin D1 levels in PC3 and PC3-Rev cells were
higher compared to PC3-α cells (Fig. 3A, bottom panel). In addition, confocal microscopy
detected nuclear localization of cyclin D1 in PC3 and PC3-Rev cells but not in PC3-α cells
(data not shown), indicating activation of cyclin D1 in α-catenin null cells. To further validate
that β-catenin is involved in the regulation of cyclin D1 expression, we used an siRNA approach
to knockdown β-catenin levels in PC3 cells. As shown in Figure 3B, there was a 78% reduction
of β-catenin in specific RNAi oligomer-transfected cells but not in PC3 cells transfected with
the control RNAi oligomer. As expected, the targeted knockdown of β-catenin resulted in a
72% decrease in cyclin D1 levels compared with control cells (Fig. 3B), indicating that the
increased cyclin D1 protein level in PC3 cells was due to enhanced β-catenin transcriptional
activity.

Increased expression of cyclin D1 is associated with increased cell proliferation (32,33).
Consistent with cyclin D1 levels, PC3 and PC3-Rev cells showed a doubling time of 29 h and
28 h, respectively, compared with 41 h in PC3-α cells (Fig. 3C). As an independent test to
verify cell proliferation, we compared the 3H-thymidine incorporation of PC3 and PC3-α cells.
Again, PC3-α cells revealed a 54% decrease in the levels of 3H-thymidine incorporation
compared with PC3 cells (data not shown). Re-expression of α-catenin into a α-catenin null
variant of the DLD-1 colon carcinoma cell line decreases their growth in Matrigel into three-
dimensional spheroids (24). Since re-expression of α-catenin reduced cell proliferation of PC3
cells in more conventional two-dimensional assays, we evaluated the ability of PC3-α, PC3,
and PC3-Rev cells to form three-dimensional spheroids. The PC3, PC3-Rev, and PC3-α cells
were suspended as single cells in Matrigel and allowed to grow as described in the Materials
and Methods section. After day 14, both PC3 and PC3-Rev cells formed large spheroids within
the Matrigel, while PC3-α cells either remained as primarily single cells or grew into small
cell aggregates (Fig. 3D). Quantification of colonies revealed 46 colonies (±3), 50 colonies,
and three colonies (P=2.72 × 10-7) for PC3, PC3-Rev, and PC3-α cells, respectively (Fig. 3D).
Together, these results demonstrated that diminished β-catenin signaling is associated with
reduced cyclin D1 levels and cell proliferation in PC3-α cells.

To address the specific role of α-catenin in the regulation of cyclin D1 levels, we attempted to
generate stable clones of PC3 cells expressing α-catenin. However, these cells underwent cell-
cycle arrest and failed to grow, a phenomenon which has also been observed by others (19,
20). Therefore, we transiently transfected α-catenin into PC3 cells and tested the levels of cyclin
D1. Strikingly, an 80% reduction in the levels of cyclin D1 was observed in α-catenin
transfected cells compared with control cells (Fig. 4A). In addition, the amount of β-catenin
co-immunoprecipitated with E-cadherin was 3.6-fold higher in α-catenin transfected cells (Fig.
4B). Expression of α-catenin in PC3 cells did not affect the total levels of either E-cadherin or
β-catenin (data not shown). Immunofluorescence analysis of β-catenin in α-catenin transfected
PC3 cells showed enrichment of β-catenin at the cell-cell contact sites together with α-catenin
(Fig. 4C). These results indicated that decreased cyclin D1 expressed in PC3-α cells is due
primarily to enhanced association of β-catenin with E-cadherin at the adherens junction.

α-Catenin Overrides Src-induced Phosphorylation of β-Catenin and its Transcriptional
Activity

