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Abstract. Development of drug resistance due to BCR-ABL 
point mutations and the persistence of leukemia initiating cells 
has become a major obstacle for tyrosine kinase inhibitors 
(TKIs) in the treatment of chronic myeloid leukemia (CML). 
The BCR-ABL protein is an important client protein of heat 
shock protein 90 (Hsp90). BIIB021, an orally available Hsp90 
inhibitor, has activity against various cancer cells. However, 
little is known about the inhibitory effect of BIIB021 on 
CML cells. We evaluated the inhibitory effects of BIIB021 
on K562, K562/G (an imatinib-resistant cell lines), as well as 
32D mouse leukemic cells expressing wild-type BCR-ABL 
(b3a2, 32Dp210) and T315I mutant BCR-ABL (32Dp210-
T315I) cells. Our data showed that BIIB021 induced significant 
growth inhibition and apoptosis that was predominantly medi-
ated by the mitochondrial pathway. BIIB021 also resulted in 
proteasomal degradation of BCR-ABL proteins. In addition to 
induction of apoptosis, we report for the first time that BIIB021 
induced autophagic response as evidenced by the formation 
of autophagosome, increased conversion of microtubule-
associated protein light chain 3 (LC3)-I to LC3-II, decreased 
p62 (SQSTM1) protein levels. Further study suggested that 
Akt-mTOR-Ulk1 signaling pathway was involved in BIIB021-
triggered autophagy. Moreover, blocking autophagy using 
pharmacological inhibitor 3-methyladenine and bafilomycin 
A1 significantly enhanced cell death and apoptosis induced 
by BIIB021, indicating the cytoprotective role of autophagy in 
BIIB021-treated CML cells. Collectively, these data provide 
possible molecular mechanisms for the antileukemic effect of 

BIIB021 on imatinib-sensitive and -resistant CML cells and 
provide new insights into the future application of BIIB021 in 
the clinical treatment of CML.

Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative 
disorder characterized by the  BCR-ABL  gene rearrange-
ment (1,2). As a driving force for leukemogenesis of CML, 
the activated tyrosine kinase of BCR-ABL stimulates 
multiple signaling pathways that confers growth advantage 
and counteracts apoptosis (3-5). The most prominent down-
stream pathways upregulated by BCR-ABL include the Ras/
Raf/MAPK, PI3K/Akt, and JAK/STAT pathways. Imatinib 
mesylate, a selective BCR-ABL tyrosine kinase inhibitor 
(TKI), has become the standard therapy in CML. It induces 
durable cytogenetic remissions in the majority of chronic-
phase patients with CML, but a significant proportion of the 
patients experiences drug-resistance, mainly as a consequence 
of BCR-ABL point mutations (6). Among BCR-ABL point 
mutations, T315I mutant remains a crucial clinical challenge, 
because it is resistant to imatinib and second generation TKIs 
(7,8). Ponatinib, a third-generation TKI, has an antileukemia 
activity against CML with unmutated or mutated BCR-ABL 
including T315I. However, its use clinically is limited by 
serious side effects such as vascular occlusion, heart failure 
and hepatotoxicity (9,10).

As an ATP-dependent molecule chaperon, heat shock 
protein 90 (Hsp90) is associated with many different client 
oncoproteins such as BCR-ABL, Raf, ErbB and Akt (11). 
Disruption of Hsp90 function by specific inhibitors leads to 
the destabilization and degradation of its client oncoproteins, 
thereby inhibiting cell growth and inducing apoptosis in cancer 
cells (12). Thus, Hsp90 represents a promising molecular target 
for cancer therapy. In this regard, it was demonstrated that a 
prototypical Hsp90 inhibitor geldanamycin and its analogue 
17-AAG downregulated BCR-ABL levels and induced apop-
tosis of CML cells (13). Similar results have been obtained 
with some synthetic Hsp90 inhibitors such as AUY922A and 
EC141 (14-16) suggesting that targeting Hsp90 might be a 
promising therapeutic approach to treat CML.
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BIIB021, the first fully synthetic inhibitor, has a high 
binding affinity for Hsp90, and induces degradation of Hsp90 
client proteins including HER-2, Akt and Raf-1 (17). It was 
reported that BIIB021 was more active than 17-AAG against 
tumor cells with acquired multidrug resistance (18). Preclinical 
data have also demonstrated the potent anticancer activity in 
various solid tumors and hematological malignancies (18-20). 
In a phase I clinical trial performed in patients with advanced 
solid tumors, BIIB021 safety profile was displayed and a 
phase II study documented objective responses in refractory 
gastrointestinal stromal tumor patients (21,22). We recently 
reported that BIIB021 mediates its antileukemic activity via 
inhibiting PI3K/Akt pathway and disrupting p53-MDM2 
interaction (23,24). These results indicated the multiple biolog-
ical functions of BIIB021. However, little is known about the 
effects of BIIB021 on CML cells.

