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Self-renewal of Bcr-Ablþ chronic myeloid leukemia (CML)

cells is sustained by a nuclear activated serine/threonine-

(S/T) unphosphorylated b-catenin. Although b-catenin can

be tyrosine (Y)-phosphorylated, the occurrence and biolo-

gical relevance of this covalent modification in Bcr-Abl-

associated leukemogenesis is unknown. Here we show

that Bcr-Abl levels control the degree of b-catenin protein

stabilization by affecting its Y/S/T-phospho content in

CML cells. Bcr-Abl physically interacts with b-catenin,

and its oncogenic tyrosine kinase activity is required to

phosphorylate b-catenin at Y86 and Y654 residues. This

Y-phospho b-catenin binds to the TCF4 transcription factor,

thus representing a transcriptionally active pool. Imatinib,

a Bcr-Abl antagonist, impairs the b-catenin/TCF-related

transcription causing a rapid cytosolic retention of

Y-unphosphorylated b-catenin, which presents an in-

creased binding affinity for the Axin/GSK3b complex.

Although Bcr-Abl does not affect GSK3b autophosphoryla-

tion, it prevents, through its effect on b-catenin Y phos-

phorylation, Axin/GSK3b binding to b-catenin and its

subsequent S/T phosphorylation. Silencing of b-catenin

by small interfering RNA inhibited proliferation and clo-

nogenicity of Bcr-Ablþ CML cells, in synergism with

Imatinib. These findings indicate the Bcr-Abl triggered Y

phosphorylation of b-catenin as a new mechanism respon-

sible for its protein stabilization and nuclear signalling

activation in CML.
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Introduction

The WNT/b-catenin signalling promotes stem cell renewal by

coordinating changes in gene expression and cell adhesion

(Reya and Clevers, 2005). The key player in this network is

b-catenin, which acts as a nuclear coactivator of the TCF/LEF

(T-cell factor/lymphoid enhancer factor) transcription factors

or as a structural adaptor protein at cell adherens junctions

(Nelson and Nusse, 2004; Harris and Peifer, 2005).

WNT factors are cysteine-rich lipid-modified proteins that

bind to several Frizzled (FZD) receptors. Under physiological

conditions, WNT proteins accumulate b-catenin by inhibiting

its glycogen synthase kinase 3 (GSK3)-dependent serine/

threonine (S/T) phosphorylation on specific N-terminal re-

sidues. As GSK3 targets b-catenin for ubiquitination and

proteasome degradation (Klymkowsky, 2005), detection of a

nuclear S/T-nonphospho b-catenin is a hallmark of its tran-

scriptional activation. Expression of b-catenin/TCF-induced

cell cycle regulators (such as c-Myc and cyclin D1) is crucial

for maintaining cell homeostasis in normal proliferating

tissues, such as colon and skin (Pinto and Clevers, 2005).

The WNT/b-catenin cascade has also pivotal roles in the self-

renewal of hematopoietic stem cells (HSC), as a forced

expression of a nondegradable b-catenin (S33-mutant) is

sufficient to perpetuate themselves in vitro and sustain

bone marrow reconstitution in vivo (Reya et al, 2003).

Whereas the loss of WNT responsiveness allows multilineage

differentiation of HSC (Baba et al, 2005), this link appears

uncoupled in several human malignancies as a result of an

increased b-catenin expression and protein stabilization in

committed myeloid and lymphoid progenitors (Staal and

Clevers, 2005).

Chronic myeloid leukemia (CML) begins as an indolent

disease when an HSC expresses the oncogenic tyrosine kinase

Bcr-Abl, which confers a proliferative advantage to its pro-

geny. At this phase, Bcr-Abl does not interfere with HSC

differentiation, and its levels decrease in committed progeni-

tors (Daley, 2004; Huntly et al, 2004). An Abl kinase-selective

inhibitor, imatinib mesylate (CGP57148B, STI571, and

Gleevec/Glivec), represents the treatment of choice for CML

inducing remissions in most CML patients in chronic phase

(CP) (Goldman and Melo, 2003; Deininger et al, 2005).

However, mutations in the catalytic site of Bcr-Abl or bcr-

abl gene amplification (le Coutre et al, 2000; Krause and Van

Etten, 2005) can select imatinib-resistant clones during CML

progression. Blast crisis (BC) represents the terminal out-

come of CML and was recently correlated with the expansion

of committed granulocyte–macrophage precursors with per-

sistence of high Bcr-Abl mRNA levels and accumulation of a

nuclear S/T-nonphospho b-catenin (Jamieson et al, 2004).

In this report, we investigated the molecular causes under-

lying b-catenin deregulation in CML and identified Bcr-Abl-

mediated Y phosphorylation of b-catenin as a cause for

its increased protein stability and transcriptional signalling

activity.
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Results

GSK3 inhibition promotes proliferation and nuclear

accumulation of a Y-phospho b-catenin in Bcr-Ablþ

BC-CML cells

Nuclear accumulation of b-catenin is a hallmark of WNT

signalling activation. We tested whether Bcr-Ablþ CML cells

could contain an intact WNT/GSK3 pathway by using SB-

216763, a GSK3 inhibitor, which promotes b-catenin stabili-

zation. Proliferation of a Bcr-Ablþ BC cell line (Ku812) and of

fresh BMMC isolated from a BC-CML patient was increased

by SB-216763 (Figure 1A), correlating with an impaired Y216

autophosphorylation of GSK3b (Cole et al, 2004) (Figure 1B,

a p-Y GSK3b, b,d versus a,c). These data indicated the

integrity of an APC/Axin/GSK3 pathway, suggesting that

the rate of stabilized b-catenin was suboptimal in these Bcr-

Ablþ cells or still exogenously inducible.