Recent studies indicate that tyrosine phosphorylation of β-catenin by Src family members
reduces its association with E-cadherin and α-catenin (16,34,35). Inhibition of Src by PP2
dramatically reduced the tyrosine phosphorylation of β-catenin (Fig. 5A, top panel), with a
62% increase in the level of β-catenin associated with E-cadherin (Fig. 5A, bottom panel). The
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PP2 inhibition of Src did not affect the total levels of either E-cadherin or β-catenin (data not
shown). Consistent with these biochemical data, PP2 treated PC3 cells grew in compact clusters
compared with untreated cells, which grew as individual cells (Fig. 5B). Further, PP2-treated
PC3 cells exhibited β-catenin distinctly localized at the sites of cell-cell contact (similar to
PC3-α cells, see Fig. 2A) when compared with cytoplasmic and nuclear localization in vehicle
(DMSO)-treated cells, correlating with the changes in the growth patterns. The distinct
decrease in nuclear β-catenin observed in PP2-treated cells correlated with a 51% reduction in
the transcriptional activity of β-catenin compared with untreated cells and reduced cyclin D1
levels (Fig. 5C). The decreases in both β-catenin transcription and cyclin D1 levels were
accompanied by reduced cell proliferation (Fig. 5D). The PC3 cells treated with 10 μM of PP2
had a doubling time that was 35% higher than vehicle-treated cells. Taken together, these results
indicated that Src plays an important role in β-catenin transcriptional activity and proliferation
of PC3 cells lacking α-catenin.

Interestingly, Src inhibition resembled the effects on β-catenin function induced by the
expression of α-catenin in PC3 cells. Therefore, it is possible that α-catenin expression either
reduces Src activity in PC3 cells or inhibits Src-induced cytoplasmic and nuclear translocation
of β-catenin through stabilizing its association with E-cadherin. However, the levels of
phosphorylated Src were similar in PC3 and PC3-α cell lines (Fig. 6A, top panel) as well as in
control and α-catenin-transfected cells (Fig. 6A, bottom panel) indicating that α-catenin
expression does not alter the activation status of Src.

Next, to test whether α-catenin increases β-catenin association with E-cadherin, E-cadherin
was immunoprecipitated from PC3-α cells treated with and without PP2 and immunoblotted
with anti-phosphotyrosine antibody. No bands corresponding to the expected size of β-catenin
(95kD) were observed (Fig. 6B, top panel), showing that β-catenin associated with E-cadherin
was not tyrosine-phosphorylated. However, reblotting for β-catenin revealed a 30% increase
in the levels of β-catenin associated with E-cadherin in PP2-treated cells when compared with
untreated cells (Fig. 6B). This finding suggested that in PC3-α cells, inhibition of Src further
increases the levels of β-catenin associated with E-cadherin. The levels of α-catenin associated
with β-catenin were similar in PP2-treated and untreated control cells (Fig. 6B, bottom panel).

The increased amount of β-catenin associated with E-cadherin after PP2 treatment in PC3-α
cells suggested that Src inhibiton in this cell line should have a more pronounced effect on cell
proliferation. Consistent with this idea, treatment of PC3-α cells with PP2 resulted in an
increase in the doubling time to 103 h compared with 43 h in vehicle-treated cells (Fig. 5D,
P=0.05). In addition, a PP2 concentration of 10 μM resulted in an 82.1% (± 0.4) inhibition
of 3H-thymidine incorporation in PC3-α cells compared with 60.9% (± 0.6) in PC3 cells (Fig.
6C). Strikingly, at low dose (2 μM) PC3-α cells showed a 40% inhibition of incorporation
whereas there was hardly any inhibition in PC3 cells. The calculated IC50 for PP2 in PC3 and
PC3-α cells were 8.4 μM and 3.9 μM, respectively (P=0.004, by student t-test), indicating that
PC3-α cells are sensitive to small doses of PP2 compared with PC3 cells. These results
demonstrated that Src inhibition has a more pronounced effect on cell proliferation in α-catenin-
expressing cells.

Discussion
In this study, we reported that α-catenin expression in PC3 cells significantly reduced the levels
of cytoplasmic/nuclear β-catenin, β-catenin/TCF/LEF transcriptional activity, cyclin D1 levels
and cell proliferation. We confirmed that these effects are due to α-catenin expression by using
a revertant clone lacking α-catenin as well as transient transfection of α-catenin into PC3 cells.
The specific involvement of β-catenin was validated by RNAi-mediated knockdown of β-
catenin. We also demonstrated that inhibition of Src in PC3 cells significantly reduced β-
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catenin transcriptional activity, cyclin D1 levels, and cell proliferation due to increased
association of β-catenin with E-cadherin. Furthermore, we showed that α-catenin expression
attenuated the effect of Src phosphorylation of β-catenin by increasing its association with E-
cadherin and enhanced the sensitivity to a Src inhibitor in the suppression of cell proliferation.
Thus, these studies demonstrated for the first time that α-catenin is a key regulator of β-catenin
transcriptional activity and acts as a “switch” to modulate β-catenin’s cell-cell adhesion and
cell proliferation functions.