In this study, we investigated the biological effects of 
BIIB021 on CML cells. We found that BIIB021 induces potent 
cytotoxicity against imatinib-sensitive and -resistant CML 
cells as well as leukemic cells with T315I-mutant BCR-ABL. 
BIIB021 also induces proteasomal degradation of BCR-ABL. 
Interestingly, treatment with BIIB021 results in a cytoprotec-
tive autophagy, which might be independent of Beclin-1 but 
dependent on mTOR-Ulk1 pathway.

Materials and methods

Cell culture and reagents. Human CML cell line K562 was 
obtained from American Type Culture Collection (ATCC, 
Rockville, MD, USA). K562/G, an imatinib-resistant cell line, 
was kindly provided by Institute of Hematology, Chinese 
Academy of Medical Sciences (Tianjin, China). Murine 
leukemic 32D cells with wild-type (wt) BCR-ABL (32Dp210) 
and 32Dp210-T315I (32D cells carrying T315I mutation) were 
provided by Professir L. Qiu (Harbin Institute of Hematology 
and Oncology, Harbin, China). All cell lines were cultured in 
RPMI-1640 medium (Gibco-RRL, Grand Island, NY, USA) 
supplemented with 10% fetal bovine serum (Gibco) at 37˚C 
in a humidified atmosphere of 5% CO2. BIIB021, MG-132, 
3-methyladenine (3-MA), z-DEVD-fmk and z-VAD-fmk 
were purchased from Selleck Chemicals (Houston, TX, 
USA). Insulin-like growth factor 1 (IGF-1) was purchased 
from Peprotech (Rocky Hill, NJ, USA). Bafilomycin A1 
(Baf A1) was obtained from LC Laboratories (Woburn, MA, 
USA). Chloroquine (CQ) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). All antibodies used in 
the western blot analysis were purchased from Cell Signaling 
Technology (Beverly, MA, USA) with the exception of p-STAT3 
Ser727, p-STAT3 Tyr705, Ulk1 (Abcam, Cambridge, UK) and 
Lamin B1 (Proteintech, Chicago, IL, USA).

Cell viability assays. The survival of CML cells was deter-
mined by means of the MTT assay. Cells were cultured at 
a density of 1x105 cells/ml in a 96-well plate with BIIB021 
(50-800 nM) for the indicated times. Following incubation, 
20 µl MTT solutions (5 mg/ml) were added to each well and 
then the plates were incubated for an additional 4 h at 37˚C. 
After supernatant was removed, 200 µl dimethylsulfoxide 
(DMSO) was added. A spectrophotometry was applied to 

detect the absorbance at a wavelength of 570 nm. Each assay 
was performed three times.

Annexin V/PI binding assays. Cells were cultured at a density 
of 1x105 cells/ml in a 6-well plate and treated with different 
concentrations of BIIB021. After 48-h incubation at 37˚C, the 
cells were washed, resuspended in 500 µl of binding buffer 
and stained with 5 µl of Annexin V-FITC and 10 µl of prop-
idium iodide (PI) (Biouniquer, Suzhou, China) for 15 min in 
the dark. Then cells were examined by flow cytometry (Accuri 
C6, BD, Franklin Lakes, NJ, USA).

Real-time PCR. Total RNA was isolated and quantitative real-
time PCR was performed as previously described (25) using 
the primers (Sangon Biotech, Shanghai, China): 5'-TCC GCT 
GAC CAT CAA YAA GGA-3' (forward) and 5'-CAC TCA 
GAC CCT GAG GCT CAA-3' (reverse) for p210BCR-ABL 
and 5'-GTC ATC ACC ATT GGC AAT GAG-3' (forward) 
and 5'-CGT CAC ACT TCA TGA TGG AGT T-3' (reverse) for 
GAPDH. The amount of p210BCR-ABL was analyzed by the 
comparative CT method taking GAPDH as the control.

Western blot analysis. Following treatment at the indicated time 
and doses of BIIB021, cells were collected and lysed at 4˚C in 
lysis buffer. Protein concentration of samples was measured 
by bicinchoninic acid (BCA) method. The protein samples 
were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and then electroblotted onto hybond-polyvinyl-
idene fluoride membranes. The membranes were blocked in 
5% non-fat milk for 2 h and incubated with primary antibodies 
at 4˚C overnight. The membranes were washed and incubated 
with secondary antibody conjugated with horseradish peroxi-
dase (1:5,000, Cell Signaling Technology). ECL detecting kit 
was applied to visualize results. The primary antibodies used 
in this study included actin, caspase-9, caspase-3, poly(ADP 
ribose) polymerase (PARP), Bcl-2, Bax, Bak, Bad, Mcl-1, 
Bcl-XL, c-ABL, p-BCR Tyr177, JAK2, STAT5, p-STAT5 
Tyr694, STAT3, p-STAT3 Ser727, p-STAT3 Tyr705, EKR1/2, 
p-EKR1/2 Thr202/Tyr204, Akt, β-catenin, non-phospho-β-
catenin (Ser33/37/Thr41), c-Myc, Lamin B1, LC3I/II, p62, 
Beclin-1, mTOR, p-mTOR Ser2448, p70S6K, p-p70S6K 
Thr389, Ulk1, p-Ulk1 Ser757, AMPKα, p-AMPKαThr172.

