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Potential role of Wnt/β-catenin signaling in blastic
transformation of chronic myeloid leukemia: cross talk
between β-catenin and BCR-ABL
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Abstract Chronic myeloid leukemia (CML) results fromma-
lignant transformation of hematopoietic stem cells induced by
the BCR-ABL oncogene. Transformation from chronic to
blastic phase is the lethal step in CML. Leukemic stem cells
(LSCs) are the basic reason for blastic transformation. It has
been shown that Wnt/β-catenin signaling contributes to the
self-renewal capacity and proliferation of LSCs in CML.
However, the role of Wnt/β-catenin signaling in blastic trans-
formation of CML is still obscure. Here, we explored the
relationship between BCR-ABL and β-catenin signaling
in vitro and in vivo. We found that BCR-ABL stimulated β-
catenin via activation of PI3K/AKT signaling in blastic phase
CML cells. Inhibition of the kinase activity of BCR-ABL,
PI3K, or AKT decreased the level of β-catenin in both
K562 cells and a CML mouse model and suppressed the tran-
scription of downstream target genes (c-myc and cyclin D1).
In addition, inhibition of the BCR-ABL/PI3K/AKT pathway
delayed the disease progression in the CML mouse model. To
further explore the role of β-catenin in the self-renewal and
survival of CML LSCs, we established a secondary transplan-
tation CMLmouse model. Our data revealed that inhibition of
the BCR-ABL/PI3K/AKT pathway reduced the tumor-
initiating ability of K562 cells, decreased leukemia cell infil-
tration into peripheral blood and bone marrow, and prolonged
the survival of mice. In conclusion, our data indicate a close
relationship between β-catenin and BCR-ABL/PI3K/AKT in

blastic phase CML. β-Catenin inhibition may be of therapeu-
tic value by targeting LSCs in combination with a tyrosine
kinase inhibitor, which may delay blastic transformation of
CML.
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Introduction

Chronic myeloid leukemia (CML) is believed to originate
from leukemic stem cells (LSCs) harboring the Philadelphia
chromosome formed through reciprocal translocation between
chromosomes 9 and 22 [1–3]. Human CML is induced by the
BCR-ABL oncogene that produces the chimeric BCR-ABL
protein as a constitutively active tyrosine kinase in leukemo-
genesis [4, 5]. CML usually presents as the chronic phase (CP)
that progresses to the accelerated phase (AP) and terminal
blastic phase (BP) [6, 7]. BCR-ABL tyrosine kinase inhibitors
(TKI) imatinib (IM), nilotinib, and dasatinib are effective to
treat CP CML patients but are less effective against BP CML
[8–11]. The basic reason is that they cannot completely erad-
icate LSCs [12]. It has been shown that IM is highly toxic to
differentiated CML progenitors, but not to LSCs that remain
viable in a quiescent state [9, 13]. Therefore, it is very impor-
tant to prevent the transition from CP to AP or BP CML,
which would depend on the mechanism of CML blastic
transformation.

Several signaling pathways have been found to play impor-
tant roles in CML development and specifically in LSC sur-
vival, including Wnt/β-catenin, Hedgehog, Alox5, and SRC
family kinases [14]. The Wnt/β-catenin signaling pathway is
crucial for LSC self-renewal [15]. Deregulation of the Wnt/β-
catenin signaling pathway could be an underlying mechanism
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for the existence of LSCs, and disruption of β-catenin in
mouse hematopoietic cells significantly reduces BCR-ABL-
mediated leukemic transformation [16, 17]. Another study
showed that activation of the Wnt/β-catenin pathway enables
progenitor cells to regain the ability of self-renewal, leading to
tumor occurrence, development, recurrence, and drug resis-
tance [18–20]. Studies have shown that blastic transformation
in CML is related to overexpression of BCR-ABL and activa-
tion of β-catenin in granulocyte macrophage precursors from
CML patients [15, 21]. However, the underlying molecular
relationship between BCR-ABL and β-catenin in blast crisis
CML remains unknown.

