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Treatment with imatinib mesylate (IM) results in an increased viable cell number of non-BCR-ABL-
expressing cell lines by inhibiting spontaneous apoptosis. Electron microscopy revealed an increase of
autophagosomes in response to IM. IM attenuated the cytotoxic effect of cytosine arabinoside, as well
as inhibiting cell death with serum-deprived culture. Cytoprotection with autophagosome formation
by IM was observed in various leukemia and cancer cell lines as well as normal murine embryonic fibro-
blasts (MEFs). Complete inhibition of autophagy by knockdown of atg5 in the Tet-off atg5�/� MEF system
attenuated the cytoprotective effect of IM, indicating that the effect is partially dependent on autophagy.
However, cytoprotection by IM was not mediated through suppression of ROS production via mitophagy,
ER stress via ribophagy, or proapoptotic function of ABL kinase. Although the target tyrosine kinase(s) of
IM remains unclear, our data provide novel therapeutic possibilities of using IM for cytoprotection.

� 2009 Elsevier Inc. All rights reserved.
Introduction Autophagy is an intracellular degradation system that delivers
Chronic myelogenous leukemia (CML) is caused by translocation
of chromosomes 9 and 22 in hematopoietic progenitor cells. This ge-
netic event results in production of an abnormal fusion BCR-ABL pro-
tein in which constitutive activation of tyrosine kinase of ABL mimics
the cell growth or survival signals of various growth factors, inducing
a growth advantage of the CML clone in bone marrow. Imatinib mes-
ylate (IM) was developed as a specific inhibitor of BCR-ABL kinase
activity by binding to the ATP-binding pocket of ABL kinase [1]. Since
IM was also found to inhibit other tyrosine kinases (e.g., ABL, KIT, and
PDGF receptor), it has been clinically used for treating gastrointesti-
nal tumors (GISTs) with the ligand-independent constitutive activa-
tion of KIT by mutations of exon 11 and treatment of chronic
eosinophilic leukemia with constitutive activation of the FIP1L1/
PDGFRa fusion protein by interstitial deletion of chromosome 4q12
[2,3]. Dramatic therapeutic response to IM in CML patients has be-
come the first model of ‘‘target therapy” for cancer patients, using a
low molecular weight chemical compound. IM therapy has now be-
come the first-line treatment for patients with CML [4].
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should be regarded as co-first
cytoplasmic constitutions to the lysosome. Intracellular proteins
and organelle are sequestered by the autophagosome, then deliv-
ered to the lysosome and degraded [5]. Autophagy is a process
by which cells can adapt their metabolism to starvation nutrients
or is a typical consequence of loss of growth factor signals, allow-
ing cells to evade programmed cell death. However, in addition to
its role in the starvation process, accumulating evidence suggests
that autophagy is closely related to intracellular quality control
of proteins and organelle, neurodegeneration, immune response,
tumor suppression, anti-aging, and cell death [6].

Recently, it has been reported that IM induces autophagy in var-
ious cell lines [7]. Combining IM with an autophagy inhibitor such
as chloroquine has been reported to enhance elimination of CML
clones in vitro and in vivo [8]. This result suggests that targeting
autophagy may provide therapeutic benefit in IM therapy for
CML. Interestingly, a recent report demonstrated that IM has a
therapeutic effect on diabetes mellitus, although the underlying
mechanism is still unclear [9].

We here report that IM has a potent cytoprotective effect, along
with autophagosome formation, in non-BCR-ABL-expressing cell
lines and normal murine embryonic fibroblasts (MEFs).