Preparation of cytoplasm and nuclear fractions. The cyto-
plasm and nuclear proteins were extracted using NE-PER 
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher 
Scientific, Rockford, IL, USA) according to the manufacturer's 
instructions. BIIB021-treated cells were pelleted by centrifu-
gation and rinsed with PBS. Then, cells were suspended in 
ice-cold Cytoplasmic Extraction Reagent  I, and the tube 
was vortexed for 15 sec. After incubation on ice for 10 min, 
the tube was added in Cytoplasmic Extraction Reagent II, 
vortexed, incubated and centrifuged at 16,000 g for 5 min. The 
supernatant was transferred to a fresh tube and referred to as 
cytoplasm extract. The insoluble fraction, containing nuclei, 
was suspended in ice-cold nuclear extraction reagent, placed 
on ice and continued vortexing for 15 sec every 10 min, for a 
total of 40 min. After centrifugation at 16,000 g for 10 min, the 
supernatant was transferred to a new tube and kept as nuclear 
fraction.
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Detection of acidic vesicular organelles. To detect the pres-
ence of acidic vesicular organelles (AVOs), cells were treated 
with BIIB021 for 48 h. Next, cells were stained with acridine 
orange (AO 1 µg/ml, 37˚C for 15 min, Sigma) or monodan-
sylcadaverine (MDC, 0.1 mM, 37˚C for 60 min, Sigma), fixed 
with 4% paraformaldehyde and examined under a fluorescence 
microscope (Olympus, Tokyo, Japan).

Immunofluorescence studies. Cells were treated with or 
without BIIB021 for 24 h and then fixed with 4% parafor-
maldehyde. After permeablized by 0.3% Triton X-100 and 
incubated with goat serum, cells were stained with anti-
β‑catenin antibody (Abcam, 1:200 dilution) overnight at 4˚C. 
Then, cells were incubated with a goat anti-rabbit antibody as 
secondary antibody (1:500) at 37˚C for 1 h and 1 µM DAPI 
(SouthernBiotech, Birmingham, AL, USA) for 10 min. Finally, 
samples were examined with a Nikon confocal microscope 
(Nikon C1-Si, Japan).

Approximately 105 cells were treated with or without 
BIIB021 for 24 h. After washing with PBS, cells were incubated 
with MitoTracker (Invitrogen, Carlsbad, CA, USA) at a concen-
tration of 100 nM (37˚C for 0.5 h) to visualize mitochondria. 
Then cells were fixed with 4% paraformaldehyde and following 
experiments were performed as described above except the 
primary antibody (cytochrome c, Abcam, 1:200 dilution) and 
secondary antibody (goat anti-mouse antibody, 1:500).

Staining autophagosomes with mRFP-GFP-LC3 and confocal 
microscopy. To detect the presence of LC3, leukemia cells 
were transfected with adenovirus encoding red and green fluo-
rescent protein-LC3 (AdmRFP-GFP-LC3) at a concentration 
of 800 virus particles/cell. After centrifugation at 500 g for 1 h 
and incubation for 3 h at 37˚C, cells were exposed to BIIB021 
for 48 h. Cells were fixed with 4% paraformaldehyde. The 
fluorescence of mRFP-GFP-LC3 was viewed under a confocal 
microscope (Nikon C1-Si, Japan).

Caspase-3 knockdown by short hairpin RNA. Three lentiviral 
vectors containing shRNA against caspase-3 and a negative 
control scramble shRNA were purchased from Hanheng 
Biotech (Shanghai, China). K562 cells (2x104 cells/well) were 
seeded in a 96-well plate and transfected with lentivirus at 
a concentration of 100 virus particles/cell. After centrifuga-
tion at 800 g for 1 h, cells were cultured at 37˚C. Then cells 
were selected in medium containing puromycin (2 µg/ml). 
Protein expression of caspase-3 was determined by western 
blot analysis. The sequence of shRNA targeting caspase-3 was 
5'-GGAAGCGAATCAATGGACTCTGGAA-3'.

