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The c-KIT receptor tyrosine kinase is constitutively activated
and oncogenic in the majority of gastrointestinal stromal
tumors. The identification of selective inhibitors of c-KIT, such
as imatinib, has provided a novel therapeutic approach in the
treatment of this chemotherapy refractory tumor. However,
despite the clinical importance of these findings and the poten-
tial it provides as a model system for understanding targeted
therapy, this approach has not yielded curative outcomes in
most patients, and the biochemical pathways connecting c-KIT
inhibition to cell death are not completely understood. Here, we
show that inhibition of c-KIT with imatinib in gastrointestinal
stromal tumors (GISTs) triggered the up-regulation of the pro-
apoptotic protein BIM via both transcriptional and post-trans-
lational mechanisms. The inhibition of c-KIT by imatinib
increased levels of the dephosphorylated and deubiquitinated
form of BIM as well as triggered the accumulation of the tran-
scription factor FOXO3a on the BIM promoter to activate tran-
scription of BIMmRNA. Furthermore, using RNA interference
directed against BIM, we demonstrated that BIM knockdown
attenuated the effects of imatinib, suggesting that BIM func-
tionally contributes to imatinib-induced apoptosis in GIST.
The identification and characterization of the pathways that
mediate imatinib-induced cell death in GIST provide for a
better understanding of targeted therapy and may facilitate
the development of new therapeutic approaches to further
exploit these pathways.

Therapies that selectively target essential molecular path-
ways of cancer cells possess the potential to increase the effec-
tiveness of therapy while decreasing the side effects associated
with traditional cytotoxic chemotherapy. One example that has
evoked considerable interest in both the laboratory and clinic is
the identification in GI stromal tumors of activating mutations
in the c-KIT (v-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene homolog) receptor tyrosine kinase gene coupledwith

the development of targeted c-KIT inhibitors such as imatinib
(1). Gastrointestinal stromal tumors (GISTs)2 are the most
commonmesenchymal tumor of the gastrointestinal tract, and
�80% of GISTs harbor activating c-KIT mutations (2). While
surgical resection of localized disease can be curative,GISTs are
poorly responsive to cytotoxic chemotherapy, and for meta-
static disease, there were few therapeutic options prior to the
advent of targeted c-KIT therapies (2). However, although
�80% of patients with metastatic GIST respond to imatinib
therapy, responses are rarely complete, and patients eventually
progress on therapy, often due to the development of second-
ary, imatinib-resistant c-KIT mutations (3).
Evidence suggests that activated c-KIT drives GIST cell sur-

vival through multiple pathways and that the specific c-KIT
mutation type may influence the degree of activation of the
different downstream signal transduction pathways (4). Ac-
cordingly, the key downstream mediators of imatinib-induced
cell death in GISTs remain incompletely understood. While
imatinib inhibition of c-KIT has been shown to down-regulate
survival pathways downstream from c-KIT, such as PI3K-AKT
and MAPK (5), other effects of imatinib have also been identi-
fied such as soluble histone H2AX up-regulation (6), quies-
cence activation through modulation of the CDH1-SKP2-p27
signaling axis (7), and possibly autophagy (8). Identifying and
characterizing the pathways thatmediate imatinib-induced cell
deathmay facilitate the development of synergistic therapies to
increase the effectiveness of imatinib as well as salvage thera-
pies to overcome imatinib resistance.
Although there are undoubtedly a number of different bio-

chemical mediators of imatinib-induced cell death, a wide vari-
ety of cellular stress or damage signals can converge on the
programmed cell death or apoptotic pathway. The intrinsic
apoptotic pathway is controlled by the interactions of pro- and
antiapoptotic members of the BCL-2 family of proteins and
culminates with mitochondrial membrane permeabilization,
release of cytochrome c, and activation of caspases (9). We
hypothesized that modulating this balance between the pro-
and antiapoptotic members of the intrinsic mitochondrial
pathway may also be important for the mechanism of action of
imatinib in GIST therapy.
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EXPERIMENTAL PROCEDURES