Role of α-Catenin in Cell Proliferation
We showed that α-catenin regulates cell proliferation by reducing β-catenin transcriptional
activity and cyclin D1 levels. Although previous studies have shown that α-catenin expression
results in reduced proliferation of cells, the mechanism remains unknown (19,20,22,24).
Keratinocytes obtained from α-catenin knockout mice exhibited hyperproliferation, yet, in this
case, it was due to sustained activation of the Ras-ERK pathway (21). Expression of α-catenin
in colon carcinoma cell lines suppressed β-catenin transcriptional activity by interfering with
the complex formation between β-catenin and TCF within the nucleus (36). We demonstrated
a novel mechanism in which α-catenin restricts β-catenin to cell-cell contact sites and attenuates
the effects of Src phosphorylation to reduce its transcriptional activity and cell proliferation.
These results demonstrated that α-catenin is a key player in the regulation of β-catenin functions
in prostate cancer cells.

The mechanism of cyclin D1 regulation in prostate cancer is complex (37,38). Real time PCR
analysis revealed similar transcript levels of cyclin D1 in PC3, PC3-Rev and PC3-α cells (data
not shown), indicating that β-catenin modulates cyclin D1 levels post-transcriptionally in PC3-
α cells. It is not uncommon that transcription factors regulate protein expression at the post-
transcriptioal level (39). Experiments are in progress in our laboratory to identify mechanisms
by which β-catenin regulates cyclin D1 in PC3-α cells.

In addition, the levels of c-myc transcript and protein were similar in PC3, PC3-Rev and PC3-
α cells (data not shown), consistent with the amplification of myc in this cell line (40). A similar
finding has been reported in human colorectal adenocarcinoma where aberrant activation of
β-catenin resulted in increased protein levels of cyclin D1, but no change in c-myc levels, both
at the protein and mRNA levels (41).

Src and β-Catenin Transcriptional Activity
Phosphorylation of β-catenin by Src reduces its ability to associate with E-cadherin (16,34,
35). In this study we showed that inhibition of Src resulted in an enhanced association of β-
catenin with E-cadherin with a concomitant reduction in cytoplasmic/nuclear β-catenin. This
finding indicates that in PC3 cells inhibition of Src makes β-catenin competent to bind E-
cadherin and reduces its transcriptional activity. Although APC is localized to the chromosome
5, the APC levels were similar in PC3, PC3-Rev and PC3-α cells (data not shown). Our results
indicate that α-catenin expression in PC3 cells sequesters β-catenin at the adherens junction
and reduces its accumulation in the cytoplasm. In the absence of α-catenin the APC/GSK-3β
complex involved in β-catenin degradation might be saturated, allowing β-catenin to escape
the degradation mechanism to enter the nucleus and activate transcription of target genes (Fig.
6D).

The most striking finding reported here is that PC3 and PC3-α cells had similar levels of active
Src, yet the level of β-catenin associated with E-cadherin was 65% higher in PC3-α cells
compared with PC3 cells. This indicated that α-catenin protects β-catenin from Src
phosphorylation by increasing the stability of its interaction with E-cadherin (Fig. 6D), possibly
by inducing changes in the conformation of β-catenin. It has been suggested that β-catenin
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exists in two distinct conformations for binding to E-cadherin and TCF and that binding of α-
catenin to β-catenin enhances β-catenin’s affinity for E-cadherin while decreasing its affinity
to TCF (42). Future experiments are necessary to validate whether Src phosphorylation and
α-catenin binding of β-catenin alters its conformation to modulate binding to E-cadherin.