Statistical analysis. Experimental results are statistically 
presented as the mean ± standard deviation. Data were 
analyzed by one-way analysis of variance. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

BIIB021 inhibits proliferation and induces apoptosis in both 
imatinib-sensitive and -resistant CML cells. To investigate 
the effects of BIIB021 on the cellular proliferation of CML 
cells, human CML cell lines K562, K562/G and a pair of 

murine 32D leukemic cell lines 32Dp210, and 32Dp210-
T315I were treated with different concentrations of BIIB021 
for 24, 48 or 72 h, respectively. An MTT assay was used to 
determine the cell viability. The results showed that BIIB021 
effectively inhibited the proliferation of CML cell lines in a 
dose- and time-dependent manner. The 50% inhibition (IC50) 
of BIIB021 in K562, K562/G, 32Dp210, and 32Dp210-T315I 
cell lines at 48 h was observed at 513.99, 603.53, 110.08 and 
148.07 nM, respectively (Fig. 1A). In order to characterize the 
cytotoxicity of BIIB021 against CML cells, we next performed 
Annexin V apoptosis assays in K562, K562/G, 32Dp210, and 
32Dp210‑T316I cells treated with multiple doses of BIIB021 
for 48 h. Treatment with the drug resulted in a marked increase 
in the number of early (Annexin  V-positive/PI-negative) 
and late apoptotic (Annexin V-positive/PI-positive) cells at 
100 and 200 nM concentrations (Fig. 1B). We further tested 
molecules that control apoptosis. Western blot analysis was 
used to confirm our flow cytometric findings by showing that 
BIIB021 treatment activated key molecules in the apoptosis 
pathway, namely, caspase-9, -3 and PARP (Fig. 1C).

Based on the observation of activation of caspase-9, we 
monitored the release of cytochrome c from mitochondria 
in K562 cells after treatment with BIIB021 (400  nM) by 
confocal microscopy. A significant increase was observed 
in cytochrome c released from dsRed Mitotracker-tagged 
mitochondria (Fig. 2A). Furthermore, western blot analysis 
revealed that BIIB021 treatment resulted in upregulation of 
pro-apoptotic protein Bak and Bad, which are associated with 
the function of mitochondria, while anti-apoptotic protein 
Mcl-1 was downregulated (Fig. 2B). Taken together, these 
findings suggested that the mitochondria-dependent intrinsic 
apoptotic pathway is involved in BIIB021-induced cell death.

BIIB021 effectively inhibits BCR-ABL and its downstream 
molecules. It has been shown that rapid degradation of 
BCR-ABL protein could be observed in the leukemic cells 
treated with Hsp90 inhibitors (16). In this study we observed 
a dose-dependent inhibition of BCR-ABL protein when the 
CML cell lines, which express wild-type or T315I BCR-ABL, 
were treated with BIIB021, and that the depletion of BCR-ABL 
protein was accompanied by a concomitant decrease in 
phosphorylation of BCR-ABL protein on Tyr177 (Fig. 3A). 
To investigate how the agent alters BCR-ABL expression, we 
examined mRNA expression levels of BCR-ABL in response 
to BIIB021 (Fig. 3B). The results showed that the BCR-ABL 
mRNA level slightly increased, suggesting BIIB021 acts on 
BCR-ABL expression at the post-transcriptional level. Indeed, 
BIIB021-mediated downregulation of BCR-ABL was partly 
reversed by MG-132, a proteasome inhibitor, whereas CQ, a 
lysosome inhibitor, and Baf A1 did not show a similar effect 
(Fig. 3C and D). These findings suggested that proteasome 
pathway is involved in the BIIB021-mediated downregulation 
of BCR-ABL. We next evaluated the effects of BIIB021 on 
downstream pathways, which are stimulated by BCR-ABL 
(3-5). Treatment with BIIB021 clearly decreased the phos-
phorylation of STAT3, STAT5 and ERK1/2. Additionally, 
BIIB021 induced downregulation of total levels of JAK2 and 
Akt (Fig. 3E). Taken together, we demonstrated that BIIB021 
effectively inhibits the protein expression of BCR-ABL and its 
downstream signaling mediators.
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BIIB021 inhibits β-catenin/c-Myc pathway in BCR-ABL posi-
tive cells. Since it has been shown that Wnt/β-catenin signaling 
is required for leukemic stem cell maintenance in CML (26), 
and the tyrosine kinase activity of BCR-ABL is required to 
phosphorylate β-catenin (27), experiments were performed to 
ascertain effects of BIIB021 on β-catenin signaling. Western 
blot analysis revealed that treatment with BIIB021 caused a 
significant reduction in levels of β-catenin and non-phospho 
(Active) β-catenin (Ser33/37/Thr41), together with a marked 
downregulation of c-Myc, a downstream molecule of β-catenin 
signaling (Fig. 4A). To determine the intracellular localization 
of β-catenin protein in untreated and BIIB021-treated K562 
and 32Dp210-T315I cells, we obtained nuclear and cyto-
plasmic protein extracts. Compared with untreated control, 
the levels of β-catenin were significantly decreased in both 
nuclear and cytoplasmic extracts from BIIB021-treated cells 
(Fig. 4B). This effect was confirmed by confocal microscopy 
analysis (Fig. 4C).

