Shi et al, Med chem 2014, 4:12
http://dx.doi.org/10.4172/2161-0444.1000231

Medicinal chemistry
Research Article

Open Access

2-tert-butyl-1,4-benzoquinone Induces Apoptosis in Chronic Myeloid
Leukemia Cells Resistant to Imatinib via Inducing Caspase-Dependent BcrAbl Downregulation
Xianping Shi1, Xiaoying Lan1, Xiaofen Li1, Xin Chen1, Bing Z. Carter2, Xuejun Wang1,3 and Jinbao Liu1*
State Key Lab of Respiratory Disease, Protein Modification and Degradation Lab, Departments of Pathophysiology and Biochemistry, Guangzhou Medical University,
Guangdong 510182, China
Section of Molecular Hematology and Therapy, Department of Stem Cell Transplantation and Cellular Therapy, The University of Texas M.D. Anderson Cancer Center,
Houston, TX 77030, USA
3
Division of Basic Biomedical Sciences, Sanford School of Medicine of the University of South Dakota, Vermillion, South Dakota 57069, USA
1

2

Abstract
Bcr-Abl-T315I mutation-induced imatinib (IM) resistance remains a major challenge for clinical management
of chronic myelogenous leukemia (CML). Therefore it is imperative to search for novel agents to overcome IMresistance. 2-Tert-butyl-1,4-benzoquinone (TBQ) is an oxidation product of 2-tert-Butylhydroquinone (TBHQ) which
has been developed as a food additive and proves to be a strong antioxidant. Previous studies showed that TBQ has
cytotoxic effect on different types of neoplastic cells. Our recent study confirmed that TBQ induced apoptosis and cell
proliferation inhibition in CML cells and inhibited the growth of IM-resistant primary monocytes from CML patients. Here
we further report that TBQ-induced caspase activation is required for the downregulation of Bcr-Abl and apoptotic cell
death in both IM-resistant and IM-sensitive CML cells. These findings suggest an alternative strategy to overcome IM
resistance by enhancing Bcr-Abl downregulation with TBQ.
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Introduction
The dysregulated activity of the Bcr-Abl tyrosine kinase resulting
from the t(9;22) chimeric chromosomal translocation is necessary for
the transformed phenotype of chronic myelogenous leukemia (CML)
cells [1-3]. The Bcr-Abl fusion oncoprotein constitutively activates
mitogenic signaling pathways such as MAPK/ERK cascade, PI3K/Akt,
and STATs pathways [4-6] Activation of these pathways in Bcr-Abl
expressing cells results in increased expression of several antiapoptotic
proteins, such as Bcl2, Mcl-1, XIAP, thereby conferring cell survival
advantage [7-9]. The Bcr-Abl tyrosine kinase has been considered an
important target for CML therapeutics [10]. Imatinib mesylate (IM)
was developed as an Abl-selective tyrosine kinase inhibitor in 1993
and showed significant efficacy in improving drug response rate and
survival rate in CML chronic phase [11]. However, despite its impressive
efficacy, disease relapse has been observed after initial response to IM
[12,13]. Among the mechanisms proposed so far to account for the
IM resistance, amplification and mutation of Bcr-Abl are believed to
be the predominant ones. T315I mutation, the most stubborn point
mutation, accounts for about 20% of mutations within the Abl kinase
domain [14-16]. To overcome this resistance, second-generation Abl
kinase inhibitors such as nilotinib, dasatinib, and INNO-406 have been
developed and are effective against all but the T315I mutation [17-19]
Hence, additional strategies to overcome the IM resistance are required.
The aim of the present study was to identify a novel compound that can
inhibit Bcr-Abl activity in IM-resistant CML cells.
2-Tert-butyl-1,4-benzoquinone (TBQ) is a strong oxidant
derived from oxidation of 2-tert-Butylhydroquinone (TBHQ), which
is used as a food additive in oils, fat and meat products, primarily
to prevent rancidity. Metabolically, TBHQ is formed from 3-tertbutyl-4-hydroxyanisole (BHA), another widely used food additive,
by O-demethylation [20,21]. Studies have shown that TBQ at a
low dose induced DNA damage, resulting in the formation of
8-hydroxydeoxyguanosine in thymus DNA due to the generation of
reactive oxygen species (ROS) such as superoxide anion and hydrogen
peroxide [22-24]. Recent studies show that TBQ has a strong cytotoxic
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effect on several types of neoplastic cells [25,26]. The cytotoxic activity
of TBQ along with its relative safe proﬁle in humans warrants the
translational potential of TBQ in clinical cancer therapy. However, to
our knowledge, whether TBQ could overcome IM-resistance has not
been reported.
In the present study, we investigated the antineoplastic effects
of TBQ in both CML cell lines and mononuclear cells from CML
patients, including those resistant to IM-based therapies. Our results
compellingly indicate that TBQ can efficiently overcome IM-resistance
through downregulation of Bcr-Abl.