To verify the effect of SB-216763 on GSK3-mediated phos-

phorylation, b-catenin was probed with an antibody against

its N-terminal S/T-phospho residues (Ser33, Ser37 and Thr41)

(a p-S/T). We also used an antibody specific for b-catenin

that is not phosphorylated on Ser33 and Ser37 (a nonp-S/T)

and a pan C-terminal antibody (a C-term) that does not

distinguish between phosphorylated and dephosphorylated

b-catenin (Figure 1C). SB-216763 enhanced b-catenin accu-

mulation in fresh BC cells (a C-term, b compared to a),

increasing its S/T-nonphospho levels (a nonp-S/T, d versus

c). Consistent with GSK3 kinase inhibition, the S/T-phospho

pool of b-catenin was reduced by SB-216763 (a p-S/T, f

compared to e). Figure 1D shows that the proliferative effect

of SB-216763 correlated with increased nuclear and cytoplas-

mic levels of b-catenin (a b-cat, b,d versus a,c), further

identified as transcriptionally active (a nonp-S/T, b,d versus

a,c). b-Catenin could also be immunoprecipitated in a

Y-phospho form from enriched nuclear and cytosolic Ku812

extracts (Figure 1E) (a p-Y b-cat, a and c), and the SB-216763

released b-catenin was highly phosphorylated on tyrosine

residue(s) (a p-Y b-cat, b,d versus a,c). Interestingly,

Y-phospho b-catenin was associated with the nuclear tran-

scription factor TCF4 (Figure 1E and F, a TCF4, b versus a)

and, to a lesser extent, to Axin in the cytosol (Figure 1E, a
Axin, d versus c). As Axin was never immunoprecipitated

using an antiphosphotyrosine antibody (Figure 1F, a Axin),

as instead observed for b-catenin or TCF4, the Y-phospho

b-catenin could be considered a true Axin-uncomplexed

fraction in Bcr-Ablþ CML cells either in the presence or in

absence of a WNT signal.

b-Catenin accumulates in CML as a Y-phosphoprotein

coupled to Bcr-Abl

Our initial evidence that b-catenin accumulation might cor-

relate with Bcr-Abl protein levels derived from an analysis of

Bcr-Abl and b-catenin expression in BMMC from four CML

Figure 1 SB-216763 promotes nuclear accumulation of Y-phospho b-catenin and BC-CML cell growth. (A) Proliferation of Ku812 and fresh BC
cells treated with the indicated doses (mM) of SB-216763 for 24 h. Errors bars indicate s.d. of triplicate experiments. (B) GSK3b (IP: aGSK3b)
was immunoprecipitated from Ku812 (a and b) and BC (c and d) cells treated with DMSO (�) or 5mM SB-216763 (þ ) for 2 h and
immunoblotted with an anti-GSK3b antibody or an antibody against its phospho-Y216 residue. b-Catenin was also shown. (C) Upon 8 h of
treatment with 5mM SB-216763, whole lysates from BC cells were analyzed for total b-catenin levels with a C-terminal antibody (C-Term).
b-Catenin was also probed with two antibodies recognizing its specific S/T-unphospho- (nonp-S/T) or phosphorylated (p-S/T) form. Total
b-actin levels were indicated as a loading control. (D) Nuclear (N) and cytosolic (C) extracts from Ku812 cells cultured with DMSO (�) or 5 mM
SB-216763 (þ ) for 8 h were analyzed with antibodies against b-catenin, its specific S/T-nonphospho form (nonp-S/T), nuclear Lamin B and
cytoplasmic IkBa. (E, F) Nuclear (N) and cytosolic (C) extracts of Ku812 cells treated as described above were immunoprecipitated with an anti-
b-catenin (IP: a b-cat, E) or an anti-phosphotyrosine (IP: a p-Y, F) antibody and then immunoblotted as indicated (HC¼heavy chain of IgG
antibody used for immunoprecipitation).
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patients in CP and six in BC. Figure 2A presents the results

obtained in a representative BC patient and in the CP patient

with the highest Bcr-Abl expression, the other CP patients

being negative for Bcr-Abl in total cell lysates. Equal numbers

of cell (5�105) were analyzed. As an expected feature of CML

progression (Barnes et al, 2005), higher expression of Bcr-Abl

(a Bcr-Abl) in BC-CML (lanes e and f) and Ku812 (lanes g and

h) cells compared to CP-CML (lanes c and d) was detected

and correlated with higher levels of total (a b-cat) and

transcriptionally active (a nonp-S/T b-cat) b-catenin.

Whereas b-catenin accumulation in BC cells could be

accounted for by restored mRNA transcription (Jamieson

et al, 2004), we observed that imatinib reduced the active

S/T-nonphospho pool of b-catenin, pointing to a

Bcr-Abl-mediated b-catenin stabilization and transcriptional

activation.

As b-catenin can interact directly with oncogenic tyrosine

kinases such as c-MET (Hiscox and Jiang, 1999), RON

(Danilkovitch-Miagkova et al, 2001) and c-erbB-2 (Kanai

et al, 1995), we investigated a potential association of Bcr-

Abl with b-catenin (Figure 2B) in Ku812 (b) and BC-CML

(lanes c–h) cells. The CRC Ls174T cells (a), which contain

high b-catenin levels, were included as negative controls for

Bcr-Abl expression. Cells were immunoprecipitated with

an anti-b-catenin antibody (IP: a b-cat). Bcr-Abl (a Bcr-Abl)

co-precipitated with b-catenin (a b-cat), which was Y phos-

phorylated (a p-Y b-cat). As shown in Figure 2C, total lysates

from Ku812 and fresh BC-CML (BC) cells treated with

dimethyl sulfoxide (DMSO) (�) or imatinib (þ ) were also

immunoprecipitated with an anti-Abl antibody (IP: a Abl).