The BCR-ABL fusion protein is crucial for LSCs to main-
tain their unlimited proliferative capacity via activation of
multiple downstream signaling pathways [22]. PI3K/AKT is
one of the most important signaling pathways. Activation of
AKT inhibits glycogen synthase kinase-3β (GSK-3β) kinase
activity, and inhibition of GSK-3β activates β-catenin and its
downstream pathways in blast crisis CML cells [21].
Moreover, the level of GSK-β decreases, while the level of
β-catenin increases in blast crisis CML patients [23].
Accumulating evidence indicates a close relationship between
PI3K/AKT and β-catenin. Deletion of phosphatase with
tensin homology (PTEN), a negative regulator of PI3K/AKT
signaling, promotes nuclear localization of β-catenin and en-
hances intestinal stem cell self-renewal and proliferation and
thus initiates the formation of precancerous intestinal polyps
in mice [24]. In addition, activation of β-catenin signaling has
been found in blast crisis CML cells of a conditional Pten
knockout mouse model [25]. However, it is still unknown
whether BCR-ABL activates the Wnt/β-catenin signaling
pathway via activation of PI3K/AKT in BP CML. Based on
the previous studies, we hypothesized that Wnt/β-catenin sig-
naling is activated by BCR-ABL, and this activation is related
to the PI3K/AKT pathway.

Here, we investigated the relationship between BCR-ABL,
PI3K/AKT, GSK-3β and β-catenin in CML-BP patients and
CML-BP cell lines. We also examined the role of the BCR-
ABL/PI3K/AKT/β-catenin pathway in LSC self-renewal and
tumorigenesis in a CML mouse model.

Materials and methods

Cell lines and cell culture

K562, KU812, BaF3, and 32D cell lines were obtained from
the American Type Culture Collection (China, Beijing).
BaF3-p210 (BP210) cells were established in our laboratory.
The 32D-p210 (32DP) cell line was obtained from Dr. Ri
Zhang (The First Affiliated Hospital of Soochow University,
China). Cells were grown in RPMI 1640 medium containing
10 % fetal bovine serum (Gibco, USA). All cells were

cultured and maintained in a 37 °C incubator with 5 % CO2.
BP210 and 32DP cell lines were generated from BaF3 and
32D cell lines transformed by p210 BCR-ABL, respectively.

Bone marrow samples

Bone marrow samples were obtained from newly diagnosed
CML patients (CP and BP) and healthy volunteers.
Mononuclear cells were separated by density gradient centri-
fugation with Ficoll (Tianjin Haoyang Biological
Manufacture Co., Ltd., China). This study was authorized by
the Human Ethics Committee of Chongqing Medical
University. All participants provided written informed
consent.

Antibodies

Antibodies against c-Abl, β-catenin, phosphorylated (p)-c-
Abl (Y177), p-β-catenin (Ser33/37/Thr41), GSK-3β
(27C10), p-AKT (Thr308), p-GSK-3β (27C10), H2AX, and
actin were purchased from Cell Signaling Technology. Anti-
Human/Mouse beta-Catenin eFluor 660 was purchased from
eBioscience. An anti-human CD45-FITC antibody was pur-
chased from Biolegend.

Western blot analysis

Protein lysates were obtained by lysing cell pellets with RIPA
lysis buffer. A total of 100 μg of each protein sample was
loaded into each well, separated, and transferred onto a
polyvinylidene fluoride membrane. The membrane was
blocked in 5 % dry nonfat milk/TBSTand then incubated with
primary antibodies overnight. The membrane was washed,
incubated with a horseradish peroxidase-conjugated second-
ary antibody, and then developed with enhanced chemilumi-
nescence substrate (Millipore, USA). Chemiluminescent
bands were visualized on a cool image workstation II
(Viagene, USA).

Real-time RT-PCR

Total RNA was isolated from cells using RNAiso Plus
(Takara, Japan). The total RNA (1 μg) was reverse transcribed
into cDNA using a PrimeScript RT reagent Kit with gDNA
Eraser (Takara). Real-time PCRwas performed using a SYBR
premix ExTaq™ kit (Takara) on the MiniOpticon real-time
PCR detection System (Bio-Rad, USA). All experiments were
performed in triplicate. β-Actin was used as the internal con-
trol. The primer sequences were as follows:

BCR-ABL sense, 5′-CCACAAGGAGTTCTATGATG-3′;
BCR-ABL antisense, 5′-CAGCACTTCTCAGCCATT-3′;
β-catenin sense, 5′-GTGTGGCGACATATGCAGCT-3′;
β-catenin antisense, 5′-CAAGATCAGCAGTCTCATTC-3′;
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c-myc sense, 5′-ACACATCAGCACAACTACG-3′;
c-myc antisense, 5′-GTTCGCCTCTTGACATTCT-3′;
cyclin D1 sense, 5′-CCTCGGTGTCCTACTTCA-3′;
cyclin D1 antisense, 5′-CTCCTCGCACTTCTGTTC-3′;
β-actin sense, 5′-CTGAAGTACCCCATCGAGCA

CGGCA-3′;
and β-actin antisense, 5 ′-GGATAGCACAGCCT

GGATAGCAACG-3′.