Reagents andCell Culture—UO126was purchased fromCal-
biochem, and imatinib was purchased from LC Laboratories.
The pCMV6.BIM-FLAG vector was obtained from Origene.
The GIST 882 and 48 cell lines (kindly provided by J. A.
Fletcher, Brigham and Women’s Hospital, Boston, MA), were
cultured as described previously (1, 5).
siRNA Transfection—BIM, Bad, and control (nontargeting)

siRNAs were obtained from Dharmacon. Subconfluent GIST
882 cells in 12-well plates were transfected with 5 nM siRNA in
RPMI 1640 medium with Hiperfect transfection reagent (Qia-
gen). After 4 h of incubation, the medium was changed back to
the complete culture medium but with only 5% fetal bovine
serum. Imatinib or DMSO was added 24 h after transfection,
and after the prescribed incubation period, either whole-cell
lysates were prepared for Western blot analysis, or cell via-
bility was assessed with the CellTiter-Glo luminescent assay
(Promega).
BIMOverexpression—GIST882 and 48 cellswere transfected

with pCMV6.BIM-FLAG vector using Lipofectamine LTX
(Invitrogen) according to the manufacturer’s instructions.
After 36 h, cell viability was assessed with the CellTiter-Glo
luminescent assay (Promega).
Quantitative Reverse Transcription-PCR—Total RNAs were

isolated using the RNeasy Plus mini kit (Qiagen). Quantitative
real time reverse transcription-PCRwas performedwith 100 ng
total RNA, Quantiscript reverse transcriptase (Qiagen), and iQ
SYBR Green Supermix (Bio-Rad) on an ABI 7500 Fast Real
Time PCR system. The primers used were 5�-TTGTGGCTC-
TGTCTGTAGGGAGGTA-3� (sense) and 5�-GTTCTGAGT-
GTGACCGAGAAGGTA-3� (antisense) for BIM and 5�-CTC-
CATCATGAAGTGTGACGTGGA-3� (sense) and 5�-CAGG-
AAAGACACCCACCTTGATCT-3� (antisense) for �-actin.
All reactions were run in triplicate, and the relative expression
of BIM was calculated by normalizing BIM mRNA expression
to �-actin mRNA expression.
Proliferation and Apoptosis Assays—GIST 882 cells, trans-

fected with BIM or control siRNA as described above, were
grown in 96-well plates. After incubation with imatinib or
DMSO for the prescribed amount of time, the cells were
washed with phosphate-buffered saline, and cell viability was
determined using the CellTiter-Glo luminescent assay (Pro-
mega) according to the manufacturer’s instructions. To assess
apoptosis, GIST 882 cells were treated with imatinib or DMSO
for the prescribed period of time. Cells were then trypsinized
and subsequently stained with annexin V-FITC and propidium
iodide and analyzed on a FACSCalibur machine. Viable cells
were annexin V- and propidium iodide-negative.
Western Blotting—Whole-cell lysis was performed at 4 °C for

15 min. Proteins were separated by SDS-PAGE and then trans-
ferred to nitrocellulose membranes. Antibodies were used to
detect the following proteins: BIM (BD Pharmingen), PUMA
(Cell Signaling), NOXA (Cell Signaling), BID (Cell Signaling),
Bad (Cell Signaling), MCL-1 (Santa Cruz Biotechnology),
BCL-2 (Cell Signaling), BCL-xL (Cell Signaling), BAX (Cell
Signaling), tubulin (Sigma), cleavedpoly(ADP-ribose)polymerase
(Cell Signaling), FKHRL1/FOXO3a (Millipore), phospho-

FKHRL1/FOXO3a (Ser253; Millipore), phospho-FKHRL1/
FOXO3a (Ser32; Millipore), phospho-BIM (Ser69; Cell Sig-
naling), p44/42 MAPK (Erk 1/2; Cell Signaling), phospho-
p44/42 MAPK (Erk1/2, Thr202/Tyr204; Cell Signaling),
ubiquitin (Cell Signaling), and FLAG (Sigma).
Co-immunoprecipitation of BIM—As described in Ref. 10,

