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ABSTRACT

Most gastrointestinal stromal tumors (GISTs) are caused by activating mutations
of the KIT receptor tyrosine kinase. The small molecule inhibitor imatinib mesylate was
initially developed to target the ABL1 kinase, which is constitutively activated through
chromosomal translocation in BCR-ABL1-positive chronic myeloid leukemia. Because
of cross-reactivity of imatinib against the KIT kinase, the drug is also successfully used
for the treatment of GIST. Although inhibition of KIT clearly has a major role in the
therapeutic response of GIST to imatinib, the contribution of concomitant inhibition
of ABL in this context has never been explored. We show here that ABL1 is expressed
in the majority of GISTs, including human GIST cell lines. Using siRNA-mediated
knockdown, we demonstrate that depletion of KIT in conjunction with ABL1 - hence
mimicking imatinib treatment - leads to reduced apoptosis induction and attenuated
inhibition of cellular proliferation when compared to depletion of KIT alone. These
results are explained by an increased activity of the AKT survival kinase, which is
mediated by the cyclin-dependent kinase CDK2, likely through direct phosphorylation.
Our results highlight that distinct inhibitory properties of targeted agents can impede
antitumor effects and hence provide insights for rational drug development. Novel
KIT-targeted agents to treat GIST should therefore comprise an increased specificity
for KIT while at the same time displaying a reduced ability to inhibit ABL1.

INTRODUCTION

Oncogenic mutations in the KIT receptor tyrosine
kinase are the tumor-initiating event in the majority of
gastrointestinal stromal tumors (GIST) [1]. The resulting
constitutive activation of KIT makes GISTs amenable
to successful therapy with small molecule KIT kinase
inhibitors, such as imatinib mesylate (Gleevec) [2].
Although 85% of patients experience clinical benefit
from imatinib therapy, complete remissions are rare
and approximately 50% of patients with metastatic or
inoperable GIST show disease progression within the first
two years of treatment [1, 3]. Dissecting the mechanism of
action of imatinib is therefore necessary to develop more
effective treatment options.

Imatinib not only inhibits KIT, but also the activity of
other tyrosine kinases, most prominently the BCR-ABLI1
fusion oncoprotein and the native ABL1 kinase [2,4].
BCR-ABLI1 is generated by the t(9;22) chromosomal
translocation and is a hallmark of Philadelphia
chromosome-positive (Ph+) chronic myeloid leukemia
(CML). Functionally, BCR-ABLI is characterized by
constitutive activation of the ABL1 kinase portion of the
protein leading to the activation of several intracellular
survival pathways. Many of these signaling cascades, such
as RAS/RAF/MEK/MAPK and PI3K/AKT/mTOR, are
also activated by oncogenic KIT in GIST [5, 6]. Although
BCR-ABL1 does not normally exist in healthy, non-
transformed cells or in solid tumors, the non-translocated
ABLI1 protein is ubiquitously expressed. Hence, inhibition
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of ABL1 could contribute to the therapeutic effect of
imatinib, even when primarily targeting another kinase,
such as KIT in GIST.

The non-receptor tyrosine kinase ABL1 was
originally identified as the cellular counterpart to the
Abelson murine leukemia virus oncogene v-Abl [7].
Nevertheless, its physiological functions are still not
well understood and may be cell type-specific. Many
reports indicate that ABL1 has a role in negatively
regulating cellular proliferation and survival. For example,
overexpression of wildtype ABL1 in non-malignant
fibroblasts resulted in a G1 arrest of the cell division cycle
[8]. Moreover, ABL1 mediates a DNA damage-induced
cell cycle arrest through direct binding and upregulation
of p53 [9]. The role that ABL1 plays in solid tumors
is somewhat controversial. Several studies reported
overexpression of ABL1 along with evidence that ABL1
has tumor-promoting roles — a finding that would make
these tumors amenable to treatment with ABL1 kinase
inhibitors [10]. Other reports rather confirm the anti-
proliferative role of ABL1. Active ABL1 kinase was
shown to inhibit cell viability, proliferation, motility and
invasion in breast cancer cells [11]. Similarly, deleting the
remaining normal copy of ABL1 in BCR-ABL1" murine
leukemia stem cells led to more aggressive disease,
enhanced proliferation, inhibition of genotoxic stress-
induced apoptosis and increased chromosomal aberrations
[12]. Moreover, silencing of ABL1 in mammary epithelial
cells led to the induction of epithelial-mesenchymal
transition (EMT), a well-studied characteristic of
malignant behavior [13, 14]. Notably, nothing is currently
known about ABL1 expression in GISTs or the functional
impact of ABLI inhibition in the response to imatinib
therapy, to the best of our knowledge.