b-Catenin was detected in the anti-Abl immunoprecipitates

and imatinib prevented both Bcr-Abl (a p-Y Bcr-Abl) and

b-catenin Y activation (a p-Y b-cat), decreasing their physical

interaction (a b-cat, a,c versus b,d). The finding that an S/T-

nonphospho b-catenin is coupled to Bcr-Abl (a nonp-S/T, a

and c) suggests that Bcr-Abl recruits a signalling competent

pool of b-catenin. In Figure 2D, we performed reciprocal

anti-b-catenin immunoprecipitates (IP: a b-cat). Whereas a

Figure 2 b-Catenin is coupled to Bcr-Abl and accumulates in a Y-phosphoform in CML. (A) A representative sample of normal (donor) or
CML-BMMC isolated from a CP-CML (CP) or BC-CML (BC) patient was compared to Ku812 cells. Total cell lysates (71mM Imatinib for 2 h)
were immunoblotted with the indicated antibodies. (B) Ls174T (a), Ku812 (b) and fresh BC-CML (c–h) cells were immunoprecipitated with an
anti-b-catenin antibody (IP: a b-cat). Immunocomplexes were analyzed by SDS–PAGE for Bcr-Abl and b-catenin. The same blot was stripped
and analyzed for Y-phospho b-catenin (p-Y b-cat). (C) Anti-Abl immunoprecipitates (IP: a Abl) from Ku812 (a and b) and BC-CML (c and d)
cells treated with DMSO (�) or 1mM Imatinib (þ ) for 2 h were analyzed for Bcr-Abl and b-catenin levels. The same blot was reprobed by using
an anti-phosphotyrosine antibody indicating two proteins of 210 kDa (p-Y Bcr-Abl) and 97 kDa (p-Y b-cat) and with a nonphospho-S/T
b-catenin antibody (nonp-S/T b-cat). (D) Ku812 (a and b) and BC-CML (c and d) lysates were immunoprecipitated with an anti-b-catenin
antibody (IP: a b-cat) and probed with the indicated antibodies.
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comparable amount of b-catenin was detected in all samples

(a b-cat), the co-precipitation of Bcr-Abl and b-catenin was

impaired in cells treated with imatinib (a Bcr-Abl, b,d com-

pared to a,c) as well as Y phosphorylation of b-catenin (a p-Y

b-cat, b,d versus a,c) and its nonphospho-S/T levels (a nonp-

S/T, b,d versus a,c).

These data show a functional link between the increased

expression of Bcr-Abl and the accumulation of a nuclear

Y-phospho b-catenin in the BC phase of CML.

Bcr-Abl kinase activity is required to trigger Y

phosphorylation of b-catenin

b-Catenin is a target for several members of the Src family

tyrosine kinase (Piedra et al, 2001; Coluccia et al, 2006),

which are known to contribute to Bcr-Ablþ leukemogenesis

(Tipping et al, 2004). Therefore, b-catenin might be phos-

phorylated by either Bcr-Abl itself and/or its proximal Src

effectors in human CML cells.

A search for Src kinase inhibitors not active against Bcr-

Abl identified SU6656 (IC50 of 20 nM for c-Src). In Figure 3A,

Ku812 cells treated with DMSO (a), 1 mM SKI-606 (b), 1 mM

imatinib (c) or 5 mM SU6656 (d) were immunoprecipitated

with an anti-Abl antibody (IP: a Abl). Whereas SKI-606 and

imatinib inhibited Bcr-Abl (a p-Y Bcr-Abl, b and c) and Src (a
p-Y Src, b and c) Y phosphorylation, SU6656 selectively

reduced the activation of Src kinases bound to Bcr-Abl (a
p-Y Src, d) without affecting Bcr-Abl autoactivation (a p-Y

Bcr-Abl, d). The ability of SKI-606, imatinib or SU6656 kinase

inhibitors to prevent b-catenin Y phosphorylation was also

analyzed by immunoprecipitating Ku812 cells with a C-term-

inal b-catenin antibody (Figure 3B). b-Catenin Y activation

observed in the untreated control (a pY b-cat, a) was inhib-

ited by SKI-606 (b), a dual Src/Abl inhibitor, or Imatinib (c),

a specific Abl antagonist, whereas SU6656 (d), a Src family

kinase inhibitor, had a minor effect. Interestingly, SU6656

was unable to disrupt the Bcr-Abl/b-catenin association, as

instead observed for SKI-606 and Imatinib (a Bcr-Abl, d

versus c and b). Imatinib reduced the levels of Y-phospho

Src associated with Bcr-Abl to a greater extent than

SU6656, suggesting a downstream effect of Bcr-Abl on c-Src

activation.

To confirm these data further, we targeted Src expression

by using a mixture of four selected double-stranded small

interfering RNA (siRNA) directed against Src. As shown in

Figure 3C, this procedure inhibited 80% of Src associated

with Bcr-Abl (a Src, c versus b). Although the autoactivation

of Bcr-Abl (a p-Y Bcr-Abl, c) appeared slightly decreased by

silencing of Src, this did not inhibit the binding of Bcr-Abl to

b-catenin and its Y phosphorylation (Figure 3D).

These findings cannot exclude the contribution of other

Src-related kinases, which can immunoprecipitate with the

Bcr-Abl/b-catenin complex, but they indicate that an active

Bcr-Abl tyrosine kinase is required to trigger Y phosphoryla-

tion of b-catenin in CML cells. They also indicate that Src

phosphorylation in CML cells is dependent on Bcr-Abl kinase

activity, but not vice versa.

Bcr-Abl phosphorylates b-catenin at Y86 and Y654 and

promotes its protein stabilization

Tyrosine residues of b-catenin that can be phosphorylated by

Src kinases were identified as Y86, Y142 and Y654 (Roura

et al, 1999; Piedra et al, 2003). To validate the effects of Bcr-

Abl on b-catenin Y phosphorylation and stability, human

embryonic kidney (HEK293) T cells were transiently cotrans-

Figure 3 Tyrosine kinase activity of Bcr-Abl is required to trigger b-catenin Y phosphorylation in BC-CML cells. (A) Ku812 cells were treated
with DMSO (a), SKI-606 (b), Imatinib (c) or SU6656 (d) for 2 h and then immunoprecipitated with an anti-Abl antibody (IP: a Abl). Protein
levels and Y phosphorylation of Bcr-Abl (p-Y Bcr-Abl) were analyzed by immunoblotting. Activation of c-Src was also probed by using a
specific anti-phospho-Y418 antibody (p-Y Src). (B) Anti-b-catenin immunoprecipitates (IP: a b-cat) from Ku812 cells treated with DMSO (a),
SKI-606 (b), Imatinib (c) or SU6656 (d) for 2 h were immunoblotted with the indicated antibodies. (C) Ku812 cells were transiently transfected
with siRNAs for c-Src (c), a control siRNAs pool (b) or oligofectine alone (a). After 48 h, cells were immunoprecipitated with an anti-Abl
antibody (IP: a Abl) and analyzed for c-Src content and Y-phospho-Bcr-Abl (p-Y Bcr-Abl). Levels of Bcr-Abl were shown as loading control for
the immunoprecipitation. (D) Lysates obtained from Ku812 described were immunoprecipitated with an anti-b-catenin antibody (IP: a b-cat)
and probed with the indicated antibodies.
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fected with Bcr-Abl and histidine (His)-tagged plasmids