Immunofluorescence microscopy

Cells were collected, washed three times with PBS, and fixed
in ice-cold acetone for 15 min. Then, the cells were perme-
abilized with 1 % Triton X-100/PBS at 37 °C for 10 min and
preblocked in 5 % goat serum. The cells were incubated with
an anti-β-catenin antibody (Bioworld, USA) diluted in 1 %
bovine serum albumin (BSA)/0.05 % Triton X-100/PBS at
4 °C overnight. Next, the cells were incubated with a
fluorochrome-conjugated secondary antibody (Invitrogen,
USA) diluted in 1 % BSA/0.05 % Triton X-100/PBS at
37 °C for 1 h. The nucleus was stained with 1 μg/ml 4,6-
diamidino-2-phenylindole (DAPI; Beyotime, China) for
10 min. Images were acquired by fluorescence microscopy
(ECLIPSE 80i, Nikon, Japan).

Hematoxylin-eosin and Wright’s staining

Mouse liver, lung, and spleen were fixed in 4 % (w/v) para-
formaldehyde and embedded in paraffin. Sections (4 μm
thick) were prepared, dewaxed in xylene, rehydrated in a de-
scending alcohol series, and stained using a routine
hematoxylin-eosin staining technique as described previously
[26]. Air-dried cell smears were stained withWright’s staining
solution A (Baso, China) for 30 s and then solution B for 45 s,
followed by rinsing with tap water for observation.

Immunohistochemical staining

Paraffin-embedded sections were dewaxed in xylene, incubat-
ed with the anti-β-catenin antibody at 4 °C overnight, and
then incubated with a biotin-streptavidin HRP secondary an-
tibody using a SPlink Detection Kit (ZSGB-Bio, China).
Lastly, the sections were stained with DAB chromogen
(ZSGB-Bio, China).

Flow cytometric analysis

Cells were collected from peripheral blood and bone marrow
of mice. Red blood cells were lysed with red blood cell lysis
buffer (Bioflux, Japan). The remaining cells were washed with
PBS and incubated with CD45-FITC. Then, the cells were
treated with permeabilization wash buffer (Biolegend, USA)
and stained with β-catenin eFluor 660 (eBioscience, USA).

After washing, the cells were subjected to flow cytometric
analysis.

Methylcellulose colony formation assay

Colony formation assays were performed according to
Zhao et al. [7]. Briefly, K562 cells were pretreated with
IM, LY294002, and AKTi IV for the indicated times,
collected, and then cultured in methylcellulose (500 cells/
well) at 37 °C in a humidified atmosphere for 7 days. The
colonies were counted under an inverted microscope
(Olympus, Japan). All analyses were performed three
times.

Mice

NOD/SCID mice were obtained from Chongqing Medical
University Laboratory Animal Centre. The mice were main-
tained in a temperature- and humidity-controlled environment
and given acidified water. All animal care and experimental
procedures were conducted according to protocols from the
Biomedical Ethics Committee at Chongqing Medical
University.

Induction of CML in mice

Six- to 8-week-old NOD/SCID mice were injected with K562
cells. To establish K562-NOD/SCID CML mice, K562 cells
were treated with 5 μM IM for 24 h, 20 μM LY294002 for
24 h, 5 μM AKTi IV for 6 h, or DMSO. About 5 × 106 K562
cells from each group were intravenously injected into
300 cGy lethally irradiated recipient NOD/SCID mice. For
secondary transplantation, equal numbers of CD45+ bone
marrow cells from primary K562-NOD/SCID CML mice
were transplanted into 300-cGy-irradiated recipient NOD/
SCID mice.

In vivo drug treatment

IM (Novartis, China) dissolved in water directly at a concen-
tration of 10 mg/mL was administered orally by gavage in a
volume of less than 0.5 mL once a day at 100 mg/kg body
weight. LY294002 (Cell Signaling Technology, USA) and
AKTi IV (Calbiochem, Germany) were dissolved in DMSO
directly at concentrations of 0.5 and 0.3 mg/mL, respectively,
and administered by intraperitoneal injection in a volume of
less than 0.5 mL once a day at 5 or 3 mg/kg bodyweight. Drug
treatments began at 8 days after K562 cell injection and were
administered as two doses/week for 3 weeks.
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Statistical analysis

Results are presented as means ± the standard error. Statistical
analysis was performed using SPSS 17.0 Statistical software.
Data were analyzed by the Student’s t test or one-way analysis
of variance. Statistical significance was defined as P < 0.05.