Herein, we demonstrate that ABL1 is co-expressed
with KIT in the vast majority of GISTs. While this
finding could point to a potential contribution of ABL1
inhibition to the therapeutic effect of imatinib treatment
in these tumors, our results show that it may indeed have
the opposite effect. Silencing of KIT in conjunction
with ABL1 led to an attenuation of apoptosis induction
and attenuation of cell cycle exit when compared to
silencing of KIT alone. Importantly, depletion as well as
chemical inhibition of ABLI resulted in increased AKT
S473 survival signaling that was mediated by activated
CDK2. Taken together, our results indicate that improved
future therapies for GIST may be more effective when not
targeting ABL1 in conjunction with KIT.

RESULTS

KIT and ABL1 are co-expressed in GISTs

To determine whether ABL1 is expressed in GISTs,
we stained imatinib-sensitive (GIST882, GIST-T1) and
imatinib-resistant (GIST430, GIST48, GIST48B) GIST

cell lines for ABL1 by immunoblotting in comparison
to untransformed normal human fibroblasts (NHF;
Figure 1A). The BCR-ABL-positive CML cell line K562
served as positive control. All GIST cells expressed ABL1
at levels comparable to the parental ABL1 protein of
K562 cells, while NHF expressed ABL1 at a lower level.
Interestingly, two leiomyosarcoma cell lines (SK-LMS,
SK-UT1) did not express ABL1 at detectable levels. As
expected, all GIST cells expressed KIT except GIST48B,
which is a KIT-negative derivative of GIST48.

To ascertain that ABL1 expression is also seen
in primary GISTs, we first examined eight primary,
fresh frozen GIST samples for ABL1 expression
by immunoblotting (Figure 1B). Seven of the eight
primary tumor samples expressed ABL1, most of them
at comparable levels to GIST882. All primary GISTs
expressed moderate to high levels of KIT.

Furthermore, we stained a tissue microarray
containing 28 GISTs for ABL1 by immunohistochemistry
(Figure 1C, Table 1). Individual cores were assessed for
ABLI1 and KIT expression. Staining intensity was scored
as negative (0), weak (0.5—1), moderate (1.5-2) or strong
(2.5-3). All assessable samples (27/27; 100%) were
positive for ABL1 (Figure 1C, Table 1). The majority were
of medium (13) or weak (11) staining intensity with staining
found predominately in the cytoplasm. All assessable cores
were positive for KIT. One sample was not assessable for
both stains, because of absent tumor tissue in the core.

Patient characteristics are shown in Table 1. There
were 17 males and 11 females with an average age of
63.7 years. Most tumors were located in the stomach
(15/28), while seven tumors were from the small bowel.
The remaining tumors were in the colon or rectum
(2/28), retroperitoneum (1/28) or metastatic at time of
diagnosis (3/28). There was no correlation between ABL1
expression levels and tumor location, risk of recurrence
(p > 0.05; Fisher’s Exact Probability test), age (p > 0.05;
ANOVA) or gender (p > 0.05; Fisher’s Exact Probability
test). There was a weak correlation between ABL1 and
KIT expression levels (correlation coefficient » = 0.354).

Taken together, ABL1 is co-expressed with KIT in
the majority of GISTs. Because imatinib inhibits both,
inhibition of ABL1 could contribute to the therapeutic
effect of imatinib treatment of GIST.