encoding for wild-type (WT) b-catenin or its specific Y-to-F

mutants Y86F, Y142F, Y654F and the double-mutant Y86F-

Y654F (Figure 4A). Analysis of anti-His immunoprecipitates

(IP: a His) confirmed the Bcr-Abl/b-catenin association also

in these cells (a Bcr-Abl, b–f) and showed that b-catenin was

differently modified on its Y/S/T residues in the presence of

the oncogene. In fact, the exogenous WT b-catenin resulted

phosphorylated on S/T (a p-S/T b-cat: a), but not on

Y-residues (a p-Y b-cat: a) when transfected alone. The

coexpression of the Bcr-Abl (a Bcr-Abl, b–f) prevented the

S/T phosphorylation of b-catenin (a p-S/T b-cat: b) by

triggering its Y-modification (a p-Y b-cat: b). Both Y86F

(a p-Y b-cat: c) and Y654F (a pY b-cat: e) mutants were less

Y phosphorylated (approximately 50%) in presence of Bcr-

Abl than the Y142F (a p-Y b-cat: d) or WT b-catenin (a p-Y

b-cat: b), whereas the Y phosphorylation of the double-

mutant Y86F-Y654F (a p-Y b-cat: f) was completely inhibited.

Interestingly, a lower degree of S/T phosphorylation of the

Y654F mutant compared to Y86F (a p-S/T b-cat: e versus c)

correlated with a decreased amount of Axin detectable in

Y654F-immunoprecipitates (a Axin: e compared to c),

indicating that the Bcr-Abl-mediated phosphorylation of

b-catenin Y86 could be more efficient than Y654 in im-

pairing its binding affinity to Axin.

The ability of recombinant Abl (rAbl) kinase to Y phos-

phorylate purified GST-b-catenin fusion proteins in vitro

indicated that b-catenin is a direct substrate of Abl

(Figure 4B).

As shown in Figure 4C, expression of Bcr-Abl (a Bcr-Abl,

b–f and lane h) in HEK293T cells increased the total protein

levels of either endogenous (a b-cat: h versus g) or ectopically

induced WT b-catenin (a b-cat, b versus a). Also, different

total levels of Y-to-F b-catenin mutants (a b-cat, c–f) corre-

lated proportionately to their degree of Y phosphorylation (a
p-Y b-cat: c–f). These effects were not accompanied by

changes in GSK3b Y216 phosphorylation, as also detected

in empty vector (�)-transfected sample (a p-Y GSK3b, a–h).

The effect of Bcr-Abl on b-catenin protein turnover

was analyzed by performing a pulse-chase analysis of

Bcr-Ablþ CML cells cultured with or without Imatinib.

Autoradiography of anti-b-catenin immunoprecipitates pre-

pared at different times during a chase showed that the

estimated half-life of b-catenin was decreased from 3.1 to

1.5 h in the presence of Imatinib compared with untreated

cells (Figure 4D).

In conclusion, these data indicate that the delayed degra-

dation of b-catenin correlated with its Bcr-Abl-mediated Y

phosphorylation on Y86 and Y654. This evidence further

supports a causal role for Bcr-Abl in promoting b-catenin

stabilization without affecting GSK3b autophosphorylation.

Tyrosine-phosphorylated b-catenin does not interact

with the Axin/GSK3b complex

Total b-catenin levels are tightly regulated by a regulatory

multi-protein complex involving Axin, APC and GSK3 (Harris

and Peifer, 2005; Klymkowsky, 2005). In Figure 5A, APC (a
APC, b) and Axin (a Axin, b) were immunoprecipitated with

b-catenin (IP: a b-cat) from BC-CML patient cells. Although

Imanitib did not change the amount of APC coupled to

b-catenin (a APC, c versus b), it significantly increased

b-catenin/Axin association (a Axin, c compared to b) and

binding of b-catenin to the Y-activated GSK3b kinase (a p-Y

GSK3b, c versus b). By analyzing reciprocal anti-Axin

immunoprecipitates obtained from the same BC-CML

sample (Figure 5B, IP: a Axin), we observed that the amount

Figure 4 Bcr-Abl promotes b-catenin Y86-Y654 phosphorylation and stability. (A) HEK293T cells were transiently transfected with Bcr-Abl
(b and h) or an empty vector (g). A histidine (His)-tagged plasmid encoding for WT b-catenin (A) and its tyrosine-to-phenylalanine (Y-to-F)
mutants Y86F (c), Y142F (d), Y654F (e) and Y86F-Y654F (f) were coexpressed with Bcr-Abl (c–f). After 48 h, transfected cells were
immunoprecipitated with an anti-His antibody (IP: a His) and blotted for Bcr-Abl, Axin and b-catenin. The same blot was stripped and
assessed for Y-phospho b-catenin (p-Y-b-cat). Levels of phospho-S/T b-catenin (p-S/T b-cat) are also shown. (B) GST-purified WT b-catenin
(A,B) and the indicated Y-to-F fusion proteins Y86F (C), Y654F (D) and Y86F-Y654F (E) were phosphorylated by recombinant Abl kinase
in vitro. Samples were analyzed by immunoblotting with the indicated antibodies. (C) Total lysates from cells transfected as described in (A)
were blotted as indicated. (D) Ku812 cells were labeled with [35S]methionine for 1 h and then chased with nonradioactive medium without or
with Imatinib for the indicated time points. Cells were then lysed and immunoprecipitated for b-catenin (IP: a b-cat). The results were analyzed
by densitometry and expressed as a percentage of the intensity value at time 0.
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of b-catenin captured by Axin was higher (a b-cat, b versus a)

in the presence of Imatinib, justifying the increases on its S/T

phosphorylation levels (a p-S/T b-cat, b versus a). A similar

analysis was carried out in Ku812 cells (Figure 5C and D)

obtaining comparable results. In addition, as Imatinib did not

alter the Axin/GSK3b interaction (Figure 5C and D, a GSK3b,

b versus a), these findings indicate that the Bcr-Abl-induced

Y-phospho pool of b-catenin has a reduced binding affinity to

Axin. In this view (Figure 5E), Ku812 cells were cultured in

the absence (�) or presence (þ ) of Imatinib and then

immunoprecipitated with either an anti-b-catenin (IP: a
b-cat, a and b) or an anti-Axin antibody (IP: a Axin, c and

d). After removal of Axin-immunocomplexes from total cell

lysates, the supernatants were further immunoprecipitated by

using an anti-phosphotyrosine antibody (IP: a supPY, e and

f). The immunoprecipitation with an anti-Axin antibody

showed that the b-catenin/Axin interaction was enhanced

upon Imatinib treatment (a Axin: d versus c). Interestingly,

the analysis of the Axin-coupled and Axin-uncoupled frac-

tions for b-catenin (a b-cat, c–f) revealed that Y-phospho

b-catenin could be immunoprecipitated only from the Axin-

free cell lysate supernatants (a p-Y-b-cat: e versus c).