Results

BCR-ABL activates β-catenin in CML-BP cells

Bone marrow mononuclear cells were collected from CML-
CP patients (n = 6), CML-BP patients (n = 6), and healthy
volunteers (n = 6). BCR-ABL and β-catenin expression was
measured by real-time reverse transcription-polymerase chain
reaction (RT-PCR) and normalized to the housekeeping gene
β-actin. As the BCR/ABL level increased in CML-BP pa-
tients compared with CML-CP patients, a high level of β-
catenin was observed in CML-BP patients compared with
CML-CP patients (Fig. 1a, b). β-Catenin expression in
CML-BP patients was found to increase by at least twofold
compared with the mean β-catenin expression in CML-CP

patients and healthy volunteers (P < 0.05). Next, western blot-
ting was performed to assay the protein levels of β-catenin in
four CML-CP samples, three CML-BP samples, and three
healthy samples. Consistent with the messenger RNA
(mRNA) observations, the protein levels of BCR/ABL and
β-catenin were also significantly increased in CML-BP pa-
tients (Fig. 1c).

To examine the relationship between BCR-ABL and β-
catenin, we detected their protein levels in six cell lines in-
cluding CML-BP cell lines (KU812 and K562), p210 (BCR-
ABL)-transformed cell lines (32DP and BP210), and normal
cell lines (32D and BaF3). As expected, the levels of β-
catenin in KU812 and K562 cells were significantly higher
than those in the other cell lines (Fig. 1d). Furthermore, we
found that the expression of p-AKT (Thr308) and β-catenin in
p210 (BCR-ABL)-transformed cell lines was higher than that
in normal cell lines (Fig. 1e).

Inhibition of BCR-ABL, PI3K, and AKT decreases
the expression of β-catenin in K562 cells

To investigate the relationship between the PI3K/AKT path-
way and β-catenin in CML, we used IM, LY294002, and

Fig. 1 BCR-ABL activates β-
catenin in CML-BP cells. a Real-
time RT-PCR analysis of BCR-
ABL expression in CML-CP and
CML-BP patients. b Real-time
RT-PCR analysis of β-catenin
expression in CML-CP patients,
CML-BP patients, and healthy
volunteers. c Western blot
analysis of BCR-ABL and β-
catenin expression in CML-CP
patients, CML-BP patients, and
healthy volunteers. dWestern blot
analysis of β-catenin expression
in six cell lines. e Western blot
analysis of BCR-ABL, p-AKT,
and β-catenin expression in cell
lines
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AKTi IV to inhibit BCR/ABL, PI3K, and AKT, respectively,
in K562 cells. We found that these inhibitors all inhibited their
corresponding proteins using the appropriate concentration
and treatment time (5 μM IM for 24 h, 20 μM LY294002
for 24 h, and 5 μM AKTi IV for 6 h) (Fig. 2a). It has been
reported that stabilized cytoplasmic β-catenin has the ability
to translocate to the nucleus. Therefore, we tested whether IM,
LY294002, or AKTi IV had any effect on the distribution of
β-catenin. K562 cells were treated with IM, LY294002, or
AKTi IV. Cytoplasmic and nuclear proteins isolated from the
total lysate were analyzed by western blotting. Independent
experiments were repeated three times. We observed a signif-
icant decrease of β-catenin protein levels in both the

cytoplasm and nucleus compared with the control group
(Fig. 2b). To confirm the changes of β-catenin protein levels
in the cytoplasm and nucleus, immunofluorescence analysis
was performed to determine the distribution of β-catenin
(red). Nuclei were stained with DAPI (blue). β-Catenin was
localized in both the cytoplasm and nucleus, especially the
cytoplasm, in K562 cells. After inhibitor treatments, the ex-
pression of β-catenin in both the cytoplasm and nuclear was
decreased as shown by western blot analyses (Fig. 2c).

The progression of CP CML to BP CML is supported by
the self-renewal capacity of LSCs, and the process of self-
renewal involves the Wnt/β-catenin signaling pathway. We
next tested whether BCR-ABL/PI3K/AKT pathway

Fig. 2 Inhibition of BCR-ABL, PI3K, and AKT decreases the
expression of β-catenin in K562 cells. a Western blot analysis of the
corresponding protein levels in K562 cells treated with IM, LY294002,
or AKTi IV at various concentrations and times. b Western blot analysis
of β-catenin protein levels in the cytoplasm and nucleus of K562 cells

treated with IM, LY294002, or AKTi IV. c Immunofluorescence analysis
of the distribution of β-catenin in the cytoplasm and nucleus of K562
cells treated with IM, LY294002, or AKTi IV. d Colony numbers per 500
K562 cells treated with IM, LY294002, or AKTi IV at day 7 as
determined by a methylcellulose colony formation assay (*P < 0.05)
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inhibition had any effect on the colony-forming capability of
leukemic cells. K562 cells were treated with IM, LY294002,
AKTi IV, or DMSO and then cultured in methylcellulose me-
dium. Inhibitor-treated K562 cells formed significantly lower
numbers of colonies compared with DMSO-treated K562
cells (Fig. 2d). These results suggest that IM, LY294002,
and AKTi IV suppressed β-catenin in leukemia cells and
may potentially inhibit the survival and self-renewal of leuke-
mia cells in vitro.