Depletion of ABL1 counteracts knockdown of KIT

Having shown that GISTs express both KIT and
ABL1, we aimed to assess their relative contributions to
GIST cell proliferation and/or survival. siRNA-mediated
knockdown of either KIT or ABL1 in GIST882 cells was
used to mimic single inhibition of either of these proteins.
In analogy, a combined knockdown of both KIT and ABL1
mimicked imatinib treatment.

siRNA-mediated knockdown of KIT and ABLI1
occurred within 24 to 48 hours of transfection in both
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single and combination experiments (Figure 2A). As
expected, siRNA-mediated knockdown of KIT led to a
significantly reduced cellular proliferation (Figure 2B,
left panel; p < 0.0001) and increased apoptosis (Figure 2B,
right panel; p < 0.01) when compared to transfection
with non-targeting siRNA control in luminescence-based
assays. By contrast, siRNA-mediated knockdown of
ABL1 showed little to no effect on GIST882 proliferation
or apoptosis (Figure 2B; p > 0.05).

To our surprise, depletion of KIT and ABLI1 in
combination did not lead to an increased effect when
compared to depletion of KIT alone, but rather to a
significantly attenuated reduction of cellular proliferation
(p <0.02) and a strong trend towards a reduced induction
of apoptosis (p < 0.08). Similar results were seen in a time
course experiment over 72 hours when using the TUNEL
assay for readout (Figure 2C). At 48 and 72 hours after
transfection, siRNA-mediated knockdown of KIT and
ABL1 in combination led to a significantly attenuated
induction of apoptosis when compared to knockdown of
KIT alone (p < 0.02 and p < 0.05, respectively).

Moreover, we could show that combined silencing of
KIT and ABLI1 resulted in a significantly attenuated increase
of the sub-Gl fraction detected by flow cytometry when
compared to silencing of KIT alone (Figure 2D; p < 0.007).

The above results were corroborated by biochemical
analyses (Figure 2E). Depletion of KIT and ABLI in
combination led to an attenuated induction of caspase
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3 cleavage when compared to depletion of KIT alone.
Similarly, reduction of cyclin A levels were attenuated
under these conditions.

Taken together, these results indicate that loss of
ABLI in addition to KIT attenuates the pro-apoptotic and
anti-proliferative effect of KIT depletion in GIST cells and
could thus be disadvantageous in the therapeutic setting.

Inhibition of ABL1 leads to activation of AKT

Having shown that loss of ABLI in addition to
KIT may be disadvantageous in the therapeutic setting of
GIST, we set out to dissect the molecular mechanism of
this phenomenon.

We first analyzed whole cell lysates of GIST882
cells after siRNA-mediated transfection of KIT and ABL1
for known signaling mediators downstream of KIT by
immunoblotting (Figure 3A). As expected, knockdown
of KIT led to inhibition of MAPK signaling as assessed
by reduced MAPK p42/44 phosphorylation at T202
(Figure 3A). This effect was present to a similar extent
after combined silencing of KIT and ABL1, but not seen
after depletion of ABLI alone. Similarly, the AKT-S6
kinase (S6K) axis was inhibited after siRNA-mediated
knockdown of KIT (Supplementary Figure S1, Figure 3B).
To our surprise, however, silencing of ABLI1 led to a
substantial increase in S473-phosphorylated AKT resulting
in increased levels of T389-phosphorylated S6 kinase.
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Figure 1: KIT and ABL1 are co-expressed in GIST. (A) Whole cell lysates of imatinib-sensitive (GIST882, GIST-T1) and imatinib-
resistant (GIST430, GIST48, GIST48B) GIST cell lines were immunoblotted for expression of the ABL1 protein. Lysates of normal human
fibroblasts (NHF), the BCR-ABL1-expressing CML cell line K562 as well as the human leimyosarcoma cell lines SK-LMS and SK-UT1
were analyzed in comparison. Arrows depict the native ABL1 protein (125 kDa) as well as the BCR-ABLI1 fusion protein (210 kDa)
detected exclusively in K562 cells. GIST cells show positive expression of KIT, except for GIST48B, which is a known KIT-negative
GIST cell line. Actin stain is shown as loading control. (B) Whole cell lysates of fresh frozen human GIST samples were immunoblotted
for expression of the ABL1 and KIT proteins. GIST882 cell lysates were included to compare expression levels to samples shown in (A).
(C) ABL1 and KIT expression in primary and metastatic GISTs was assessed by immunohistochemical staining of a tissue microarray
(TMA) containing 28 tumors [44]. Examples for high (case 3) and moderate (case 4) ABL1 expression is shown in two GISTs. Top panels,