In conclusion, these data indicate that Bcr-Abl-induced Y

phosphorylation of b-catenin could sterically modify the

protein, preventing its recruitment by the Axin/GSK3b.

Effect of Bcr-Abl kinase inhibition on b-catenin cellular

distribution and nuclear signalling

We tested if the b-catenin/TCF signalling could be impaired

by inhibition of Bcr-Abl kinase activity (Figure 6A). In Ku812

cells treated for 2 h with DMSO or Imatinib, b-catenin protein

levels were unchanged (a b-cat: a versus b). Cleavage pro-

ducts of b-catenin became detectable after 16 h of exposure

to Imatinib (a Db-cat: c), whereas total levels of Bcr-Abl (a
Bcr-Abl), Axin (a Axin) and TCF4 (a TCF4) were unaffected.

Imatinib-induced b-catenin cleavage was associated with

reduced levels of pro-caspase-3 (a pro-caspase-3) and

Figure 5 Tyrosine-phosphorylated b-catenin does not bind Axin. (A) BC cells (5�106) treated with DMSO (b) or 1 mM Imatinib (c) for 2 h were
immunoprecipitated for b-catenin (IP: a b-cat). A lysate from 5�106 BC cells not immunoprecipitated was also prepared (a). The protein
lysates were immunoblotted with the indicated antibodies. (B) BC cells (5�106) cultured with DMSO (�) or 1mM Imatinib (þ ) for 2 h were
immunoprecipitated with an anti-Axin antibody (IP: a Axin) and immunoblotted with the indicated antibodies. (C, D) Ku812 cells incubated
with DMSO (�) or 1mM Imatinib (þ ) for 2 h were immunoprecipitated for b-catenin (IP: a b-cat, C) or Axin (IP: a Axin, D) and immunoblotted
with the indicated antibodies. (E) Ku812 cells cultured with DMSO (�) or 1 mM Imatinib (þ ) for 2 h were immunoprecipitated with an anti-b-
catenin (IP: a b-cat) (a and b) or an anti-Axin antibody (IP: a Axin) (c and d). After removal of Axin immunocomplexes from cell lysates, Y
phosphorylated proteins were immunoprecipitated by anti-phosphotyrosine antibody (IP: a sup-PY) and analyzed in Western blot for Axin and
b-catenin. The same blot was stripped and assessed for Y phosphorylation of b-catenin (p-Y b-cat) with an antiphosphotyrosine antibody.
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blocked by the irreversible caspase-3 inhibitor Z-DEVD-fmk

(a Db-cat: e compared to c).

Luciferase activity of a b-catenin-responsive TOPflash plas-

mid decreased rapidly in response to Imatinib, whereas the

activity of the control FOPflash remained constant (Figure 6B).

Treatment of cells with Z-DEVD-fmk alone had no effect on

b-catenin-related transcription and, interestingly, the Z-DEVD-

fmk maintained integrity of b-catenin (Figure 6A: a b-cat: e

versus c) and did not impair the decrease in the TOPflash

reporter activity induced by Imatinib.

The rapidity of the loss of b-catenin nuclear signalling

suggested a mechanism different from b-catenin proteolysis.

Thus, in Figure 6C, we analyzed nuclear (N) and cytosolic (C)

extracts from Ku812 cells treated with DMSO (a,d) and

Imatinib for 2 h (b,e) or 16 h (c,f) showing that Imatinib

promoted a rapid cytosolic retention of b-catenin (a b-cat: e

versus b), which was Y-dephosphorylated (Figure 6D: a p-Y

b-cat: e versus b). The nuclear interaction of Y-phospho

b-catenin, TCF4 and Bcr-Abl (a TCF4 and a Bcr-Abl b versus

a) was inhibited by Imatinib, which also promoted a cytosolic

Axin/b-catenin binding (a Axin: e compared to d). The

presence of Bcr-Abl was also confirmed in anti-TCF4 immuno-

precipitates (Figure 7A): this complex was disrupted by

Imatinib but not by SU6656.

b-Catenin downregulation synergizes with Imatinib in

reducing Bcr-Ablþ cell proliferation and clonogenicity

To validate the biological role of b-catenin in Bcr-Ablþ

leukemogenesis, we tested if siRNA-reduced b-catenin levels

could affect the expression of cyclin D1, a crucial mediator of

Bcr-Abl activity (de Groot et al, 2000) (Figure 7B). Whereas a

scrambled siCTR oligo had no effect on b-catenin (a b-cat, b),

a substantial downregulation was observed at 250 nM sib-cat

(a b-cat, e) correlating with lower cyclin D1 levels (a cyclin

D1). In Figure 7C, sib-cat alone decreased Ku812 proliferation

by 40% compared with siCTR. The combined use of Imatinib

and sib-cat further inhibited cell growth with a reduction of

IC50 value for Imatinib from 0.3 to 0.1 mM. Although survival

of Ku812 cells was not apparently affected by sib-cat,

b-catenin downregulation increased the apoptogenic effect

of Imatinib (Figure 7D). Similar results were observed upon

expression of a dominant-negative TCF4 (dnTCF4), used to

test a more specific inhibition of b-catenin/TCF signalling. We

also observed a synergistic effects of Imatinib and sib-cat in

reducing CML clonogenicity, which was also decreased by

dnTCF4 (Figure 7E). To further corroborate these data, we

measured b-catenin/TCF-dependent transcription with a

TOP/FOPflash reporter assay (Figure 7F). Luciferase induc-

tion was reduced by expression of sib-cat and, to a greater

extent, when sib-cat and Imatinib were combined, likely

reflecting a suboptimal b-catenin downregulation (Figure7B,

a b-cat, e). The inhibition of TOPflash activity caused by

dnTCF4 was comparable to that obtained with Imatinib

alone, and the combination of the two treatments did not

exert any synergism, thus excluding more downstream effects

of Imatinib.