whole-cell lysates (�1000 �g) were incubated for 4 h at 4 °C
with 2.5 �g of either anti-BIM antibody (BD Pharmingen) or
normal rabbit IgG in 200 �l of immunoprecipitation lysis
buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
150 mM NaCl, 10 mM sodium phosphate, pH 7.2) containing
Protein A/G-agarose (Thermo Fisher Scientific). The
immune complexes were collected by centrifugation and
washed five times with immunoprecipitation lysis buffer.
Western blots were performed as described above, with an
antibody directed against ubiquitin (Cell Signaling).
Chromatin Immunoprecipitation Assay—GIST 882 cells were

grown in 10-cm plates until they were �95% confluent and
then either treated with 1 �M imatinib for 48 h or left
untreated. Cells were fixed with formalin, and chromatin
immunoprecipitation was performed with an antibody
directed against FOXO3a as described (11). Subsequent PCR
with primers for either BIM promoter or downstream BIM
coding sequence, as a control for DNA fragmentation size,
was also performed as described (11).

RESULTS

Up-regulation of BIM in a GIST Cell Line Sensitive to
Imatinib—In agreement with previous studies (1, 5), inhibition
of c-KIT with imatinib induced apoptosis in a time-dependent
fashion in the GIST 882 cell line, which harbors a homozygous,
imatinib-sensitive K642E c-KITmutation (Fig. 1A). To investi-
gate the role of the intrinsic apoptotic pathway in this response
to imatinib, we examined the expression of a number of differ-
ent pro- and antiapoptotic BCL-2 family member proteins fol-
lowing treatment with imatinib or DMSO control (Fig. 1B).
Notably, the proapoptotic factor BIM showed a rapid and sus-
tained up-regulation following imatinib treatment. In addition
to increased expression, the relative electrophoretic migration
of BIM also increased, with a striking change already observed
at the earliest time point analyzed (8 h; Fig. 1B). No other apo-
ptotic factor that we probed exhibited as significant a perturba-
tion following imatinib treatment (Fig. 1B and data not shown).
Similar up-regulation of BIMwas observed following treatment
of the GIST 48 cell line with imatinib (supplemental Fig. S1A).
The GIST 48 cell line exhibits moderate sensitivity to imatinib
as it contains a homozygous, imatinib-sensitive, exon 11 muta-
tion and a heterozygous, imatinib-resistant, exon 17 mutation
(5).
BIM Contributes to Imatinib-induced Apoptosis in GIST 882—

We next examined the effects of BIM knockdown on imatinib-
induced cell death. Knockdown of another BCL-2 family
member, Bad,was alsoperformedas a control as it is another pro-
apoptotic factor but did not show up-regulation by Western
blot analysis (Fig. 1B). The siRNAs directed against both BIM
and Bad gave efficient knockdown of their respective targets,
although despite optimization, slight up-regulation of BIM still
occurred following imatinib treatment. After siRNA transfec-
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tion, theGIST 882 cells were treatedwith imatinib and assessed
for apoptosis by immunoblotting for poly(ADP-ribose) poly-
merase cleavage (Fig. 2A) and for viability by an ATP-based
proliferation assay (Fig. 2B). Imatinib-induced effects on apo-
ptosis and cell proliferation were both attenuated by BIM
knockdown (Fig. 2,A andB), suggesting that BIMup-regulation
is measurably contributing to imatinib-induced apoptosis in
GIST 882. Similar results were obtained with the GIST 48 cell
line (supplemental Fig. S1,B andC). The lack of complete abro-
gation of imatinib-induced effects may, in part, be due to the
slight imatinib-induced up-regulation of BIM despite efficient
knockdown but also indicates that other mechanisms besides
BIM may be important for imatinib-induced cell death.
To further strengthen the role of BIM in imatinib-induced

cell death, either BIM or green fluorescent protein, as a con-
trol, were overexpressed in GIST 882 and 48 cells and viabil-
ity assessed after 36 h (Fig. 2C and supplemental Fig. S1,
D and E). For both cell lines, BIM overexpression resulted in
significant cell death relative to green fluorescent protein
control (Fig. 2D and supplemental Fig. S1, D and E) and

provides further evidence that BIM can cause apoptosis in
GIST cell lines.
BIM Is Dephosphorylated and Deubiquitinated after Treat-

ment with Imatinib—TheMAPK and PI3K-AKT pathways can
regulate BIM mRNA expression and protein stability, respec-
tively (11, 12). It seemed likely that either pathway may be par-
ticipating in imatinib-induced BIM up-regulation in GIST 882