Materials and methods

Cell lines and reagents. Cell lines such as K562 (a CML cell line
expressing p210BCR-ABL), HL-60 and U937 (acute myelogenous
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leukemia (AML) cell lines), A549 and H226 (lung cancer cell lines),
and COLO202 and DLD1 (colon cancer cell lines) were all obtained
from the American Type Culture Collection (Rockville, MD) and
were maintained in continuous culture in RPMI 1640 medium
(Gibco, Grand Island, NY) supplemented with 10% FBS (Hyclone,
Logan, UT), 2 mM L-glutamine, penicillin (50 U/ml), and streptomy-
cin (100 lg/ml). The IM was provided by Novartis Pharma AG
(Basel, Switzerland) and cytosine arabinoside (Ara-C) was provided
by Nippon Shinyaku Co., Ltd. (Kyoto, Japan). E-64-d and pepstatin
A, which are inhibitors for lysosomal proteases, were purchased
from BIOMOL International L.P. (Plymouth Meeting, PA). Tunica-
mycin (TN) and trehalose were purchased from Sigma–Aldrich
(St. Louis, MO), and rapamycin was obtained from Calbiochem
(Darmstadt, Germany).

Assessment of viable cell number and morphology of cultured cells.
The viable cell number was assessed by CellTiter Blue, a cell viabil-
ity assay kit (Promega Co., Madison, WI), with fluorescence mea-
surements at 570 nm for excitation and 590 nm for fluorescence
emission. For morphologic assessment, the cell suspensions were
sedimented and fixed on slide glasses using a Shandon Cytospin
II (Shandon, Pittsburgh, PA), and preparations were stained with
May–Grünwald–Giemsa.

Immunoblotting. Immunoblotting was performed as previously
described [10]. In short, cells were lysed with 1% NP-40 Lysis Buf-
fer. Cellular proteins were quantified using a Protein Assay kit of
Bio-Rad (Richmond, CA). Equal amounts of proteins were loaded
onto the gels, separated by SDS–PAGE and transferred onto Immo-
bilone-P membrane (Millipore Corporation, Billerica, MA). RIPA Ly-
sis Buffer (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was used
to extract nuclear protein such as CHOP (GADD153). The mem-
branes were probed with antibodies (Abs) such as anti-microtu-
bule-associated protein 1 light chain 3B (LC3B) Ab (Novus
Biologicals, Inc., Littleton, CO), anti-CHOP monoclonal (m) Ab,
anti-Atg5 Ab, anti-p62 (sequestosome-1) mAb (Cell Signaling Tech-
nology, Danvers, MA), and anti-ABL mAb and anti-b-actin mAb
(Santa Cruz Biotechnology). Immunoreactive proteins were de-
tected with horseradish peroxidase-conjugated second mAbs and
an enhanced chemiluminescence reagent (ECL) (Amersham Biosci-
ences Corporation). Densitometry was performed using a Molecu-
lar Imager, ChemiDoc XRS system (Bio-Rad).

Electron microscopy. Cells were treated with or without IM and
fixed with a solution containing 3% glutaraldehyde plus 2% parafor-
maldehyde in 0.1 M cacodylate buffer (pH 7.3) for 1 h. The samples
were further post-fixed in 1% OsO4 in the same buffer for 1 h, and
subjected to electron microscopic analysis using electron micro-
scope H-7000 (Hitachi, Tokyo, Japan) as described previously [10].

Flow cytometry. Flow cytometry was performed to assess mito-
chondrial volume and mitochondrial superoxide production. After
staining the cells with MitoTracker (Molecular Probes, Inc., Eugene,
OR) and MitoSOX (Molecular Probes, Inc.), fluorescence intensities
were assessed using a flow cytometer Partec PASI with a Particle
Analyzing System (Partec GmbH, Münster, Germany). For cell-cy-
cle analysis, cellular DNAs were stained using the CyStain DNA
step2 kit (Partec GmbH) and processed for flow cytometry.

Tet-off system with an atg5�/� mouse embryonic fibroblasts
(MEFs). The m5–7 cell line, the atg5 Tet-off MEF system, was a kind
gift from Dr. Noboru Mizushima (Tokyo Medical and Dental Uni-
versity School of Health Science, Tokyo, Japan). Culture conditions
for continuous maintenance and for knockdown of atg5 gene for
inhibiting autophagy was previously described in detail [11].