In conclusion, targeting of b-catenin interferes with trans-

forming ability of Bcr-Abl and enhances CML sensibility to

Imatinib.

Discussion

The relevance of regulating b-catenin protein stability is

supported by the mutations of APC and Axin genes as well

Figure 6 Imatinib reduces nuclear levels of Y-phospho b-catenin by impairing its TCF4-related transcription. (A) Ku812 cells were treated with
DMSO (a) or with 1 mM Imatinib for 2 h (b) or 16 h (c), respectively. Cells were also incubated with 20 mM caspase-3 inhibitor Z-DEVD-fmk
alone (d) or with 1mM Imatinib (e) for 16 h. Total cell lysates were then immunoblotted as indicated. (B) TOP and FOP-flash plasmids were
transfected into Ku812 cells. After 24 h of transfection, cells were treated for an additional 24 h and processed for determining the luciferase
gene-reporter activity. Data indicate the meanþ s.d. of three independent experiments. (C) Ku812 cells were treated with DMSO (a and d) or
Imatinib for 2 h (b and e) or 16 h (c and f). Nuclear (N) and cytosolic (C) cell extracts were then prepared and probed as indicated. (D) Nuclear
(N) and cytosolic (C) fractions described in (C) were also immunoprecipitated for b-catenin (IP: a b-cat) and then subjected to immunoblotting
with the indicated antibodies.
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as of GSK3 phosphorylation sites of b-catenin in many human

malignancies (Kikuchi, 2003; Staal and Clevers, 2005). In this

report, we show that Bcr-Ablþ CML cells contain a S/T-

phospho pool of b-catenin that can be reduced by using a

GSK3 inhibitor (SB-216763). This implies that an intact APC/

Axin/GSK3-destruction complex retains the ability to recruit

and promote b-catenin degradation in Bcr-Ablþ CML, ren-

dering therefore unlikely the b-catenin activating mutations

identified in many solid human cancers (Kikuchi, 2003).

Evidence was also provided that Bcr-Abl-mediated Y phos-

phorylation of b-catenin impairs its association with Axin and

promotes its nuclear translocation and TCF4 binding. The

WNT-activated Frizzled-LRP5/LRP6 receptors were shown to

provide additional mechanisms by which Axin can be seized

from cytosolic b-catenin thereby blocking its proteasome

degradation (Davidson et al, 2005; Zeng et al, 2005). As a

GSK3-mediated S/T phosphorylation of LRP5/6 is required

for subsequent binding of Axin (Zeng et al, 2005), we

observed that SB-216763 could slightly increase the cytosolic

amount of Axin. Nevertheless, the finding that b-catenin/

Axin interaction was rather impaired in SB-216763-treated

cells, presumably because of the enhanced Y-phospho pool of

b-catenin, point to a dominant role of Bcr-Abl in causing

b-catenin protein stabilization and transcriptional activation.

To our knowledge, these data represent the first evidence that

b-catenin is coupled to the TCF4 transcription factor in a

constitutively Y phosphorylated form in Bcr-Ablþ CML cells.

A physical interaction between Y-phospho b-catenin and Bcr-

Abl was shown by their reciprocal co-immunoprecipitation in

leukemic cells as well as by the ability of purified recombi-

nant Abl kinase to Y phosphorylate b-catenin in vitro. Ress

and Moelling (2005) recently reported that Bcr-Abl was not

Figure 7 b-Catenin downregulation cooperates with Imatinib in reducing Bcr-Ablþ BC-CML cell growth and clonogenicity. (A) Ku812 cells
were treated with DMSO (�) or 1 mM Imatinib (þ ) for 16 h. TCF4 and b-catenin were immunoprecipitated using an anti-TCF4 antibody (IP: a
TCF4). b-Catenin and Bcr-Abl protein levels were analyzed by immunoblotting. The blot was reprobed to assess TCF4 protein content.
(B) Ku812 cells were transfected with 50 (c), 150 (d) or 250 nM (e) of siRNA for b-catenin, 250 nM of a control siRNA (b) or carrier alone (a).
Total lysates prepared 48 h after transfection were analyzed for b-catenin and cyclin D1 expression. The amounts of b-actin were reported as
loading control. (C) Proliferation assay of Ku812 cells transfected with a control siRNA (siCTR) or b-catenin siRNA (sib-cat) for 24 h and then
cultured in the presence of decreasing concentrations of Imatinib for an additional 24 h. A labeling with [3H]thymidine was carried out for the
last 8 h. (D) Quantitative analysis of apoptosis in Ku812 cells transfected with siCTR or sib-cat for 24 h and then cultured in the absence or
presence of 1mM Imatinib for additional 24 h was performed by flow cytometry. Values represent the mean7s.d. of three independent
experiments (*Po0.003 for sibcat and o0.05 for dn-TCF4). (E) Ku812 cells were cotransfected with a pEGFP plasmid and siCTR, sib-cat or a
dominant-negative TCF4 construct (dn-TCF4). Total 1000 GFPþ sorted cells by FACS analysis were transferred to 0.5% soft agar in the absence
or presence of 1 mM Imatinib. Colonies were scored on an inverted Leica microscope on day 15. (F) Ku812 cells were transfected with either
siCTR, sib-cat or dn-TCF4. After 24 h, cells were cotransfected with TOP-flash or FOP-flash plasmid and cultured in the absence or presence of
Imatinib for an additional 24 h when luciferase reporter activity was determined. Data represent the mean7s.d. of three independent
experiments.
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immunoprecipitated from CML cells by using a different

b-catenin C-terminal antibody . As we also failed to reproduce

our results by using this antibody, its epitope on b-catenin

(residues 680–781) could contain the binding site to Abl.

A site-directed mutagenesis of b-catenin at Y86 and Y654

was sufficient to prevent the Bcr-Abl-mediated accumulation

of b-catenin in HEK293T cells as well as the Y phosphoryla-

tion of purified GST-b-catenin by rAbl in vitro. These findings

identified these two Y-residues as targets of Bcr-Abl. The

weak inhibitory effect of SU6656, a pan Src family kinase

inhibitor, on b-catenin Y phosphorylation cannot exclude a

minor contribution of other Src-related kinases, which are

also activated by Bcr-Abl in CML cells (Wilson et al, 2002).