10x magnification; bottom panels, 20x magnification.
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Table 1: Patient characteristics

case # age gender location size [cm] risk ABLI1 KIT
1 43 F unknown (m) mult. high/metastatic 3 3
2 66 M small bowel 2.0 none 3 3
3 71 M stomach 14.0 high 3 0.5
4 50 F small bowel 4.0 low 2 3
5 65 F small bowel 5.0 low 2 3
6 44 F rectum 4.0 high 2 2.5
7 27 M small bowel 4.5 low 2 2
8 76 M stomach 5.0 very low 2 2
9 79 M small bowel 1.5 none 2 2
10 61 M stomach 21.0 high 2 1.5
11 68 M unknown (m) >10.0 high/metastatic 2 1.5
12 81 M stomach 6.5 low 2 1
13 92 F stomach 9.0 low 2 0
14 52 M small bowel 1.8 none 1.5 2
15 66 M stomach 13.0 high 1.5 1
16 72 F stomach 4.0 very low 1.5 0.5
17 43 F stomach 8.0 low 1 2.5
18 66 M unknown (m) mult. high/metastatic 1 2
19 80 M small bowel 2.5 low 1 2
20 58 F stomach 13.0 intermediate 1 1.5
21 78 M stomach 1.5 none 1 1
22 64 M stomach 2.0 none 1 1
23 75 F stomach 4.0 very low 1 0.5
24 82 M colon 6.0 high 1 0
25 69 F stomach 3.5 very low 0.5 2
26 32 F stomach 0.7 none 0.5 1
27 57 M retroperitoneum 20.0 high/metastatic 0.5 0.5
28 69 M stomach 1.0 n/a n/a n/a

Cases are grouped according to their ABL1 expression levels (from high to low). No correlation with age, gender, tumor
location, tumor size or risk for recurrence (assessed according to [46]) were seen. There was a weak correlation between
ABLI and KIT expression levels (» = 0.354). (m), metastatic; mult., multiple tumor nodules present; n/a, core not assessable.

To test whether the induction of AKT activation
can also be induced by chemical inhibition of ABL1, we
treated GIST882 cells with the ABL 1-specific allosteric
inhibitor GNF-2, a compound that does not inhibit KIT
(Figure 3C) [15]. GNF-2 is a 4,6-disubstituted pyrimidine
that specifically inhibits BCR-ABL1 and ABL1 by binding
to the myristoyl binding cleft, an allosteric binding site
distant from the active site of the kinase [15, 16]. We could
show that GNF-2 treatment indeed resulted in a substantial
increase in AKT phosphorylation at S473.

Together, we show that loss or chemical inhibition
of ABL1 in GIST cells leads to an increase in AKT
survival signaling. These results can therefore explain
the attenuated effect on cellular proliferation and
apoptosis after combined KIT/ABL1 knockdown when
compared to depletion of KIT alone. Hence, the known
ABL1 inhibitory function of imatinib in addition to
inhibition of KIT may counteract its therapeutic effect
in GIST.

AKT activation after loss of ABL1 is not due
to increased PDK1 activity or impaired AKT
dephosphorylation

While an increase in AKT S473 activation provides
an explanation for the attenuated induction of apoptosis
and increased cellular proliferation after functional loss
of ABL1, a direct link between ABL1 and AKT signaling
has not been described yet to the best of our knowledge.