Transfection of c-abl shRNA. Gene silence of c-abl in HL-60 cells
was performed using c-abl shRNA lentiviral particles (sc-29843-
V) containing the resistance gene for puromycin (Santa Cruz Bio-
technology, Inc.) according to the manufacturer’s instruction man-
ual. Transfectants were selected by culturing RPMI 1640 medium
containing 5 lg/ml of puromycin and 10% FBS. Cloning of a trans-
fectant with the lower ABL expression by c-abl shRNA was per-
formed by limiting dilution. Expression of ABL protein was
assessed by immunoblotting with anti-ABL mAb.

Statistics. All data are given as means ± SD. Statistical analysis
was performed by using Mann–Whitney’s U test (two-tailed). The
criterion for statistical significance was taken as p < 0.05.
Results and discussion

IM induces a cytoprotective effect in non-BCR-ABL-expressing cells

When p210BCR-ABL-expressing K562 cells were treated with
IM, the viable cell number was decreased, along with the typical
morphological feature of apoptosis such as fragmented nucleus,
as previously described (Fig. 1A) [12]. Surprisingly, treatment of
HL-60 cells, an non-BCR-ABL-expressing AML cell line, with IM re-
sulted in an increase in viable cell number, compared with the cells
cultured in RPMI 1640 medium containing 10% FBS (Supplemen-
tary Fig. S1A). When HL-60 cells were cultured in the presence of
3–30 lM of IM for 24–96 h, up to a 1.6-fold increase in the viable
cell number was observed in a dose-dependent manner (Fig. 1B).
Cell-cycle analysis revealed no effects on cell-cycle progression
after treatment with IM (Supplementary Fig. S1B). A few percent
of HL-60 cells underwent spontaneous apoptosis, as indicated by
the arrows in Fig. 1A, even when cultured in complete medium
containing 10% FBS. Since culture of HL-60 cells with IM signifi-
cantly reduced these apoptotic cells, the increased cell number ap-
peared to be due to inhibition of spontaneous cell death but not by
cell-cycle progression. Cytosine arabinoside (Ara-C), a representa-
tive chemotherapeutic drugs for AML, inhibited growth of HL-60
cells in a dose-dependent manner. However, cell-growth inhibition
by Ara-C was significantly attenuated in the presence of IM at the
lower concentrations of Ara-C (Fig. 1C). Furthermore, when HL-60
cells were cultured either under serum depletion or at lower con-
centrations of FBS, the addition of IM to cultures increased the via-
ble cell number, compared with cells cultured without IM (Fig. 1D).
All these data suggest a cytoprotective effect in response to IM. It is
noteworthy that cytoprotection by IM was pronounced at lower
FBS concentrations. Cytoprotection by IM was observed in normal
murine embryonic fibroblasts (MEFs) (Supplementary Fig. S1C)
and various cancer cell lines (e.g., U937, A549, H266, DLD1, and
COLO201) under serum-depleted conditions (data not shown). This
result suggests that cytoprotection is ubiquitously induced and is
independent of cell type and malignancy of cells.

The cytoprotective effect in response to IM is partially dependent on
autophagy induction