However, Src-mediated phosphorylation seems to be dispen-

sable, as the b-catenin/TCF4 binding was not affected by

SU6656. The notion that Y86 and Y654 are located respec-

tively within the N- and C-terminal transcriptional domains

of b-catenin suggests that one or both residues might regulate

the transactivating function of b-catenin. In this regard,

phosphorylation of Y654 was reported to strengthen b-cate-

nin association with the basal transcription factor TATA-

binding protein (TBP) (Hecht et al, 1999; Piedra et al, 2001).

Inhibition of b-catenin Y phosphorylation by Imatinib

rapidly increased b-catenin protein turnover and its binding

affinity to the APC/Axin/GSK3 degradation machinery in

CML cells. A lower degree of S/T phosphorylation of the

Y654F mutant compared to Y86F in HEK293T cells correlated

with a reduced amount of Axin detectable in Y654F-immu-

noprecipitates, thus suggesting that the Bcr-Abl-mediated

phosphorylation of Y86 could induce a conformational

change of b-catenin impairing its binding to Axin.

Although cleavage of b-catenin occurred in apoptotic CML

cells treated with Imatinib for 16 h, the rapidity of the loss

of TOPflash transcription induced by Imatinib upon 2 h

suggested a mechanism different from b-catenin proteolysis.

We observed that Imatinib caused a rapid nuclear to cytosolic

shift of b-catenin, with decrease in Y-phospho b-catenin, thus

indicating that Bcr-Abl could control both b-catenin nuclear

import/export and its cytoplasmic degradation. In this regard,

many cytosolic factors such as E-cadherins (Roura et al, 1999;

Coluccia et al, 2006), MUC1 (Huang et al, 2005) or ICAT

(Gottardi and Gumbiner, 2004) can recruit b-catenin, keeping

the protein in the cytosol in a transcriptionally inactive form.

Although there is no definitive evidence that b-catenin has to

be Y-dephosphorylated when it is not coupled to E-cadherins,

it is likely that this covalent modification (Y phosphorylation)

could be a general mechanism to disrupt these cytosolic

protein–protein interactions as shown recently for b-cate-

nin/BCR (Ress and Moelling, 2005). On the other hand, the

effects of Bcr-Abl on the nuclear–cytoplasmic shuttling of

b-catenin, with regard to the role of APC (Henderson and

Fagotto, 2002), require further studies.

The analysis of Bcr-Abl and b-catenin expression in BMMC

from CML-patients supports a model in which increasing

expression of Bcr-Abl in BC over CP can progressively

achieve b-catenin stabilization (Figure 8). As only Axin-

coupled b-catenin is targeted to proteosome, it is likely that

the relative levels of Bcr-Abl and Axin can determine the

equilibrium between the Y-phospho (not accessible to Axin)

and Y-nonphospho (accessible to Axin) pool of b-catenin. In

accordance with our findings, forced overexpression of Axin

was reported to increase b-catenin degradation reducing the

self-renewal potential of leukemic blasts (Jamieson et al,

2004). Although further studies are needed to test whether

b-catenin accumulation in BC cells could be accounted for by

restored transcription of its mRNA in committed granulocytes

and macrophages precursors, quantitative other than quali-

tative (i.e. presence or absence) differences in Bcr-Abl onco-

genic signalling (le Coutre et al, 2000; Perrotti et al, 2002;

Barnes et al, 2005) seem to be responsible for the degree of

b-catenin stabilization and response to Imatinib in BC versus

CP CML cells. The synergistic effect of b-catenin siRNA and

Imatinib in reducing Bcr-Ablþ cell growth and clonogenicity

indicates that targeting b-catenin could represent a potential

‘loss-of-function’ approach and may offer a therapeutic value

in patients with CML.

Materials and methods

Cell cultures
Bcr-Ablþ Ku812 cell line was derived from a CML patient in BC (le
Coutre et al, 1999). Colorectal cancer cells (Ls174T) and HEK293T
were from ATCC (Rockville, MD) and cultured in RPMI-1640 (Life
Technologies, Gaithersburg, MD) containing 10% fetal bovine
serum (Cambrex, Baltimore, MD), 100 U/ml penicillin, 100 mg/ml
streptomycin and 2 mM L-glutamine (GibcoBRL, Paisley, UK) at
371C. Bone marrow (BM) samples were obtained after informed
consent from two healthy donors (donor), four CML patients in CP
and six in BC. BM mononuclear cells (BMMC) were purified by
standard Ficoll–Hypaque density gradient centrifugation (Amer-
sham Biosciences, Uppsala, Sweden). BC samples with at least 70%
of blasts were used.

Kinase inhibitors
Imatinib was synthesized by Dr Alfonso Zambon (University of
Venezia, Italy). Stock solutions of Imatinib at 1 or 10 mM in sterile
water were filtered and stored at �201C. The dual Src/Abl inhibitor
SKI-606 (a kind gift from Drs Diane and Frank Boschelli, Wyeth
Research, NY) (Golas et al, 2003) was dissolved in DMSO (Sigma
Chemical Co., St Louis, MO). SU6656, an Src family kinase
inhibitor, was from Calbiochem (Darmstadt, Germany). The GSK3
inhibitor SB-216763 was from Sigma Chemicals Co., and was
prepared in DMSO at 10 mM and stored at 41C.

Plasmids and transfections
The pcDNA3.1-Bcr-Abl cDNA was a kind gift from Dr Brian Druker
(OSHU, Portland, OR, USA). A mutant form of TCF4 (dnTCF4)
lacking the b-catenin-binding domain, WT or specific tyrosine-to
phenylalanine (Y-to-F) point mutant (Y86F, Y142F, Y654Fand Y86F-
Y654F), b-catenin cDNAs cloned in the pcDNA3.1His(C) vector or
the pGEX-6P2 plasmid to express them as GST-fusion proteins were

Figure 8 A model of b-catenin/TCF4 transcriptional activation in
Bcr-Ablþ CML cells. The figure summarizes the effects of Bcr-Abl,
Imatinib and SB-216763 on b-catenin protein stabilization and
nuclear signaling.
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described elsewhere (Roura et al, 1999; Piedra et al, 2003).
HEK293T cells were transfected by Lipofectamine2000 (Invitrogen,
Carlsbad, CA) with 5mg of pEGFP vector (Clontech, Palo Alto, CA,
USA) and the indicated His-b-catenin plasmids (15mg total/well).
At 48 h, GFPþ cells were counted using a Zeiss fluorescence
microscope and the efficiency of transfection was expressed as a
percentage of total cells counted. Cultures containing at least 60%
of transfected cells were lysed and subjected to immunoprecipita-
tion or directly analyzed by Western blotting.