To dissect the pathways leading to increased
AKT activation after siRNA-mediated knockdown or
chemical inhibition of ABL1, we first evaluated activation
of its upstream activating kinase PDK1. However, no
changes in PDK1 phosphorylation levels were seen after
siRNA-mediated knockdown of either ABL1 alone or in
combination with KIT when compared to depletion of KIT
alone (Figure 4A). Hence, a different mechanism is likely
responsible for phosphorylating AKT after depletion of
ABLI.
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Figure 2: Co-depletion of KIT and ABL1 attenuates the effects of KIT knock-down. (A) GIST882 cells were transfected
with non-targeted siRNA control sequences (“C”) or small interfering RNA (siRNA) sequences targeting KIT and ABL1 either alone or in
combination. Whole cell lysates obtained 24, 48 or 72 hours after transfection were immunoblotted for expression levels of phosphorylated
(Y719) and total KIT as well as ABL1. (B) GIST882 cells were transfected as described in (A). Cell viability (left panel) and apoptosis
(caspase 3/7 activity; right panel) were assessed 72 hours post transfection using luminescence-based assays. Results were normalized to
transfection with non-targeted siRNA controls. Error bars represent standard error of the mean (SEM). *p < 0.02; (*)p < 0.08 (one-tailed
t-test). (C) GIST882 cells were transfected as described in (A) and the percentage of apoptotic cells was determined using the TUNEL assay
(red), left panels. Nuclei are stained with DAPI. Quantitation of apoptotic cells transfected with non-targeted siRNA control sequences
(white bar) or siRNA sequences targeting KIT (black bars), ABL1 (light grey bars) or KIT and ABL1 in combination (dark grey bars) at the
indicated time points, right panel. **p <0.02; *p <0.05 (one-tailed #-test). (D) GIST882 cells were transfected as described in (A) and their
cell cycle profile was determined by flow cytometry (top panels). Bottom panel shows quantitation of the percentage of cells detected in the
sub-G1 population (apoptotic cells). Error bars represent standard deviation. *p < 0.007. A representative experiment is shown. (E) GIST882
cells were transfected as described in (A) and whole cell lysates (72 hours after transfection) were immunoblotted for ABL1 and KIT to
document appropriate knockdowns. Blots were further probed for markers of apoptosis (cleaved caspase 3) and cell cycle activity (cyclin A).
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To corroborate these results, we inhibited PDK 1
activity using the small molecule PDKI inhibitor
OSU-03012 alone and in combination with the ABLI
inhibitor GNF-2 (Figure 4B). While chemical inhibition
of PDK1 alone led to a slight reduction of AKT S473
phosphorylation, it did not attenuate AKT activation when
used in combination with the ABL1 inhibitor GNF-2.
These results further indicate that PDK1 is not involved in
mediating AKT activation after functional loss of ABL1.

We next tested whether increased AKT
phosphorylation after depletion of ABL1 could be a
result of impaired dephosphorylation of AKT. However,
no changes in expression levels of phosphatases that are
either directly (PHLPP, PP2A) or indirectly (SET, CIP2A)
involved in AKT dephosphorylation were detected after
ABL1 knockdown (Figure 4C). Together, these findings
provide an indication that a novel mechanism may lead to
AKT activation after functional loss of ABL1.

CDK2 mediates activation of AKT after loss of
ABL1

A recent study reported that the cyclin-dependent
kinase CDK2 has the capability to directly phosphorylate
AKT thereby enabling its full activation [17]. CDK2 acts
in concert with cyclin A2, the predominant mammalian
cyclin A isoform, facilitating entry into S phase [18, 19].
We have shown above (Figure 2E) that siRNA-mediated
knockdown of ABLI1 leads to increased expression
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levels of cyclin A2 and increased cellular proliferation.
Therefore, we tested whether CDK2 could be directly
responsible for leading to increased AKT phosphorylation
levels after silencing or chemical inhibition of ABL1.

We first tested whether siRNA-mediated knockdown
of ABL1 leads to increased CDK2 activity. Indeed,
silencing of ABL1 alone or in combination with siRNA-
mediated knockdown of KIT resulted in increased levels
of CDK2 that is phosphorylated at T160 (Figure 4D).
Similarly, chemical inhibition of ABL1 with GNF-2
also caused a significant increase in CDK2 activation
(Figure 4E). Together, these findings suggest that
increased proliferative activity after functional inhibition
of ABL1 is due to an increased activity of CDK2/cyclin
A2 complexes.