It has been reported that IM induces autophagy in various cell
lines, although its biological function remains unclear [7]. As
autophagy was originally reported as a cell adaptation process un-
der nutrition starvation [6,13], it is enhanced by the depletion of
nutrients such as carbon and single amino acids in culture medium
[13]. We therefore speculated that cytoprotection in response to
IM is mediated through autophagy induction. Electron microscopy
demonstrated that treatment with IM increased the number of
autophagosomes in HL-60 cells (Fig. 2A). Many intracellular organ-
elles were included in autophagosomes after treatment with IM.
However, it has also been reported that ABL kinase regulates the
late stage of the autophagy process [14]. Inhibition of ABL kinase
reduces the intracellular activities of the lysosomal enzymes,
which may result in impaired turnover of long-lived cytosolic pro-
teins and accumulation of autophagosomes [14]. Since ABL is a tar-
get of IM as is BCR-ABL, accumulation of autophagosomes in HL-60
cells might be due to inhibition of the flux of autophagy by inhibi-
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Fig. 1. IM treatment induces a cytoprotective effect in non-BCR-ABL-expressing cells. (A) After 72 h-treatment with 10 lM of IM, HL-60 and K562 cells were processed for
May–Grünwald–Giemsa staining to assess morphologic changes (original magnification 1000�). Arrows indicate the HL-60 cells undergoing spontaneous apoptosis in control
culture medium. (B) HL-60 cells were cultured with IM at various concentrations for 24–96 h. The relative viable cell numbers compared with the cells without IM treatment
are plotted. (C) HL-60 cells were cultured with Ara-C at various concentrations in the presence or absence of 10 lM of IM for 48 h. Viable cell numbers were assessed. (D) HL-
60 cells were cultured under FBS-deprived conditions in the presence or absence of IM (10 lM) for 24 and 48 h. Viable cell numbers were assessed. Means ± SD *p < 0.05,
**p < 0.01 vs the cells cultured without IM.
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Fig. 3. Induction of cytoprotective autophagy by IM. To knockdown atg5 gene, the
m5–7 cell line was used as a Tet-off atg5 MEF system [17]. After pre-treatment with
or without doxycycline (Dox: 10 ng/ml) for 4 days, m5–7 cells were further cultured
in the presence or absence of 10 lM of IM for 72 h. Cellular proteins were separated
by 11.25% SDS–PAGE and immunoblotted with anti-ATG5 and anti-LC3B Abs (upper
panel). Viable cell number of m5–7 cells was assessed using a CellTiter Blue kit.
Percentages comparing to the viable cell number without IM treatment were
described (lower panel).
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tion of ABL kinase as previously reported [14]. Therefore, we next
investigated whether or not IM induces autophagy. LC3 protein is
known to exist in two cellular forms, LC3-I and LC3-II. LC3-I is con-
verted to LC3-II by conjugation to phosphatidylethanolamine dur-
ing formation of autophagosome, and the amount of LC3-II is a
good early marker for the formation of autophagosomes [15].
Immunoblotting with LC3B Ab demonstrated that IM treatment
enhanced LC3B-II formation within 12 h after treatment with IM
(Fig. 2B). LC3B-II induction by IM was more potent than those by
rapamycin and trehalose, which are well-known autophagy induc-
ers (data not shown) [16,17]. Along with LC3B-II formation, the cel-
lular expression level of p62 (sequestosome-1) was significantly
reduced. P62 was originally identified as a component of patho-
logical protein inclusion, but it has now been identified as an adap-
tor protein with multiple protein–protein interaction domains,
including an LC3 interaction region (LIR) for binding the autophagy
protein LC3 and a ubiquitin-associated (UBA) domain for ubiquiti-
nated cargo binding [18,19]. Therefore, reduction of p62 expression
indicates enhanced degradation via LC3-p62 interaction during
autophagy. Furthermore, in the presence of pepstatin A and E-
64-d, which are lysosomal protease inhibitors for blocking auto-
phagosome flux, induction of LC3B-II after treatment with IM
was further enhanced, compared with those treated with lyso-
somal inhibitors alone (Fig. 2B and Supplementary Fig. S2) [15].
These data demonstrate that autophagy is enhanced in response
to IM in various kinds of cells and that an increased number of
autophagosomes is not caused by blocking the autophagy flux
alone.