Clinical Relevance
Our study showed that loss of α-catenin might result in the activation of β-catenin signaling,
providing a proliferative advantage to prostate cancer cells. Loss or altered expression of α-
catenin exists in both prostate cancer cells and tissue samples (43,44)(41,42) and correlates
with patient survival (44-46). Since Src inhibition reduces invasion in cancers including
prostate cancer, several Src inhibitors are being tested in clinical trials for their ability to reduce
invasion and metastatic potential of cancer cells (47,48). Treatment of various colon cancer
cells with PP2 reduces in-vivo tumor formation and metastasis (49). Likewise, inhibition of
Src activity in DU145 and LNCAP cells also reduces in-vivo tumor formation and metastasis
(50,51), while in-vitro experiments with PC3 cells demonstrate decreased growth and motility
(52). Since PC3-α cells have lost their tumorigenicity (20), it is difficult to assess the effects
of α-catenin and Src inhibition in vivo. However, our results for the first time revealed that Src
inhibition, in combination with α-catenin expression, should substantially reduce β-catenin
transcriptional activity and cell proliferation. Therefore, Src inhibitors should have tremendous
clinical value in suppressing tumor growth in α-catenin expressing cancers. In addition, our
data on the increased sensitivity of PP2 in α-catenin-positive cells indicated that patients
without α-catenin expression might require higher doses of these compounds compared with
patients positive for α-catenin expression in their tumors. One of the challenges of translational
medicine is to identify patients who might respond positively to targeted therapy prior to
treatment. We propose that α-catenin could serve as a biomarker for sensitivity to Src inhibitors
in prostate and possibly other cancers. Further, due to the narrow range of options available to
prostate cancer patients with advanced disease, the α-catenin status in prostate cancer patients
would allow clinicians to better determine who might respond well to Src inhibitors and should
be validated in future clinical trials.
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Figure 1. Expression of α-catenin restores junctional complexes
A, Immunoblot analysis of total protein lysate from PC3 and PC3-α cells. Actin was used as
a loading control. B, Immunofluorescence analyses of E-cadherin and ZO-1 in PC3 and PC3-
α cells. Bar represents 15 μm. C, TEM of PC3 and PC3-α cell lines. PC3-α cells show electron
dense regions corresponding to the tight junctions (arrowhead), adherens junctions (arrow),
desmosomes (white arrowhead), and microvilli (asterisk). Bottom panel, box in low
magnification (left) highlights region shown at high power (right).
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Figure 2. Nuclear/cytoplasmic localization of β-catenin in α-catenin positive and negative PC3 cells
A, Top panel: Immunofluorescence staining of β-catenin (green) in PC3 and PC3-α cells.
Propidium iodide (red) marks the nucleus. β-catenin localized to the nucleus appears in yellow.
Bar represents 15 μm. Middle panel: Immunoblot analysis of β-catenin in detergent-soluble
(S) and insoluble (In) fractions. Bottom panel: β-catenin co-immunoprecipitating with E-
cadherin. IgG was used as a negative control. B, Top panel: Co-immunoprecipitation of α-
catenin and β-catenin from PC3, PC3-Rev, and PC3-α cells. The blots were probed with both
α- and β-catenin antibodies simultaneously. Bottom panel: Immunofluorescence staining of
α-catenin (green) in PC3, PC3-Rev and PC3-α cells. Bar represents 15 μm. C,
Immunofluorescence staining of β-catenin in PC3, and PC3-Rev cells. PC3-Rev cells show
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cytoplasmic (green) and nuclear (yellow) staining of β-catenin comparable to PC3 cells.
Propidium iodide (red) marks the nucleus. Bar represents 15 μm. D, TEM of PC3-Rev cells.
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Figure 3. α-Catenin expression decreases β-catenin/TCF/LEF transcription activity and cell
proliferation
A, Top panel: β-catenin/TCF/LEF luciferase reporter assay. Fold induction corresponds to
luciferase activity of positive TOPFLASH reporter over negative FOPFLASH reporter. Bars
represent standard error of the average of three independent experiments. Bottom panel:
Immunoblot of cyclin D1 in PC3, PC3-Rev, and PC3-α cells. B, Immunoblot of β-catenin and
cyclin D1 upon siRNA knockdown of β-catenin in PC3 cells and in PC3 cells transfected with
control siRNA. Actin was used as a loading control. Representative blot from two independent
experiments is shown. C, Growth curve of PC3, PC3-Rev, and PC3-α cells. Bars represent
standard error. Experiment was done in triplicate and repeated once. D, Top panel: Matrigel
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spheroid formation of PC3, PC3-Rev, and PC3-α cells. Inset shows cysts at a higher