Inhibition of the BCR-ABL/PI3K/AKT pathway
promotes degradation of β-catenin and reduces
transcription of β-catenin target genes

We found that inhibition of the BCR-ABL/PI3K/AKT
pathway reduced the protein expression of β-catenin.
Next, to further explore the reason for the decrease in β-
catenin, we examined whether inhibition of the BCR-
ABL/PI3K/AKT pathway affected the mRNA level of β-
catenin. Real-time RT-PCR analysis showed no significant
change in the β-catenin mRNA level after treatments
(Fig. 3a). We next tested whether the BCR-ABL/PI3K/
AKT pathway affected the protein stability of β-catenin.
K562 cells were treated with 10 μg/ml cycloheximide
(CHX) to inhibit protein biosynthesis, and then, IM,
LY294002, or AKTi IV was added. By blocking transla-
tion with CHX, we could specifically evaluate the role of
post-translational events, including degradation, in regu-
lating the protein level. We found that β-catenin degraded
in a time-dependent manner and degraded faster in
inhibitor-treated groups than in the untreated group
(Fig. 3b).

AKT inhibits GSK-3β activity through phosphoryla-
tion of Ser9, whereas active GSK-3β plays an important
role in phosphorylating β-catenin for proteasome-
mediated degradation [27]. Western blot analysis showed
that the expression of p-GSK-3β deceased after treat-
ments (Fig. 3c). However, p-β-catenin did not increase
but decreased. Next, we determined whether p-β-catenin
decreased after its increase because of degradation. We
measured p-β-catenin (S33/S37/T41) at various time
points after inhibitor treatments of K562 cells; as expect-
ed, p-β-catenin elevated before its decrease and total β-
catenin increased before its decrease (Fig. 3d). These re-
sults demonstrated that BCR-ABL enhanced the protein
stability of β-catenin through PI3K/AKT/GSK-3β in
K562 cells.

β-Catenin has been verified to promote leukemic cell
growth and contribute to the progression of leukemia
through its role in activating the transcription of T cell
factor/lymphoid enhancer factor (TCF/LEF) family genes.
We next determined the effects of IM, LY294002, and
AKTi IV on the downstream target genes of the Wnt/β-

catenin pathway. Western blot analysis showed that block-
ade of the BCR-ABL/PI3K/AKT pathway resulted in de-
creased expression of c-myc and cyclin D1 (Fig. 3e).
Subsequently, RT-PCR analysis was performed to evalu-
ate the mRNA levels of c-myc and cyclin D1. The results
suggested that c-myc and cyclin D1 mRNAs were also
significantly downregulated after drug treatments
(Fig. 3f).

Inhibition of the BCR-ABL/PI3K/AKT pathway delays
CML development

We found that inhibition of the BCR-ABL/PI3K/AKT path-
way reduced expression of β-catenin and its target oncogenes
in K562 cells. Therefore, we tested whether the BCR-ABL/
PI3K/AKT pathway played an important role in the develop-
ment of CML in mice. To induce CML in mice, K562 cells
treated with IM, LY294002, AKTi IV, or DMSOwere injected
into lethally irradiated recipient NOD/SCID mice. Mice were
grouped as IM, LY294002, AKTi, and control. The mice were
continually treated with IM, LY294002, AKTi IV, or normal
saline beginning at day 8 post-K562 cell injection.Mice began
to develop leukemic symptoms at around 4 weeks after injec-
tion of tumor cells, including weight loss, hindlimb paralysis,
reduced activity, and fluffy hair. Compared with the control
group, mice in the three inhibitor-treated groups had signifi-
cantly less weight loss (Fig. 4a) and fewer leukocytes
(P < 0.05) (Fig. 4b). The mice that received DMSO-treated
K562 cells died faster than those that received K562 cells
treated with IM, LY294002, or AKTi IV (Fig. 4c), which
correlated with more myeloid cells in peripheral blood
(Fig. 4d). In the peripheral blood of the control group, leuke-
mia cells were found at about 4 weeks after injection, which
was earlier than in the three inhibitor-treated groups. Analysis
of CD45+ cells in peripheral blood by flow cytometry mea-
sured the percentages of leukemia cells at 2 and 4 weeks after
K562 cell injection. The data showed the development of
typical CML and more CD45+ leukemia cells in the control
group than in the three inhibitor-treated groups at 4 weeks
after injection (Fig. 4e), which was consistent with more se-
vere infiltration of myeloid leukemia cells into the lungs and
spleen (Fig. 4f). Similar pathological changes were observed
in the liver (Fig. 4g). We observed hepatosplenomegaly in
almost all morbid mice with more severe hepatosplenomegaly
in the control group than in the three inhibitor-treated groups
(Fig. 4h, i). Specifically, inhibitor treatments significantly re-
duced splenomegaly in K562 cell-transplanted mice
(P < 0.05) (spleen weights 0.39 ± 0.07 g in the control group,
0.14 ± 0.04 g in the IM group, 0.21 ± 0.07 g in the LY294002
group, and 0.20 ± 0.04 g in the AKTi group). Hepatomegaly
was observed in some mice (liver weights 1.06 ± 0.23 g in the
control group, 0.55 ± 0.10 g in the IM group, 0.0.67 ± 0.0.12 g
in the LY294002 group, and 0.72 ± 0.16 g in the AKTi group).