We next examined whether or not cytoprotection in response to
IM was dependent on autophagy. We used the conditional knock-
down system of Tet-off atg5 m5–7 cells to completely inhibit the
autophagic process [11]. Pre-treatment with doxycycline for 4 days
completely inhibited autophagy induction in response to IM by
knockdown of Atg5 protein. Under serum-depleted conditions,
cytoprotection by IM was significantly suppressed in Atg5 knock-
down-m5–7 cells (Fig. 3). This result indicates that cytoprotection
is partially dependent on autophagy induction, but other underly-
ing cellular mechanism(s) might exist. To explain autophagy-
dependent cytoprotection in response to IM, we hypothesized that
the effect is due to enhanced clearance of mitochondria and/or
ribosome via autophagy. Selective clearance of mitochondria via
autophagy (designated as ‘‘mitophagy”) may function as reduction
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of ROS production in the quality control of mitochondria [20],
whereas the clearance of ribosome via autophagy (designated as
‘‘ribophagy” or ‘‘ER-phagy”) may function as suppression or regula-
tion of ER stress [21,22]. However, treatment with N-acetylcyste-
ine, a scavenger of ROS, did not indicate any cytoprotection in
HL-60 cells (Supplementary Fig. S3A). Additionally, we could not
detect significant reduction of intracellular total mitochondrial
volume or mitochondrial superoxide production after treatment
of HL-60 cells with IM (Supplementary Fig. S3B). Next, we exam-
ined whether or not IM reduces ER stress. Treatment of the cells
with tunicamycin (TN), which inhibits the synthesis of all N-linked
glycoproteins, causes ER stress. In the series of unfolded protein re-
sponses (UPRs), TN treatment induces up-regulation of CHOP
(GADD153) expression followed by apoptosis induction [23]. TN
treatment inhibited cell growth in HL-60 cells, whereas combined
treatment with IM and TN attenuated TN-induced cell-growth
inhibition (Supplementary Fig. S3C). This result suggests that the
reduction of ER stress via ribophagy might be involved. However,
although treatment with TN induced up-regulation of CHOP in
our system, the combined treatment of IM plus TN did not induce
reduction; instead, it enhanced CHOP expression, compared with
treatment by TN alone (Supplementary Fig. S3D). This result indi-
cates that IM does not suppress TN-induced ER stress. Enhanced
expression of CHOP after combined treatment with IM plus TN
might be explained in part by the blocking of autophagy flux by
inhibiting ABL kinase activity, as previously reported [14]. How-
ever, this is inconsistent with a recent report demonstrating that
IM reduced ER stress and induced remission of diabetes in db/db
diabetic model mice [24]. The contrasting effects of IM on ER stress
may be due to experiment conditions such as in vitro vs in vivo or
to a difference of cell types. Further studies are required.

Since activation of ABL kinase has been reported to induce
apoptosis [25], cytoprotection by IM may partially be due to inhi-
bition of ABL. Here, cytoprotection by IM may be explained by two
independent mechanisms, cytoprotective autophagy induction and
ABL kinase inhibition. We next tried to induce gene silence of c-abl
in HL-60 cells using c-abl shRNA lentiviral particles. After knock-
down of ABL expression, HL-60 cells still exhibited IM-induced
cytoprotection under serum deprivation. In addition, attenuation
of Ara-C-induced cytotoxicity was still detectable (Supplementary
Fig. S4). This result suggests that cytoprotection does not depend
on ABL kinase activity.

All these data demonstrate that IM exerts a cytoprotective ef-
fect in various kinds of cells. This effect at least partially depends
on autophagy induction, but is not mediated through inhibition
of ROS production via mitochondrial clearance or reduction of ER
stress via ribosomal clearance. Not demonstrated here is the induc-
tion of cytoprotection after the cells were treated with other tyro-
sine kinase inhibitors such as nilotinib and dasatinib but not with
sunitinib. Therefore, inhibition of some tyrosine kinase(s) appears
to be involved in this scenario. The cytoprotective effect by IM
exhibited here may explain the reported therapeutic effect of IM
in diabetic model mice [9]. Furthermore, this cytoprotective effect
provides clinical possibilities, including ex vivo stem-cell expan-
sion. Identification of the target tyrosine kinase(s) as the next step
is warranted.
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