magnification. Bar represents 1 mm. Bottom panel: Quantification of PC3, PC3-Rev and PC3-
α matrigel spheroids. Bar represents the standard error of the means of three independent
experiments.
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Figure 4. Exogenous expression of α-catenin reduces nuclear β-catenin levels
A, Immunblot analysis of cyclin D1 levels in α-catenin expressing PC3 cells. Actin was used
as a loading control. Blot represents two independent experiments. B, Co-immunoprecipitation
of α-catenin and β-catenin with E-cadherin. The blots were probed with anti α- and β-catenin
antibodies simultaneously. Blot represents three independent experiments. C,
Immunofluorescence staining of β-catenin (green) and α-catenin (red) in PC3 cells transiently
expressing α-catenin. Arrow highlights co-localization of β-catenin and α-catenin at the site of
cell-cell contact in α-catenin expressing PC3 cells. Asterisk marks untransfected PC3 cell with
nuclear and cytoplasmic staining of β-catenin. Bar represents 15 μm.
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Figure 5. Src regulates β-catenin localization and transcriptional activity in PC3 cells
A, β-Catenin immunoblot of immunoprecipitates of tyrosine phosphorylated proteins from
PC3 cells (upper blot) and of immunoprecipitates of E-cadherin (lower blot). Treatment with
PP2 increased the amount of β-catenin associated with E-cadherin. IgG was used as control.
Blots represent data from three independent experiments. B, Immunofluorescence staining of
β-catenin (green) of PP2 and vehicle-treated PC3 cells. Propidium iodide stains the nucleus
(red). Bar represents 15 μm. C, Src inhibition affects β-catenin mediated transcription in PC3
cells. Top Panel-β-catenin/TCF/LEF mediated transcriptional activity. Bars represent standard
error of the means of two independent experiments performed in triplicate. Bottom panel:
Immunoblot analysis of cyclin D1 levels in PC3 cells treated with either PP2 or vehicle
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(DMSO) for 48 h. Actin was used as a loading control. Blot represents two independent
experiments. D, Effect of Src inhibition on growth of PC3 and PC3-α cells. Twenty-four hours
after plating, PP2 or vehicle (DMSO) was added to the media and incubated for an additional
48 h before counting of the cells. Bars represent standard error of the means of two independent
experiments done in triplicate.
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Figure 6. α-Catenin reduces the effects of Src phosphorylation on β-catenin
A, Top panel: Immunoblot for active, phosphorylated Src (Tyr 416) of PC3 and PC3-α cells.
Immunoblot of total Src after stripping was used as a loading control. Bottom panel:
Immunoblot for α-catenin, phosphorylated (Tyr 416) and total Src of cell lysates of PC3 cells
transiently expressing α-catenin. Blot represents data from three independent experiments. B,
Top panel: Src inhibition affects E-cadherin-β-catenin association in PC3-α cells. E-cadherin
was immunoprecipitated from equal amounts of PC3-α cell protein lysate treated with either
PP2 or vehicle (DMSO). Immunoprecipitates were blotted for E-cadherin (top blot) or for
tyrosine phosphorylated β-catenin (middle blot). Blot from middle panel was reblotted for β-
catenin. IgG was used as a negative control. Blot represents data from three independent
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experiments. Bottom panel: α-catenin-β-catenin association in PC3-α cells treated with PP2.
β-catenin was immunoprecipitated from equal amounts of total PC3-α protein lysates treated
with either PP2 or vehicle (DMSO) for 24 h. Immunoprecipitates were immunoblotted for α-
catenin, stripped, and blotted for β-catenin. IgG was used as a negative control. Blot represents
data from two independent experiments. C, Dose response effect of Src inhibition on DNA
synthesis in PC3 and PC3-α cells. The 3H-thymidine incorporation in untreated PC3 and PC3-
α cells was considered as 0% inhibition. Bars represent standard error of the means of two
independent experiments done in triplicate. D, Model for α-catenin-mediated regulation of β-
catenin. In α-catenin null PC3 cells, the unstable association between E-cadherin and β-catenin
is further destabilized by phosphorylation of β-catenin by Src. Phosphorylated β-catenin
disassociates from E-cadherin and enters the cytoplasm. Build up of β-catenin within the
cytoplasm overwhelms APC/GSK-3β and enters the nucleus, leading to transcription and
increased cell proliferation. In PC3-α cells, expression of α-catenin stabilizes the association
between E-cadherin and β-catenin and reduces transfer of β-catenin into the cytoplasm/nucleus
(indicated by dashed lines). The reduction of cytoplasmic levels of β-catenin by α-catenin
reduces transcription and cell proliferation.
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