Materials and Methods
Chemicals
2-Tert-butyl-1,4-benzoquinone (TBQ), annexin V, propidium
iodide (PI) and rhodamine-123 were obtained from Sigma-Aldrich
(St. Louis, MO). z-VAD-fmk was from BD Biosciences (San Jose, CA).
Antibodies against c-Abl (C-19), Mcl-1 (S-19), caspase-3, -8 were
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against
poly (ADP)-ribose polymerase (PARP, clone 4C10-5) were from BD
Biosciences. Antibodies against phospho-c-Abl at Y245, phosphoErk1/2 (T202/Y204), Erk1/2, phospho-Akt, Akt, Bcl-2 and XIAP were
from Cell Signaling Technology (Beverly, MA). Antibodies against
phospho-STAT5A/B (Y694/Y699, clone 8-5-2) and STAT5 were from
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Upstate Technology; Enhanced chemiluminescence reagents were
purchased from Amersham Biosciences (Piscataway, NJ).

differences between groups. P value less than 0.05 is considered
statistically significant.

Cell sample collection and cell culture

Results

The method to culture KBM5 and KBM5-T315I cells were
described previously [16]. In brief, KBM5 cell line expressing the 210
kDa wild-type Bcr-Abl was derived from a female CML patient. The
KBM5-T315I cells, harboring a threonine to isoleucine substitution
at position 315 of Abl, were originally established by exposure to
increasing concentrations of IM and became IM-resistant.

TBQ induces cytotoxicity in both Bcr-Abl wild-type and BcrAbl-T315I cells

Bone marrow samples of CML patients were obtained from
discarded material utilized for routine laboratory tests at the
Department of Hematology, Guangzhou First Municipal People's
Hospital. The use of these materials is with institutional approval and
the permission of the patients and volunteers. A total of 3 patients
with CML were recruited. Mononuclear cells were isolated by FicollPaque and cultured in RPMI 1640 medium with 15% FCS as described
previously [16,27].

KBM5 (Bcr-Abl wild-type) cells are IM-sensitive but KBM5-T315I
(Bcr-Abl-T315I mutation) cells are resistant to IM [16,27]. MTS assays
were performed to evaluate the inhibitory effect of TBQ on the growth
of KBM5 and KBM5-T315I cells. Cells were treated with escalating
concentrations of TBQ for 48 hours. As shown in Figure 1A, TBQ dosedependently decreased cell viability in KBM5 and KBM5-T315I cells
with the IC50 values being 5.45 μM and 7.9 μM, respectively.
We next analyzed the time course of TBQ induction of cell death
in Bcr-Abl wild-type and T315I mutant cell lines. KBM5 and KBM5T315I cells were exposed to TBQ followed by PI staining, a time-

Western blot analysis
Whole cell lysates were prepared in RIPA buffer (1×PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 10 mM
β-glycerophosphate, 1 mM sodium orthovanadate, 10 mM NaF, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 1× Roche Protease
Inhibitor Cocktail (Roche, Indianapolis, IN). Western blotting was
performed as we previously described [16,27].

Cell viability assay
MTS assay (CellTiter 96 Aqueous One Solution reagent, Promega)
was used to measure cell viability in 96-well plates [27]. Briefly, 2×105/
ml cells in 100 μl were treated with TBQ for 48 hours. At 4 hours
before cell culture termination, 20 μl MTS was added to the well. The
absorbance at a wavelength of 490 nm was measured using a plate
reader.

Cell death assay
In live cell culture condition, 1.0% PI was added to the culture
medium to monitor temporal changes in the incidence of cell death.
The PI-positive cells were imaged with fluorescence microscope
equipped with a digital camera (Axio Obsever Z1, Zeiss, Germany).
In addition, apoptosis in cells treated with TBQ for 12 hours was
determined by flow cytometry using Annexin V-fluoroisothiocyanate
(FITC) /PI double staining. Cells were collected, washed with binding
buffer (Sigma-Aldrich, St. Louis, MO), and then incubated in working
solution (100 μl binding buffer with 0.3 μl Annexin V-FITC and PI) for
15 minutes in dark.