To test whether CDK2 could be directly responsible
for the increased levels of AKT phosphorylation after
functional loss of ABL1, we reduced CDK?2 expression
levels through siRNA-mediated knockdown alone or
in combination with ABL1. As shown in Figure 4F,
silencing of CDK2 led to a significant reduction in AKT
S473 activation when compared to transfection with
non-targeting control siRNA. Importantly, however,
knockdown of CDK2 in conjunction with ABLI
attenuated the increase in AKT S473 activation induced by
knockdown of ABL1 alone. Our results thereby indicate
that CDK2 plays a key role in eliciting a pro-proliferative
signal after functional loss of ABLI: first, by directly
stimulating entry into the cell division cycle (S phase)
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Figure 3: ABL1 knockdown and chemical inhibition of ABL1 induce activation of AKT. (A, B) GIST882 cells were
transfected with non-targeted siRNA control sequences (“C”) or siRNA sequences targeting KIT and ABL1 either alone or in combination.
Whole cell lysates obtained 24, 48 or 72 hours after transfection were immunoblotted for expression levels of phosphorylated (T202) and
total MAPK p42/44 (A) as well as phosphorylated (S473)/total AKT and phosphorylated (T389)/total S6K (B). (C) GIST882 cells were
treated with DMSO control, the KIT/ABL1 inhibitor imatinib mesylate or the allosteric ABL1 inhibitor GNF-2. Whole cell lysates were

immunoblotted for phosphorylated (S473) and total AKT.
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together with its partner cyclin A2, and second, by inducing Sunitinib and regorafenib are weak ABL1

AKT phosphorylation — thereby further potentiating a inhibitors
pro-survival effect.

Taken together, a reduced ABL1 inhibitory capacity The multi-kinase inhibitors sunitinib and regorafenib
is likely beneficial for the effectiveness of KIT inhibitors are currently the only FDA-approved second- and third-line
in the treatment of GIST. therapies for imatinib-resistant GIST, respectively [20].
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Figure 4: AKT activation after siRNA-mediated knockdown or chemical inhibition of ABL1 is mediated by CDK2.
(A) GISTS882 cells were transfected with non-targeted siRNA control or siRNA targeting KIT and ABL1 either alone or in combination.
Whole cell lysates (72 hours) were immunoblotted for KIT and ABL1 expression levels to confirm appropriate knockdowns. The blot was
further probed for phosphorylated (S241) and total PDK1. (B) GIST882 cells were treated with DMSO or the allosteric ABL1 inhibitor
GNF-2 and the PDK 1 inhibitor OSU-03012 either alone or in combination. Whole cell lysates were immunoblotted for expression levels of
ABLI1, phosphorylated (S473) and AKT. (C) GIST882 cells were transfected as described in (A). Whole cell lysates were immunoblotted
for known regulators of AKT dephosphorylation (PHLPP, PP2A, SET, CIP2A). Total protein Ponceau S stain is shown as a loading
control. (D) GIST882 cells were transfected as described in (A). Whole cell lysates were immunoblotted for ABL1 expression as well as
phosphorylated (T160) and total CDK2. (E) GIST882 cells were treated with DMSO control or the allosteric ABL1 inhibitor GNF-2 for the
indicated times. Whole cell lysates were immunoblotted for expression levels of phosphorylated (T160) and total CDK2 as well as cyclin
A. (F) GISTS882 cells were transfected with non-targeted siRNA control sequences or siRNA sequences targeting ABL1 and CDK2 either
alone or in combination. Whole cell lysates (72 hours) were immunoblotted for ABL1 and CDK2 expression levels to confirm appropriate
knockdowns. The blot was further probed for phosphorylated (T160) and total CDK2 as well as phosphorylated (S473) and total AKT.
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While their efficacy in the advanced setting is in part due
to the ability to inhibit K/7 secondary mutations and likely
also their broader kinase inhibitory spectrum, a reduced
ability to inhibit ABL1 could be of additional benefit, as
stated above.

We therefore compared the ability of sunitinib
and regorafenib to inhibit ABL1 kinase activity and
phosphorylation of its downstream effector CRKL with
that of imatinib. CRKL is a well-established substrate
of ABL1 [21]. However, it has also been shown to be
downstream of KIT [22]. We thus chose to perform
an in vitro kinase assay to circumvent any unspecific
phosphorylation that could be due to KIT activity in
GIST cells (Figure 5). We were indeed able to show that
imatinib inhibits ABL1 phosphorylation (at Y412) as
well as ABL1’s ability to phosphorylate its downstream
target CRKL to a significantly greater extent than
sunitinib or regorafenib (Figure 5). Together, these results
corroborate the notion that the reduced ability of sunitinib
and regorafenib to inhibit ABL1 contributes to their
effectiveness in the treatment of imatinib-resistant GIST.