BIIB021 induces Beclin-1-independent autophagy in CML 
cells. It was reported that Hsp90 inhibitor geldanamycin can 
induce autophagy (28). We then investigated whether BIIB021 
could induce autophagy in K562 and 32Dp210-T315I cells. As 
shown in Fig. 5A, MDC fluorescence was observed in control 
and BIIB021-treated CML cells. However, BIIB021-treated 
cells displayed more frequent accumulation of MDC than 
control cells. Acridine orange staining of BIIB021-treated 
CML cells also showed significantly increased formation of 
acidic vesicles (Fig. 5B). Consistent with these data, western 
blot analysis showed that increased conversion of LC3-I to 
LC3-II, and decreased p62 (SQSTM1) protein levels, in a 
dose-dependent manner, were found in the BIIB021-treated 
cells (Fig. 5C and D). Unexpectedly, we found downregulation 
of Beclin-1, a key protein inducing autophagy, in the BIIB021-
treated cells (Fig. 5C and D). These experiments collectively 
demonstrated induction of autophagy by BIIB021, which may 
be via a Beclin-1-independent mechanism.

Figure 1. BIIB021 inhibits growth and induces apoptosis in CML cell lines. (A) Leukemic cell lines K562, K562/G, 32Dp210, and 32Dp210-T315I were 
cultured with or without different concentrations of BIIB021 for 24, 48 and 72 h, respectively. Growth inhibition by BIIB021 was assessed by an MTT assay. 
Data are presented as the mean ± SD of three independent experiments. (B) Cell lines were harvested at 48 h after treatment with various drug concentrations. 
Cells were stained by an Annexin V/PI-staining method and analyzed by flow cytometry. (C) CML cell lines were treated with BIIB021 (100, 200 and 400 nM) 
for 24 h. Whole-cell lysates were subjected to western blotting to assess the cleavage of caspase-9, -3 and PARP.
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We next examined alteration of mRFP-GFP-LC3 fluores-
cent signals by confocal microscopy (29) to analyze autophagic 
flux. An increase in number of acidic autophagolysosomes 
(red f luorescence) and non-acidic autophagolysosomes 
(yellow) was observed in BIIB021-treated 32Dp210-T315I 
cells (Fig. 5E). To further determine the autophagic flux into 
the lysosomal compartment, we analyzed LC3-II and p62 
in cells co-treated with Baf A1, an inhibitor of vacuolar H+ 
ATPase that leads to accumulation of autophagic vacuoles by 
blocking their fusion with lysosomes (Fig. 5F). The levels of 
LC3-II and p62 protein determined by immunodetection were 
increased in the presence of Baf A1, supporting the notion 
that BIIB021 causes activation of autophagy by promoting the 
synthesis of autophagosome and increasing autophagic flux. 
We further investigated whether BIIB021-induced autophagy 
acted as a cytoprotective mechanism. For this purpose, we 
inhibited autophagy in 32Dp210-T315I cells by using 2.5 mM 
3-MA, a specific inhibitor of autophagic sequestration, and 
analyzed the effects on the levels of LC3-II and p62, as well 
as BIIB021-induced cell death. As shown in Fig. 5G, inhibi-
tion of cellular proliferation by BIIB021 following 3-MA 

pretreatment was significantly higher than that in the absence 
of 3-MA (P<0.05). Western blot analysis indicated that 3-MA 
inhibited the conversion of LC3-I to LC3-II and reversed the 
reduction of p62 proteins. Furthermore, pretreatment of cells 
with 3-MA strongly increased the cleavage of caspase-3 and 
PARP induced by BIIB021 (Fig. 5H).

BIIB021-mediated caspase activation contributes to inhibi-
tion of Beclin-1 expression. Recent studies suggested that the 
activation of caspase at the onset of apoptosis could mediate 
cleavage of Beclin-1 and thereby inhibit Beclin-1-induced 
autophagy (30,31). To investigate if BIIB021 causes inhibition 
of Beclin-1 in CML cells in association with the activation of 
caspase, we incubated K562 and 32Dp210-T315I cells with 
the broad caspase inhibitor z-VAD-fmk and BIIB021. As 
shown in Fig. 6A, pretreatment with z-VAD-fmk resulted in 
a partial reversal of inhibition of BIIB021, in parallel with 
an enhanced autophagy as evidenced by increased amount of 
LC3-II and decreased amount of p62. In contrast, BIIB021-
induced apoptosis was inhibited by z-VAD-fmk. Similar 
results were found in 32Dp210-T315I cells pretreated with 

Figure 2. BIIB021 mediates mitochondrial dysfunction in CML cells. (A) Cell confocal microscopic images of cytochrome c (green) and mitochondria (red) 
stained by MitoTracker were collected from K562 cells under treatment of 400 nM BIIB021 for 24 h. Merged images show the co-localization of cytochrome c 
and mitochondria (yellow). (B) After treatment with the indicated doses of BIIB021 for 24 h, whole cell proteins extracted from CML cell lines were quantified 
and loaded. Western blotting was used to analyze the expression of Bad, Bak, Mcl-1, Bcl-2, Bcl-xL and Bax. Actin was used as a loading control. The results 
are representatives of three separate experiments.
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a specific caspase-3 inhibitor z-DEVD-fmk (Fig. 6B), and in 
K562 cells where caspase-3 was knocked down by shRNA 
transfection (Fig. 6C).