Measurement of mitochondrial membrane potential
The mitochondrial membrane potential of TBQ-treated and
untreated cells were assayed using rhodamine-123 (Sigma-Aldrich, St.
Louis, MO) staining. Cells were treated with TBQ for 12 hours and
stained with 1 μM of rhodamine-123 for 1 hour at 37°C. Following the
staining, the cells were washed and harvested for either flow cytometry
analysis or imaging with an inverted fluorescence microscope.

Statistical analysis
All experiments were performed at least three times. The results
were expressed as Mean±SD where applicable. The GraphPad Prism 4.0
software (GraphPad Software) was used for statistical analysis. Analysis
of variance (ANOVA) and Student’s t-test were used to compare the
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Figure 1: TBQ induces proliferation inhibition and apoptosis of CML cells.
(A) Dose-response curves of CML cells to TBQ. KBM5 and KBM5-T315I
cells were cultured with various concentrations of TBQ for 48 hours. Cell
viability was then examined by MTS assay. Graphs represent data from three
independent experiments. Mean ± SD (n=3). (B) TBQ treatment induced cell
death in CML cells. KBM5 and KBM5-T315I cells were treated with TBQ in the
indicated concentrations for 6, 12 or 24 hours. Cell death was detected by PI
staining. Mean ± SD (n=3). (C) Induction of apoptosis in CML cells by TBQ.
KBM5 and KBM5-T315I cells were treated with the indicated concentrations
of TBQ for 12 hours; the percentage of cells undergoing apoptosis was
determined with Annexin V/PI staining followed by flow cytometry (left). The
proportion of apoptotic cells measured by flow cytometry is summarized by
the graph at the right side. Mean ± SD, n=3; *P < 0.05, **P < 0.01, versus
vehicle control. (D) TBQ decreased the mitochondrial membrane potential
in KBM5 and KBM5-T315I cells. Cells were treated with 2.5, 5, 7.5 or 10.0
μM TBQ for 12 hours; mitochondrial membrane potential was detected using
rhodamine-123 staining followed by flow cytometry, Mean ± SD (n=3), *P <
0.05, **P < 0.01, versus vehicle control.
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dependent increase in cell death was observed by recording the PIpositive cells under a fluorescence microscope (Figure 1B). Similarly,
exposure of KBM5 and KBM5-T315I cells to escalating concentrations
of TBQ resulted in significant increases in AnnexinV/PI-positive cells
as detected by flow cytometry analysis (Figure 1C), supporting that
TBQ at a reasonably low dose can induce apoptosis in the CML cells. It
is well known that mitochondria are the regulating center of apoptosis
[28]. As shown in Figure 1D, the mitochondrial membrane potential in
both KBM5 and KBM5-T315I cells was remarkably decreased by TBQ
treatment, indicating that TBQ treatment leads to loss of mitochondrial
membrane integrity.

dependent on the inhibition of Bcr-Abl, Bcr-Abl protein and its
downstream signaling factors were measured using western blot
analyses. As shown in Figure 3A, TBQ treatment induced a downregulation of the total and phosphorylated forms of Bcr-Abl proteins
in KBM5 and KBM5-T315I cells in both dose- and time-dependent
manner. Further analyses displayed that the phosphorylation of STAT5,
ERK1/2 and Akt were also significantly decreased in a dose- and timedependent manner with less dramatic changes in the total protein level
of ERK1/2. Taken together, our data demonstrate that TBQ induces
downregulation of Bcr-Abl protein and consequently suppresses the
signaling pathway downstream of Bcr-Abl.

TBQ induces caspase activation in CML cells

Bcr-Abl downregulation relies on caspase-dependent cleavage

In order to better understand the anticancer mechanism of TBQ, we
next examined TBQ effects on the expression of apoptosis-associated
proteins. Western blot analysis showed that TBQ induced the cleavage
of PARP in both a dose- and a time-dependent manner in the two
CML cell lines. Meanwhile, the precursor forms of caspase-3 and -8
were decreased, revealing that TBQ may trigger CML cell apoptosis and
caspase activation (Figure 2A).