Tumor Biol. (2016) 37:15859–1587215864



Fig. 3 Inhibition of the BCR-ABL/PI3K/AKT pathway promotes the
degradation of β-catenin and reduces transcription of β-catenin target
genes. a Real-time RT-PCR analysis of β-catenin expression in K562
cells treated with IM, LY294002, or AKTi IV. b Western blot analysis
of β-catenin protein stability in K562 cells treated with the protein
biosynthesis inhibitor CHX. c Western blot analysis of GSK-3β, p-
GSK-3β, β-catenin, and p-β-catenin expression in K562 cells treated

with IM, LY294002, or AKTi IV. d Western blot analysis of total β-
catenin and p-β-catenin expression in K562 cells treated with IM,
LY294002, or AKTi IV at various time points. e Western blot analysis
of c-myc and cyclin D1 expression in K562 cells treated with IM,
LY294002, or AKTi IV. f Real-time RT-PCR analysis of c-myc and
cyclin D1 expression in K562 cells treated with IM, LY294002, or
AKTi IV (*P < 0.05)
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In addition, three mice from the control group had abdominal
and thigh tumors (Fig. 4j). Taken together, these results dem-
onstrate that the BCR-ABL/PI3K/AKT pathway plays an im-
portant role in the development of CML induced by
K562 cells.

Inhibition of the BCR-ABL/PI3K/AKT pathway reduces
β-catenin expression in CML mice

Because inhibition of BCR/ABL, PI3K, and AKT kinase ac-
tivity delays CML development in mice, we investigated

Fig. 4 Inhibition of the BCR-ABL/PI3K/AKT pathway delays CML
development. a Mouse weights at various time points after K562 cell
injection. b White blood cell counts in peripheral blood from the four
mouse groups (*P < 0.05 versus other groups). c Kaplan-Meier survival
curves of mice (six mice per group). d Peripheral blood smears indicating
the accumulation of neutrophils and high white blood cell counts in CML
mice. e Flow cytometric analysis of the percentage of CD45+ leukemia

cells in peripheral blood from the four mouse groups (*P < 0.05 versus
the control group). f Photomicrographs of hematoxylin-eosin-stained
lung and spleen sect ions from the four mouse groups. g
Photomicrographs of hematoxylin-eosin-stained liver sections from the
four mouse groups. h Comparison of general morphology of livers and
spleens from the four mouse groups. i Liver and spleen weights. j Images
of abdominal and thigh tumors
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whether this effect is mediated through suppressing β-catenin
expression in mice. We analyzed the expression of β-catenin
in CD45+ cells isolated from mouse peripheral blood. We
observed a significant difference in the mean fluorescence
intensity of β-catenin between the control group and the three
inhibitor-treated groups (Fig. 5a). Next, we performed an im-
munofluorescence assay in bone marrow cells to detect β-
catenin. As expected, β-catenin expression in control group
mice was higher than that in inhibitor-treated mice (Fig. 5b).
Finally, we performed histochemical staining to examine the
expression ofβ-catenin in mouse lungs and spleen. Compared
with inhibitor-treated mice, β-catenin expression was higher
in the lungs and spleen of control mice (Fig. 5c). These results
further support the role of β-catenin in CML development.