BIIB021 induces autophagy by affecting Ulk1 and negatively 
regulating mTOR. Autophagy depends on the hierarchically 
ordered activity of autophagy-related (ATG) proteins which 

Figure 3. BIIB021 inhibits the expression of BCR-ABL and its downstream signaling mediators. (A) Four kinds of leukemic cell lines were treated with 
BIIB021 at the indicated doses for 24 h. Whole-cell lysates were extracted to assess the levels of BCR-ABL and phosphorylated (p)-BCR-ABL (Tyr177). 
(B) Leukemic cell lines were treated with BIIB021 at the indicated concentrations for 24 h. The expression levels of mRNA were evaluated by real-time PCR. 
The relative changes in gene expression are shown compared to the untreated controls. (C) After pretreated with MG-132 (1.0 µM), or with CQ (25 µM) for 
4 h, K562 cells were treated with BIIB021 for 20 h. Whole-cell lysates were then prepared and analyzed for expression of BCR-ABL by western blotting. 
(D) 32Dp210-T315I cells were pretreated with MG-132, CQ, or with Baf A1 (25 nM) for 4 h. Cell lysates were subjected to western blotting to determine 
expression of BCR-ABL. (E) After incubation of CML cell lines with the indicated concentrations of BIIB021, whole-cell lysates were analyzed for p-Erk1/2 
(Thr202/Tyr204), total Erk1/2, Jak2, p-Stat3 (Tyr705 and Ser727), total Stat3, p-Stat5 (Tyr694), total Stat5 and Akt expression by western blot analysis.
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were controlled by the main autophagy repressor, mTOR 
that prevents Ulk1 activation by phosphorylating Ulk1 at 
Ser757. In contrast, AMPK promotes autophagy by activating 
Ulk1 through phosphorylation of Ser317 and Ser777 (32,33). 
Accordingly, we determined whether the mTOR-Ulk1 pathway 
or AMPK-Ulk1 pathway was involved in BIIB021-induced 
autophagy (Fig. 7A). There was no significant decrease in 
the amount of AMPK protein and phosphorylation of AMPK 
Thr172 in the BIIB021-treated cells. However, western blot 
analysis revealed that, along with downregulation of Akt, 
BIIB021 dose-dependently inhibited the phosphorylation of 
mTOR Ser2448 and its downstream p70S6K Thr389 in K562 
and 32Dp210-T315I cells. Importantly, treatment with BIIB021 
also resulted in a significant decrease of phosphorylation of 
Ulk1 Ser757. Since Akt is upstream of mTOR, we then exam-
ined whether Akt activator IGF-1 attenuates BIIB021-induced 
inhibition of Akt, phosphorylation of mTOR Ser2448 and Ulk1 
Ser757 in CML cells (Fig. 7B). Pretreatment with IGF-1 mark-
edly restored the levels of Akt protein and phosphorylation of 
mTOR Ser2448, p70S6K Thr389 and Ulk1 Ser757. Moreover, 
IGF-1 pretreatment obviously decreased BIIB021-induced 
expression of LC3-II and downregulation of p62, indicating 
that inhibition of Akt-mTOR by BIIB021 reduced autophagy 
via reactivating Ulk1.

Discussion

Hsp90 has recently been considered as a promising target 
for therapeutic intervention in a variety of cancers (12). The 
biological activity of Hsp90 inhibitors towards CML has 
been demonstrated in vitro and in murine xenograft models 
(14-16,34,35). BIIB021 is the first oral, synthetic Hsp90 
inhibitor to enter the clinic for treatment of solid tumors 
and lymphoma (20,21). However, little is known regarding 
the potential activity of BIIB021 on CML. In this study, 
we investigate the potential antitumor effects of BIIB021 
on imatinib-sensitive and -resistant CML cell lines as well 
as leukemic cells bearing T315I mutation. We found that 
BIIB021 effectively inhibited the proliferation of CML cells, 
and clearly indicated that by lowering BCR-ABL, BIIB021 
induced release of cytochrome c, which promotes consequen-
tial activation of caspase-9, -3 and PARP, thereby inducing 
apoptosis. Additionally, BIIB021 treatment resulted in the 
accumulation of proapoptotic proteins Bad and Bak, which are 
involved in mitochondrial outer membrane permeabilization, a 
critical event responsible for caspase activation in the intrinsic 
pathway (36). These results are consistent with a previous 
report showing that novobiocin, a new Hsp90 inhibitor, induces 
the mitochondrial pathway of apoptosis in CML cells (15).