We and others have reported that Bcr-Abl could be cleaved by
caspase activation [27,29]. To address the mechanism by which TBQ
downregulates Bcr-Abl protein in CML cells, we tested the impact of
caspase inhibition on Bcr-Abl protein levels in the cell receiving TBQ
treatment. We observed that to a large extent, pan-caspase inhibitor
z-VAD-fmk blocked TBQ from inducing cell death and the decreases
of Bcr-Abl and its downstream signaling proteins (Figure 3B). These
results demonstrate that TBQ-induced caspase activation is required
for the downregulation of Bcr-Abl and of its downstream events.

To further investigate the mechanism of TBQ-induced apoptosis,
the effect of TBQ on the expression of other apoptosis-related proteins
was measured. As shown in Figure 2B, TBQ induced marked decline
of anti-apoptotic proteins, including Bcl-2, Mcl-1 and XIAP in both
KBM5 and KBM5-T315I cells.

TBQ downregulates Bcr-Abl protein- and inhibits its
downstream signaling

Ex vivo effects of TBQ on primary monocytes from patients
with CML
The results described above show that TBQ is effective in both

To determine whether the antiproliferative effects of TBQ were

Figure 2. TBQ-induced apoptosis is associated with caspase activation
and decreased expression of anti-apoptotic proteins in CML cells.
(A) TBQ induced PARP cleavage and caspase activation in KBM5 and
KBM5-T315I cells. Cells were dose- and time-dependently treated with
TBQ. PARP and caspase-3, -8 were analyzed by western blots. GAPDH was
used as a loading control. C: control. The quantitative analyses of western
blot results of PARP are summarized in the bar graphs accompanying
the representative images, Mean ± SD (n=3). (B) TBQ decreased the
expression of anti-apoptotic proteins in KBM5 and KBM5-T315I cells. Cells
were dose- and time-dependently treated with TBQ. The anti-apoptotic
proteins Bcl-2, Mcl-1 and XIAP were analyzed by western blot.
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Figure 3. Caspase activation contributes to TBQ-induced Bcr-Abl
downregulation.
(A) TBQ induced down-regulation of Bcr-Abl and its downstream signaling
proteins. KBM5 and KBM5-T315I cells were dose- and time-dependently
treated with TBQ. Bcr-Abl and its downstream proteins were detected by
western blot analyses. GAPDH was used as a loading control. C: control. (B)
Caspase inhibition blocked TBQ from decreasing Bcr-Abl and its downstream
signaling proteins. KBM5-T315I cells were treated with 7.5 µM TBQ with/
without caspase inhibitor z-VAD-fmk (20 μM) for 12 hours. The total and
phosphorylated Bcr-Abl and its downstream proteins were detected by
western blot analyses. The quantitative analyses of the western blot results
are summarized in the accompanying bar graph, Mean ± SD (n=3).
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IM-sensitive and -resistant CML cell lines. We next evaluated the ex
vivo antineoplastic effect of TBQ on bone marrow mononuclear cells
from 3 CML patients (#3 patient was IM-resistant). The most typical
histograms of MTS assay for the cells from 2 patients are shown in
Figure 4A. TBQ treatment decreased the cell viability of primary
monocytes from CML patients with the IC50 values being 7.83 and 8.28
µM, respectively. Furthermore, treatment of TBQ at doses from 5 µM
to 15 µM for 24 hours resulted in significant increases in apoptosis in
the monocytes from all 3 CML patients as detected by either PI staining
or Annexin V/PI double staining; the most typical images are presented
(Figures 4B,4C). These results are consistent with the in vitro inhibitory
effect of TBQ on KBM5 and KBM5-T315I cells, indicative of a great
potential for use of TBQ to treat CML patients.

Discussion
The cause of CML is the Philadelphia chromosome carrying the
Bcr-Abl oncogene [1,3]. Imatinib is the first-generation of drugs that
specifically target the Bcr-Abl tyrosine kinase. However, it has become