FIGURE 1. Effect of imatinib on GIST 882 cells. A, cell viability following
treatment with medium, DMSO, or 1 �M imatinib was assessed by annexin
V-FITC and propidium iodide staining followed by flow cytometric analysis.
Viable cells lacked annexin V-FITC, propidium iodide, or both annexin V-FITC
and propidium iodide staining. Data are mean (�S.D.) of three experiments.
B, Western blot analysis of whole-cell lysates prepared from GIST 882 cells
following treatment with medium, DMSO, or 1 �M imatinib. Blots were
probed with antibodies specific to a number of both pro- and antiapoptotic
factors. FIGURE 2. BIM knockdown by siRNA protects GIST 882 cells from ima-

tinib-induced cell death, and, conversely, BIM overexpression induces
cell death. A, GIST 882 cells were treated with control siRNA or siRNA target-
ing BIM or Bad, followed by treatment with 1 �M imatinib for 48 h prior to
whole-cell lysis and Western blot analysis. Blots were probed with antibodies
specific to Bad, BIM, tubulin (loading control), and cleaved poly(ADP-ribose)
polymerase, a marker for apoptosis. B, GIST 882 cells were treated with siRNA
and 1 �M imatinib as in A, and then cell viability was assayed using the CellTiter-
Glo ATP luminescence assay after 24, 48, or 72 h. The data were normal-
ized to untreated medium controls and represent mean values (�S.D.) of
three experiments. p � 0.05 indicates a significant difference between BIM
siRNA and imatinib compared with control siRNA and imatinib or imatinib
without siRNA. C, Western blot analysis of whole-cell lysates prepared from
GIST 882 cells 24 h following transfection with a BIM-FLAG or green fluores-
cent protein (GFP) control vector. Blots were probed with antibodies specific
to FLAG and tubulin. D, GIST 882 cells were transfected with either BIM-FLAG
or green fluorescent protein, and then cell viability was assayed using the
CellTiter-Glo ATP luminescence assay after 36 h. The data were normalized to
untreated, medium controls.
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as it has been previously shown that imatinib inhibition of
c-KIT causes down-regulation of both the MAPK and PI3K-
AKT pathways (5). Erk1/2, of the MAPK pathway, can phos-
phorylate BIM and target it for rapid proteasomal degradation
(12, 13). Accordingly, the amount of phospho-BIM relative to
total BIM significantly decreased following imatinib treatment
of GIST 882 cells (Fig. 3A). Also consistentwith the dephosphor-
ylation of BIM, the relative electrophoretic migration of BIM
increased following either imatinib treatment or treatment of
whole-cell lysates with �-phosphatase (Figs. 1B and 3A). Fur-
thermore, treatment of GIST 882 with the MAPK pathway
inhibitor UO126 caused a similar shift in the electrophoretic
migration of BIM (Fig. 3B). Finally, BIM co-immunoprecipita-
tion andWestern blot analysis with ubiquitin antibody demon-
strated that the amount of monoubiquitinated BIM decreases
after 24 h of imatinib treatment, despite an overall increase in
BIM levels (Fig. 3C). Proteosome inhibitors altered the level of
c-KIT and, accordingly, were not used in this experiment (data
not shown) (14). These data suggest that in GIST 882, the inhi-
bition of c-KIT and subsequent down-regulation of the MAPK
pathway increased levels of the dephosphorylated, deubiquiti-
nated, and proteasome-resistant form of BIM.
BIM mRNA Expression Increases after Treatment with Ima-

tinib—Quantitative reverse transcription-PCR demonstrated
that BIM up-regulation following imatinib treatment also
occurred at the mRNA level (Fig. 4A). It has been previously
shown that when the transcription factor FOXO3a is phosphor-