Figure 4. The effect of BIIB021 on β-catenin signaling. (A) All tested CML cell lines were incubated with BIIB021 at the indicated concentrations for 24 h and 
then analyzed for expression of β-catenin, non-phospho (active) β-catenin (Ser33/37/Thr41), and c-Myc by western blotting. (B) After treatment with BIIB021 
for 24 h, cells were collected, and then nuclear and cytoplasmic extracts were prepared to check the levels of β-catenin by western blotting. (C) K562 and 
32Dp210-T315I cells were treated with BIIB021 at the indicated doses for 24 h, and two-color confocal microscopy analysis of β-catenin protein (red) and 
nuclei (DAPI staining, blue) was performed.
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Degradation of BCR-ABL oncoproteins by either Hsp90 
inhibitors via the proteasome pathway (15,34) or arsenic and 
imatinib through the lysosome pathway (37,38) in CML has 
been shown to overcome resistance to TKIs. This represents 

an alternative treatment strategy that does not rely solely on 
kinase domain inhibition. In this study, we show that treatment 
with BIIB021 caused a significant reduction in the levels of 
both total and phosphorylation of BCR-ABL protein in CML 

Figure 5. Induction of autophagy by BIIB021 in CML cells. (A) K562 and 32Dp210-T315I cells were treated with BIIB021 at the indicated doses for 48 h. 
Then cells were stained with MDC (0.1 mM 37˚C for 60 min) and observed under a fluorescence microscope. (B) After treatment with BIIB021 for 48 h, cells 
were collected and stained with AO (1 µg/ml 37˚C for 15 min). Fluorescence microscopy was used to take the images of cells. (C and D) CML cell lines were 
treated with the indicated concentrations of BIIB021 for 24 h. Whole-cell lysates were extracted to evaluate the levels of LC3 conversion, p62 and Beclin-1. 
The LC3-II/LC3-I was calculated based on densitometry analysis of both bands. (E) 32Dp210-T315I cells were transfected with AdmRFP-GFP-LC3. Next, 
cells were incubated with BIIB021 (200 nM) for 48 h and examined by confocal microscopy. Green dots represent GFP-LC3 while red dots represent acidic 
autolysosomes. Yellow dots result from merged images and represent non-acidic autolysosomes. After pretreated with the autophagy inhibitors Baf A1 (20 nM) 
or 3-MA (2.5 mM), 32Dp210-T315I cells were incubated for 48 h with BIIB021 (100 nM). Whole-cell lysates were used to detect the expression levels of LC3 
conversion, p62, caspase-3 and PARP by western blot analysis (F and H). Cell viability was measured by MTT assay (G). Data are expressed as the mean ± SD, 
and analyzed by Student's t-test. *P<0.05, **P<0.01.
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cells harboring wild-type BCR-ABL or BCR-ABL‑T315I 
mutation, even though the levels of BCR-ABL mRNA expres-
sion did not differ from untreated control. Furthermore, 
inhibition of BCR-ABL could be partly reversed by the protea-

some inhibitor MG-132, but not by the lysosome inhibitor CQ 
and Baf A1. These data suggest that proteasome pathway is 
involved in BIIB021-mediated degradation of BCR-ABL 
oncoproteins. On the contrary, imatinib can not eliminate 

Figure 6. Caspase activation degrades Beclin-1. (A and B) After pretreatment with z-VAD-fmk (20 µM) or z-DEVD-fmk (20 µM) for 1 h, K562 cells were 
exposed to BIIB021 (400 nM) while 32Dp210-T315I cells were exposed to BIIB021 (200 nM) for 24 h. Whole-cell lysates were subjected to western blot 
analysis to examine the expression of Beclin-1, LC3I/II, p62, PARP and caspase-3. (C) K562 cells were transfected with lentiviral vectors containing caspase-3 
shRNA or control shRNA and selected in medium containing puromycin. Then cells were treated with BIIB021 (400 nM) for 24 h. Beclin-1, p62 and LC3I/II 
levels of whole-cell lysates were detected by western blot analysis. Silencing of caspase-3 was also confirmed by western blot analysis.