Figure 4. TBQ induces cytotoxicity in cancer cells from CML patients.
(A) TBQ induced proliferation inhibition of mononuclear cancer cells. Cancer
cells from 3 CML patients were treated with TBQ at the indicated doses for
48 hours and the cell viability was detected by MTS assay. Mean ± SD (n=3).
The most typical histograms of 2 patients are shown. (#1: IM-sensitive patient;
#3: IM-resistant patient). (B, C) TBQ induces cell death of cancer cells from
either IM-sensitive or IM-resistant CML patients. Cancer cells isolated from
3 CML patients were incubated with TBQ for 24 hours, followed by detecting
the PI-positive cells under an inverted microscope (B), or staining with Annex
in V/PI and cell apoptosis was analyzed by flow cytometry (C). Cell death data
from flow cytometry were summarized in the graph shown at the right panel,
Mean±SD (n=3). The most typical images of 2 patients were shown. (#2: IMsensitive patient; #3: IM-resistant patient). *P < 0.05, **P < 0.01, versus vehicle
control.
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apparent that a large portion of patients chronically treated with IM
develop resistance due to Bcr-Abl overexpression or mutations such
as T315I, E255K and M351T in the Bcr-Abl kinase domain [11-13].
Importantly, even newer inhibitors (e.g. nilotinib, dasatinib, sunitinib
and sorafenib), which can effectively inhibit the phosphorylation of
the mutated Bcr-Abl (E255K, M351T), cannot effectively inhibit the
T315I mutant Bcr-Abl [30]. Moreover, an aurora kinase inhibitor such
as VX-680 [31], MAP kinase inhibitor such as BIRB-796 [32], and ROS
promoting agents such as PEITC [33], have been assessed to overcome
the problem of the Bcr-Abl T315I mutation but satisfied results have
not been derived yet [34,35]. Therefore, innovative treatment has
been urgently sought to over-ride T315I mutation, and to promote
elimination of Bcr-Abl harboring cells in the patient. Recent data
suggest that inhibiting Bcr-Abl expression is a promising approach to
overcoming IM resistance.
To search for an alternative therapy for IM-resistant CML,
particularly those harboring T315I Bcr-Abl mutation, we evaluated in
the present study an antioxidant TBQ, the oxidation product of TBHQ,
which was developed as a food additive [20,21]. Recent research has
revealed that TBQ has antitumor activities in different type of human
cancer cells, including monocytic leukemia U937 cells [25] and lung
cancer A549 cells [26]. In the present study, we have demonstrated that
TBQ is highly effective in overcoming IM-resistant cancer cells in vitro
and in primary monocytes from patients with CML. TBQ dose- and
time-dependently decreased cell viability and induced apoptosis in not
only wild-type Bcr-Abl or T315I-Bcr-Abl cell lines but also mononuclear
cancer cells derived from CML patients that are either IM-resistant or
-sensitive in vitro. To our knowledge, this is the first report to show
that TBQ is effective against CML cells, including those with the T315I
mutation. Furthermore, we have unraveled that TBQ induces cell
apoptosis and overcomes IM-resistance in CML cells through Bcr/Abldependent mechanisms. TBQ-induced caspase activation decreased
Bcr-Abl protein levels (Figure 3B), thereby leading to cell proliferation
inhibition and apoptosis. Also, TBQ led to a distinct inhibition of BcrAbl phosphorylation, indicating decreased Abl-kinase activity as well
as a pronounced inhibition of phosphorylation of Bcr-Abl downstream
targets STAT5, Akt and ERK in both wild-type Bcr-Abl and T315I-BcrAbl cell lines (Figure 3A). The downstream targets of STAT5 responsible
for enhanced survival of Bcr-Abl cells are involved in the transcription
of Mcl-1, XIAP or Bcl-2 [36,37]. Here, we report that TBQ treatment
dose- and time-dependently induces down-regulation of anti-apoptotic
proteins including Bcl-2, Mcl-1 and XIAP, which leads to the decrease
of mitochondrial membrane integrity (Figure 1D), thus inducing
the release of cytochrome C and AIF [25,27]. The released apoptotic
factors would induce caspase activation, resulting in decreased levels
of the precursor forms of caspases-3 and caspases-8. In addition, it
has been reported by others that induction of caspase activity by TBQ
was prevented by the addition of GSH [25]. Therefore, the decrease of
intracellular GSH induced by TBQ treatment may also contribute to
caspase activation by inducing DEVDase activity. It is also apparent
that TBQ-triggered caspase activation is responsible for not only the
observed PARP cleavage and apoptosis but also the downregulation of
Bcr-Abl protein because we observed that caspase inhibition prevented
TBQ from decreasing Bcr-Abl proteins in both IM-sensitive and IMresistant CML cells.
In conclusion, we demonstrate that TBQ has potent anticancer
activity against the cells bearing wild type and T315I mutant Bcr-Abl.
Based on the mechanism of action and promising activity of TBQ
against IM-resistant CML cells, our results suggest for the first time
that TBQ may have clinical benefit for patients with CML, particularly
those suffering from IM-resistance. We believe this is a discovery of
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great significance and warrants future clinical investigations because
effective measures to overcome the IM-resistance exerted by T315I
mutant Bcr-Abl are currently lacking.
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