In vitro phosphorylation assay
Purification of GST-b-catenin (WT, Y86F, Y654F and Y86F-Y654F)
fusion proteins was reported previously (Roura et al, 1999).
Recombinant Abl protein, including its kinase domain, was
expressed in Sf9 insect cells using the baculovirus expression
system (MaxBac 2.0, Invitrogen) and purified using a Q-sepharose
Fast Flow anion exchange column (Amersham) as described
recently for ALK (Gunby et al, 2005). b-Catenin WT and mutants,
10 pmoles each, were incubated with 150 ng of recombinant Abl
kinase in a buffer containing 50 mM Tris–HCl, pH 7.5, 10 mM
MgCl2, 1 mM EGTA and 100mM g32ATP (specific activity
4000 c.p.m./pmol). The reactions were stopped with Laemmli
buffer and the samples were analyzed by SDS–PAGE.

Small interfering RNA
Ku812 cells (5�105/well) were transiently transfected with 150 nM
of c-Src siRNA or of scrambled siRNA (SMARTpool; Dharmacon,
Lafayette, CO) by using Oligofectine (Qiagen, Crawley, UK). Ku812
cells were also transiently transfected with a b-catenin siRNA (sib-cat,
GUGGGUGGUAUAGAGGCUC) (van de Wetering et al, 2003) or a
control siRNA against luciferase (siCTR, CUUACGCUGAGUA
CUUCGA), both synthesized and purified by MWG-Biotech, AG.

Proliferation assay
Ku812 cells (104/well) were treated with the indicated drug in a total
volume of 200ml and harvested as reported previously (le Coutre
et al, 2000). The IC50 inhibitory drug concentration (producing a
50% decrease in proliferation compared to control) was calculated.

Apoptosis analysis
Cells were cotransfected with the indicated constructs and a green
fluorescent pEGFP vector. After 24 h cells were treated with
Imatinib for further 24 h, fixed in 70% cold ethanol and stained
with 50mg/ml propidium iodide (Sigma Chemicals Co.) A FACSca-
libur flow cytometry analysis was confined to GFPþ cells and the
amount of apoptotic cells in sub-G1 phase of the cell cycle
was determined with a Cell-Quest software (Becton Dickinson,
San Josè, CA).

Clonogenic assay
Ku812 cells were cotransfected with pEGFP vector and a dominant-
negative TCF4, sib-cat or a control siCTR. GFPþ -sorted cells were
resuspended in complete medium containing 0.5% agar in the
absence or presence of Imatinib and plated in six-well plates over a
basal layer of complete medium containing 1% agar. The plates
were cultured at 371C and the clonogenicity was determined in
three independent experiments by counting the number of colonies
per well on day 15.

Luciferase assay
Ku812 cells (2�105/well) were transfected by Lipofectamine2000
(Invitrogen) with 5 mg of TCF-reporter construct TOPflash or
FOPflash (Upstate Biotechnology, Lake Placid, NY) and 25 ng of
pSV-bgal construct (Promega, WI), as internal control, to normalize
luciferase activity for transfection efficiency. After 24 h, cells were

treated with Imatinib for an additional 24 h. Luciferase activity
was measured using a luminometer (Turner Designs TD-20/20)
and a luciferase assay system from Promega.

Cell fractionation
Ku812 cells were lysed in a digitonin buffer (1% digitonin, 150 mM
NaCl, 50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 10 mM benzamidine–
HCl, 10mg each of aprotinin, leupeptin and pepstatin A per ml). The
lysates were centrifuged at 13 000 r.p.m. for 10 min, and super-
natants representing cytosolic fractions were saved. The pellets
representing nuclear components were lysed in RIPA buffer
(150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS and 50 mM Tris (pH 7.5)).

Immunoprecipitation and Western blotting
Cell lysates were immunoprecipitated and immunoblotted as
described previously (Coluccia et al, 2006). Antibodies against
C-terminal b-catenin (immunogenic epitope within amino acids
560–781), GSK3b and p-Y216 GSK3b were from BD Transduction
Laboratories (Heidelberg, Germany). N-terminal anti-b-catenin S/T-
phosphorylated was from Cell Signaling Technology (Beverly, MA),
whereas N-terminal anti-b-catenin S/T-nonphosphorylated (clone
8E4), anti-phosphotyrosine (clone 4G10), anti-Axin, anti-APC
(clone ALI 12-28), anti-TCF4 (clone 6H5-3), anti-cyclinD1 and
anti-Src antibody (clone GD11) were from Upstate Biotechnology.
Antibody to p-Y418 Src was from Biosource (Camarillo, CA). Anti-b-
Actin, anti-Abl (clone K-12), anti-Lamin B (C-20) and anti-IkBa
(H4) antibodies were from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA), whereas the anti-His-tag (Xpress) antibody was from
Invitrogen.

Pulse-chase assay
Ku812 cells (5�106) were washed in cold PBS and kept in RPMI-
1640 medium without cysteine/methionine (Sigma Chemical Co.)
for 1 h at 371C. Cells were pulsed for 30 min with [35S]methionine
Promix (10mCi/106 cells; Amersham Pharmacia), chased in RPMI-
1640 (71mM Imatinib). Lysates were then immunoprecipitated
with a C-terminal anti-b-catenin antibody. Immunocomplexes were
separated by SDS–PAGE, stained with Coomassie blue as loading
control, destained and incubated with Amplify fluorographic
reagent (Amersham), dried and developed by autoradiography.
Densitometric analysis (Eagle Eye II Photo-densitometer, Strata-
gene) was performed with Image analysis software from Scion
Corporation (MD, USA).

Statistical analysis
Results were statistically compared by simple t-test and differences
were considered significant if Po0.05.
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