ylated, it is exported from the nucleus to the cytoplasm, result-
ing in the down-regulation of the transcription of target genes
including BIM (15). As imatinib inhibition of c-KIT in GIST
causes down-regulation of the PI3K-AKT pathway (5), which,
in turn, can phosphorylate FOXO3a, we evaluated whether the
FOXO3a transcription factor could be involved in the induc-
tion of BIM. Treatment of GIST 882 with imatinib significantly
decreased levels of the inactive, phosphorylated form of
FOXO3a (Fig. 4B). Furthermore, the unchanged levels of total
FOXO3a suggest an increase in the dephosphorylated, active
form of FOXO3a. To confirm this increase in active FOXO3a,
we next performed chromatin immunoprecipitation experi-
ments with anti-FOXO3a antibody both before and after treat-
mentwith imatinib. As shown in Fig. 4C, treatment ofGIST 882
with imatinib greatly enhanced the efficiency with which the
anti-FOXO3a antibody, but not the IgG control, selectively pre-
cipitated the region of the BIM promoter containing the
FOXO-binding site. These data suggest that imatinib causes the

FIGURE 3. BIM is dephosphorylated and deubiquitinated after treatment
with imatinib in GIST 882 cells. Western blot analysis of whole-cell lysates
prepared from GIST 882 cells following treatment with medium, DMSO, 1 �M

imatinib (A) or 10 �M MAPK inhibitor UO126 (B). Blots were probed with anti-
bodies specific to BIM, phospho-BIM, phospho-Erk1/2, Erk1/2, and tubulin
(loading control). The small blot shows a GIST 882 whole-cell lysate that was
treated with �-phosphatase to generate a standard for the faster migrating,
dephosphorylated form of BIM. C, GIST 882 cells were treated for 24 h with 1
�M imatinib, and then BIM was immunoprecipitated (IP) from cell lysates. The
degree of BIM ubiquitination was determined by Western blot (IB) followed
by probing with an anti-ubiquitin (Ubq) antibody. The amount of BIM in the
original cell lysates was also determined by Western blotting. FIGURE 4. Transcriptional regulation of BIM by FOXO3a contributes to

BIM up-regulation following imatinib treatment in GIST 882. A, quantita-
tive reverse transcription-PCR analysis of total RNA isolated from GIST 882
cells following treatment with medium, DMSO, or 1 �M imatinib. BIM mRNA
levels were normalized to �-actin. Reactions were performed in triplicate, and
data represent mean (�S.D.) of three experiments. B, Western blot analysis of
whole-cell lysates prepared from GIST 882 cells following treatment with
medium, DMSO, or 1 �M imatinib. Blots were probed with antibodies specific
to FOXO3a, phospho-FOXO3a (Ser253), phospho-FOXO 3a (Ser32), or tubulin
(loading control). C, chromatin immunoprecipitation assay of GIST 882 cells
after 1 �M imatinib treatment for 48 h. Chromatin fragments were immuno-
precipitated with antibodies to FOXO3a or IgG (nonspecific control), and DNA
was amplified by PCR with primers specific to either the BIM promoter or BIM
coding region, to control for chromatin size.
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accumulation of FOXO3a on the BIM promoter to activate
transcription.

DISCUSSION

c-KIT, a member of the type III receptor tyrosine kinase
family, is important for hematopoiesis, melanogenesis, and
gametogenesis as well as the development of the interstitial
cells of Cajal, which are believed to be the nonmalignant pre-
cursor cells of GIST (16). Upon ligand binding, c-KIT dimer-
izes, undergoes autophosphorylation, and activates a variety of
downstream signaling pathways and molecules, including
MAPK, PI3K-AKT, Src, and JAK/STAT (17). Dysregulated sig-
naling by c-KIT has been implicated in a number of cancers
including GISTs, mastocytosis, germ cell tumors, a subset of
melanomas, and acute myelogenous leukemia (17). Targeted
inhibition of c-KIT by imatinib has provided a novel therapeu-
tic approach in the treatment of metastatic GIST. However,
despite the importance of c-KIT in a variety of cancers and the
potential it provides as a model system for understanding tar-
geted therapy, the biochemical pathways connecting c-KIT
inhibition to cell death are incompletely understood.
In this study, we have demonstrated that inhibition of con-