Inhibition of the BCR-ABL/PI3K/AKT pathway reduces
the tumor-initiating ability of CML cells in secondary
transplantation

To investigate the effect of the BCR-ABL/PI3K/AKT path-
way on the tumor-forming capacity of CML cells, we per-
formed secondary transplantations. K562-NOD/SCID CML
mice were again induced by cell injection. Flow cytometric
analysis of CD45+ cells in the peripheral blood of K562-
NOD/SCID CML mice showed that the percentage of leuke-
mia cells reached 5–12 % at about 4 weeks after K562 cell
injection (Fig. 6a). Therefore, at week 5, equal numbers of
CD45+ bone marrow cells from primary K562-NOD/SCID
CML mice were transplanted into lethally irradiated recipient

Fig. 4 (continued)

Tumor Biol. (2016) 37:15859–15872 15867



NOD/SCID mice. The mice injected with bone marrow cells
from IM, LY294002, AKTi IV, or control group mice were
grouped as IM-2nd, LY294002-2nd, AKTi-2nd, and control-
2nd, respectively.

Mice began to develop leukemic symptoms at around 3weeks
after secondary transplantation, including weight loss, hindlimb
paralysis, reduced activity, and fluffy hair. At about 4 weeks after
transplantation, peripheral white blood cells in mice began to
increase. Comparedwith the control-2nd group, mice in the other
three groups had significantly fewer leukocytes (P < 0.05)
(Fig. 6b). Flow cytometric analysis was performed to observe

CD45+ leukemia cells in peripheral blood and bonemarrow. The
flow cytometry data showed a higher percentage of leukemia
cells in control-2nd group mice at 7 weeks after secondary trans-
plantation than in the other three groups (Fig. 6c, d). We also
found that the mice in the control-2nd group died faster than
those in the other three groups (Fig. 6e). Secondary transplanta-
tion experiments indicated that inhibition of the BCR-ABL/
PI3K/AKT pathway reduced the tumor-initiating ability of
K562 cells, decreased the cell infiltration of peripheral blood
and bone marrow in the CML secondary transplantation mouse
model, and prolonged the survival of mice.

Fig. 5 Inhibition of the BCR-
ABL/PI3K/AKT pathway
reduces β-catenin expression in
CML mice. a Flow cytometric
analysis of β-catenin expression
(mean fluorescence intensity) in
mouse peripheral blood CD45+

cells. b Immunofluorescence of
β-catenin expression in mouse
bone marrow cells. c
Immunohistochemical staining of
β-catenin (brown) in mouse lungs
and spleen
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Discussion

Blastic transformation of CML makes patients become unrespon-
sive to TKIs and results in a poor prognosis. The basic reason for
this transformation is BCR-ABL amplification and LSCs [28]. It
has been previously reported that Wnt/β-catenin is crucial for the

self-renewal and proliferation of hematopoietic stem cells and
CML LSCs [17–19]. Recently, increasing evidence has indicated
the involvement of the Wnt/β-catenin signaling pathway in the
TKI resistance of CML-BP patients [16, 23, 29].

In the Wnt pathway, the central player is β-catenin, a very
important transcription cofactor with TCF/LEF. β-Catenin is

Fig. 6 Inhibition of the BCR-ABL/PI3K/AKT pathway reduces the
tumor-initiating ability of CML cells in secondary transplantation. a
Flow cytometric analysis of the percentage of CD45+ leukemia cells in
peripheral blood at 4 weeks post-K562 cell injection. b White blood cell
counts in mouse peripheral blood after bone marrow cell transplantation
(*P < 0.05 versus control-2nd group). c Flow cytometric analysis of the

percentage of CD45+ leukemia cells in peripheral blood at 7 weeks post-
bone marrow cell transplantation (*P < 0.05 versus control-2nd group). d
Flow cytometric analysis of the percentage of CD45+ leukemia cells in
mouse bone marrow cells at 7 weeks post-bone marrow cell
transplantation. e Kaplan-Meier survival curves of secondary
transplantation mice (five mice per group)
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targeted for ubiquitination and degradation by phosphoryla-
tion through GSK-3β, casein kinase I, axin protein, and ade-
nomatous polyposis coli protein. Activation of the Wnt/β-
catenin pathway causes β-catenin accumulation in a complex
with the transcription factor TCF/LEF, which then promotes
expression of target genes such as c-myc and cyclin D1 [30].
In the absence of Wnt signaling, the level of β-catenin is
maintained at a low level through phosphorylation by GSK-
3β and proteasome degradation of cytoplasmic β-catenin. In
the presence of Wnt signaling, the β-catenin destruction com-
plex is disrupted, and β-catenin is stabilized in the cytosol
[31]. Then, the accumulated cytoplasmic signaling β-catenin
binds to transcription factors TCF/LEF and induces target
gene expression. Therefore, stabilization and accumulation
of β-catenin in the cytoplasm are the key factors.