Figure 7. BIIB021 regulates the Akt-mTOR pathway to initiate autophagy. (A) K562 and 32Dp210-T315I cells were treated with BIIB021 at the indicated 
doses for 24 h. Whole cells were lysed to evaluate the expression levels of Akt, total mTOR, p-mTOR (Ser2448), total p70S6K, p-p70S6K (Thr389), total Ulk1, 
p-Ulk1 (Ser757), AMPKα, and p-AMPKα (Thr172) by western blot analysis. (B) After pretreated with IGF-1 (200 ng/ml) for 4 h, 32Dp210-T315I cells were 
exposed to BIIB021 (200 nM) for 24 h. Then, whole-cell lysates were extracted to analyze the protein levels of Akt, total mTOR, p-mTOR (Ser2448), total 
p70S6K, p-p70S6K (Thr389), p-Ulk1 (Ser757), LC3 conversion, and p62 by western blot analysis.
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the primitive BCR-ABL positive stem cells of CML although 
it has shown remarkable efficacy in the treatment of CML 
(39,40). β-catenin, the central mediator of the Wnt/β-catenin 
signaling, is involved in transcriptional regulation and chro-
matin modification, and plays an important role in survival/
self-renewal of dividing BCR-ABL positive stem/progenitors 
(26,27,41). Deletion of β-catenin has been shown to reduce 
survival and self-renewal of CML quiescent stem cells and 
synergize with imatinib to abrogate CML stem cells (26,41). 
These results demonstrate that BIIB021 dose-dependently 
decreased β-catenin expression and concomitantly decreased 
the levels of its downstream c-myc. Confocal microscopy 
analysis showed that BIIB021 was able to completely abolish 
the nuclear accumulation of β-catenin.

Treatments with antileukemic agents, including TKI, 
have been shown to induce cellular autophagy in CML 
(37,38,42,43). In this respect, autophagy exerts cytoprotective 
(42,43) or beneficial actions (autophagic cell death) (37). The 
molecular regulation of autophagy and potential efficacy of 
autophagy inhibition in CML have been reviewed in detail 
(44). In this study, we found that cells treated with BIIB021 
showed pronounced autophagy evidenced by increased 
formation of AVOs and levels of LC3-II in cells. In order to 
investigate whether autophagy underlies cell death or protec-
tive response, we blocked autophagy by Baf A1 or 3-MA. 
Inhibition of autophagy significantly enhanced cell death in 
the BIIB021-treated CML cells, and this cell death depended 
on caspase activation, suggesting that a combination of 
BIIB021 and autophagy inhibitor could be beneficial for the 
treatment of CML. We also attempted to address the key 
question as to the signals delivered by BIIB021 that induce 
autophagy.Can et al (45) reported that Beclin-1, a critical 
regulator of autophagy initiation, is required for autophagy 
induction by imatinib. However, there was downregulation of 
Beclin-1 proteins in the cells treated with BIIB021. Recent 
evidence indicates that after initiating apoptosis by chemo-
therapy, Beclin-1 is cleaved by caspase and the N-terminal 
fragment of Beclin-1 can suppress autophagy (30,31). Our 
results demonstrated that the addition of the caspase inhibitor 
z-VAD-fmk and caspase-3 inhibition by z-DEVD-fmk or by 
siRNA partly abrogated BIIB021-induced downregulation of 
Beclin-1 and enhanced autophagy. Together, these data suggest 
that activation of caspase is associated with downregulation 
of Beclin-1, and BIIB021 triggers autophagy through Beclin-1 
independent pathway.

It is well known that mTOR complex 1 (mTORC1) also 
acts as a negative regulator of autophagy by phophorylating 
and inhibiting Ulk1 (32,33). In acute myeloid leukemia cells, 
autophagy can be elicited for treatment with dual mTORC1 
and mTORC2 inhibitors such as OSI-027, AZD-2014 and 
AZD8055 (46,47). We showed for the first time that mTOR-
Ulk1 pathway might be involved in the initiation of autophagy 
because BIIB021 strongly inhibited phosphorylation of 
mTOR Ser2448, a marker for mTORC1 activity (48) which 
was accompanied by a decreased level of phosphor-Ulk1 
Ser757. This effect may results in Ulk1 activation and induc-
tion of autophagy (33). Also, BIIB021 inhibited the level of 
Akt protein, an upstream molecule of mTOR. Furthermore, 
our results show that Akt activator IGF-1 not only rescued 
BIIB021-induced inhibition of Akt-mTOR pathway, but also 

suppressed the occurrence of autophagy. Collectively, present 
findings suggest that suppression of mTORC1 by BIIB021 
contributed to the induction of autophagy.

In conclusion, these results suggest that BIIB021 stimu-
lates a multifaceted effector mechanism, all parts of which are 
required for induction of cell death in both imatinib-sensitive 
and -resistant CML cells, including leukemic cells harboring 
T315I-mutant BCR-ABL. Also, BIIB021 significantly induces 
autophagy, which is Beclin-1 independent, but associated with 
downregulation of Akt-mTOR pathway and activation of Ulk1. 
Inhibition of autophagy enhances the sensitivity of CML cells 
to BIIB021. These data suggest the possibility of combining 
BIIB021 with autophagy inhibitors in a regimen that would 
optimize the antileukemic activity against CML.
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