stitutively activated c-KIT by imatinib in GIST triggers the up-
regulation of the proapoptotic, BCL-2 protein family member
BIM. Furthermore, the attenuation of imatinib-induced apo-
ptosis following knockdown of BIM by siRNA supports a func-
tional role for BIM in cell death. The lack of complete rescue
following BIM knockdown is consistent with data demonstrat-
ing the importance of other pathways, such as soluble H2AX2
up-regulation (6), quiescence (7), and possibly autophagy (8) in
the mechanism of action of imatinib in GIST. However, it
seems likely that alternative therapies that abrogate c-KIT sig-
naling by mechanisms unique from imatinib, for example, fla-
vopiridol, which inhibits c-KIT transcription (18), and HSP 90
inhibitors, which target c-KIT protein stability (19), may also
utilize BIM up-regulation to trigger apoptosis.
BIM exhibits multifaceted regulation at the levels of tran-

scription, mRNA stability, post-translational modification,
proteasomal degradation, and cellular localization (12, 20–23).
In this study, we have also demonstrated that after c-KIT inhi-
bition, BIM induction occurs secondary to both transcriptional
and post-translational regulation (Fig. 5). Erk1/2 kinases have
been shown to phosphorylate BIM and target it for ubiquitina-
tion and proteasomal degradation. In agreement, we found that
imatinib inhibition increased the dephosphorylated and deu-
biquitinated form of BIM. In addition to the increase in BIM
protein stability, we also found that imatinib induced BIM tran-
scription through the PI3K-AKT-FOXO3a pathway. Upon
c-KIT inhibition, the transcription factor FOXO3a is dephos-
phorylated, which facilitates its entry into the nucleus and
localization to the BIM promoter. These modes of BIM regula-
tion are in agreement with data previously showing that c-KIT
inhibition caused down-regulation of the MAPK and PI3K-
AKT pathways in GIST (5). Furthermore, in the mast cell line-
age, bothmutant andwild-type c-KIT promoted cell survival by
BIM suppression (24, 25) via inhibition of FOXO3a-mediated
BIM transcriptional up-regulation andMAPKphosphorylation
of BIM (24).

The discovery that dysregulated, constitutively activated
tyrosine kinases in cancers can be specifically inhibited has
lead to significant advances in the field of cancer therapeutics
(26). The results presented here complement and expand the
current data on the mechanisms by which oncogenic tyrosine
kinase inhibition triggers apoptosis. It has been previously
shown that BIM also contributes to apoptosis following EGFR
inhibition in nonsmall cell lung cancers (27–30) and BRAF
V600E inhibition in melanoma (31–33). Similarly, in BCR/Abl
leukemia cells, both BIM and Bad, another proapoptotic BCL-2
family member protein, are required for imatinib-induced cell
death (34). As c-KIT inGIST is now another oncogenic tyrosine
kinase whose effects of targeted inhibition are mediated signif-
icantly by BIM up-regulation, it would suggest that this may be
a commonmechanism for oncogenic tyrosine kinase inhibitor-
induced apoptosis, although lineage-specific distinctions may
also exist.
Understanding the commonmechanisms of cell death uti-

lized by targeted inhibitors such as imatinib is important for
designing new inhibitors for other oncogenic kinases as well
as for developing new therapies in the setting of secondary
resistance to kinase inhibitors. Despite initial high response
rates to imatinib in GIST, complete responses are rare, and
disease in the majority of patients will eventually progress.
The failure of imatinib can involve a number of different
mechanisms, including the development of secondary, ima-
tinib-resistant c-KIT mutations, c-KIT amplification, or the
dependence on alternative pathways (35, 36). Furthermore,
effective salvage therapies for patients with progressive dis-
ease are lacking. Similar acquired resistance has also been
encountered in the targeted therapy of BCR/Abl in chronic
myelogenous leukemia and EGFR in nonsmall cell lung cancer
(26). Based on the data presented here, other strategies to

FIGURE 5. Model for one mechanism by which imatinib inhibition of c-KIT
in GIST induces apoptosis. c-KIT inhibition caused the up-regulation of pro-
apoptotic BIM secondary to both transcriptional and post-translational regu-
lation that was mediated by the PI3K-AKT and MAPK pathways, respectively.
The three small arrows on the far right of the figure indicate that imatinib
effects in GIST are also mediated by other pathways (6 – 8).
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enhance BIM expression inGISTmay be effective in the setting
of imatinib resistance or to augment the effectiveness of
imatinib.
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