PI3K/AKT is one of the most important signaling pathways
of BCR-ABL downstream in CML. Recent studies have indi-
cated the relationship between Wnt/β-catenin and PI3K/AKT
in other cancers [32, 33]. The link between Wnt/β-catenin and
PI3K/AKT is GSK-3β. GSK-3β is phosphorylated by activa-
tion of PI3K/AKT, resulting in the inhibition of GSK-3β kinase
activity [34–36], which inhibits degradation of β-catenin and
promotes β-catenin stabilization. The synergistic cytotoxic ef-
fect of a specific PI3K inhibitor, LY294002, and tamoxifen is
achieved by inhibition of the GSK-3β/β-catenin signaling
pathway in malignant gliomas [37]. Therefore, the phosphory-
lation and degradation ofβ-catenin through activation of GSK-
3β exert the anti-cancer effect of PI3K/AKT inhibitors.
However, the relationship between PI3K/AKT and Wnt/β-
catenin pathways in CML blastic transformation remains
unknown. It is important to understand the relationship between
BCR-ABL, PI3K/AKT, and β-catenin in CML-BP patients.

In this study, we demonstrated markedly increased BCR-
ABL expression in CML-BP patients. Elevated BCR-ABL
expression is always accompanied by increased β-catenin.
Compared with normal cell lines, the expressions of β-
catenin and p-AKT were both increased in cell lines (BP210
and 32DP) transfected with the BCR-ABL fusion gene (P210).
To further understand the mechanism of BCR-ABL activating
Wnt/β-catenin signaling pathways in vitro, three inhibitors
(IM, LY294002, and AKTi IV) were used to inhibit the
BCR-ABL/PI3K/AKT pathway in K562 cells. We found that
inhibition of BCR-ABL, PI3K, or AKT kinase activities re-
sulted in decreased β-catenin protein levels and suppressed
proliferation in CML-BP cells but no significant influence
on the mRNA level of β-catenin. Moreover, the inhibitors
reduced the phosphorylation of GSK-3β, the component of
the proteasome complex whose dephosphorylated form pro-
motes β-catenin degradation, and subsequently decreased the
expression of β-catenin downstream targets including cyclin
D1 and c-myc. Interestingly, p-β-catenin did not increase but
decreased. In the Wnt/β-catenin pathway, phosphorylation of
β-catenin (S33/S37/T41) is essential for GSK-3β targetingβ-
catenin for ubiquitin-proteasome pathway degradation [38].
Reduced p-GSK-3β (serine-9) may result in an increase of
p-β-catenin (S33/S37/T41). In contrast, we found decreased
p-β-catenin and decreased total β-catenin. The phosphoryla-
tion of β-catenin was sequential and transient, and p-β-
catenin was degraded after the increase [39]. To confirm our
assumption, we measured p-β-catenin (S33/S37/T41) at vari-
ous time points after inhibitor treatments of K562 cells. As
expected, p-β-catenin elevated before it decreased. We also
found that total β-catenin increased before the decrease.
Taken together, we propose that BCR-ABL enhances the

Fig. 7 Schematic of BCR-ABL
activating β-catenin in CML
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protein stability of β-catenin through PI3K/AKT/GSK-3β in
K562 cells.

To examine whether the BCR-ABL/PI3K/AKT pathway
also plays an important role in vivo, we established CMLmice
by K562 cell injection into lethally irradiated recipient NOD/
SCID mice [40, 41]. We found that inhibition of BCR-ABL/
PI3K/AKT partially prevented the development of CML in
mice and promoted their survival. These results suggested that
the level of β-catenin may act as a key player in mediating the
transformation of CML from CP to BP. In addition, secondary
transplantation experiments indicated that inhibition of the
BCR-ABL/PI3K/AKT pathway reduced the tumor-initiating
ability of K562 cells, decreased the cell infiltration into pe-
ripheral blood and bone marrow in the CML secondary trans-
plantation mouse model, and prolonged the survival of mice.

Based on our results, we propose a model for the BCR-
ABL/PI3K/AKT/GSK-3β/β-catenin signaling pathway
(Fig. 7). In summary, our study confirmed the crucial role of
β-catenin in CML development, demonstrated themechanism
in which BCR-ABL/PI3K/AKT regulates β-catenin through
phosphorylation of GSK-3β, and then accelerates the progres-
sion of the disease and results in progression to BP CML.
Blastic transformation of CML is affected by many factors
and pathways. Our study may provide a potential clinical the-
ory and strategy for the prevention and treatment of CML-BP
patients.
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