In summary, our study identifies ABL1 inhibition as
an adverse off-target effect of KIT kinase inhibitors used
to treat GIST, which counteracts their efficacy. It is thus
desirable to reduce the ABL1 inhibitory capacity when
developing new KIT inhibitors in order to identify more
effective therapies for GIST patients.

DISCUSSION

The majority of gastrointestinal stromal tumors is
characterized by oncogenically activating mutations of the
KIT receptor tyrosine kinase and can hence successfully be

A

>
B ¥ 0 o

ABL1

S
(o] (\0@@% g
S D&

ho DMSO M SU REGO

treated with the KIT inhibitor imatinib mesylate. However,
it is well known that imatinib also strongly inhibits the
oncogenic fusion protein BCR-ABL1 as well as the
intracellular protein kinase ABL1. BCR-ABLI1, generated
by the t(9;22) chromosomal translocation, is almost
exclusively expressed in CML. By contrast, the native,
non-translocated ABL1 kinase is a ubiquitously expressed
protein. It is therefore conceivable that inhibition of ABL1
could contribute to the therapeutic effect of imatinib GIST.
In the present study, we could show that ABLI is indeed
co-expressed with KIT in the majority of GISTs, including
human GIST cell line models. However, co-depletion of
KIT and ABLI1 using siRNA-mediated knockdown — thus
mimicking treatment with the KIT/ABL1 inhibitor imatinib
— led to attenuated pro-apoptotic and anti-proliferative
responses when compared to depletion of KIT alone. This
effect was mediated, at least in part, by a novel mechanism
that involves direct phosphorylation of the AKT survival
kinase by the cyclin-dependent kinase CDK2.

Our results may seem surprising, because the
ABLI1 kinase is often viewed as an oncoprotein that is
driving proliferation and the evolution of a malignant
phenotype. However, most of this notion stems from
studies of the BCR-ABLI1 fusion oncogene. By contrast,
the native ABL1 protein kinase is a negative regulator
of the cell division cycle [8]. Early studies have shown
that overexpression of wildtype ABL1 leads to cell cycle
arrest in G1 [8]. In addition, ABL1 is necessary for
mediating stress response and growth arrest as well as
for mediating apoptosis in response to DNA-damaging
agents [17, 23, 24]. Importantly, a recent study by Skorski
et al. showed that deletion of the remaining normal copy
of ABL1 in BCR-ABLI1" murine leukemia stem cells

pTyr
pABL1 ABL1
pCRKL CRKL

Figure 5: Imatinib inhibits ABL1 kinase activity more effectively than sunitinib or regorafenib. (A—C) A non-radioactive
in vitro ABL1 kinase assay was performed using recombinant CRKL protein as a substrate. Reactions were performed in the presence or
absence of imatinib (IM), sunitinib (SU) or regorafenib (REGO). Staining for global kinase phosphorylation (A), ABL1 phosphorylation
(B) and CRKL phosphorylation (C) shows that imatinib inhibits ABL1 whereas sunitinib and regorafenib are substantially less effective
ABLI1 inhibitors. In (A), the bands likely depict phosphorylated CRKL, a ~40 kDa protein. Band intensity was measured using LI-COR
Image Studio Lite (right panels) and values were normalized to the untreated sample. No tx, no treatment.
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led to more aggressive disease, enhanced proliferation,
inhibition of genotoxic stress-induced apoptosis and
increased chromosomal aberrations [12]. These findings
are in line with our results showing that depletion or
chemical inhibition of ABL1 leads to increased cellular
proliferation and that a combined depletion of KIT and
ABLI1 attenuates the growth inhibitory and pro-apoptotic
response of single depletion of KIT. Other studies have
shown that ABL1 is required for the release of cytochrome
¢ in the oxidative stress response. ER stress leads to
translocation of ABL1 from ER to mitochondria and to
subsequent cytochrome c release and apoptosis [25].
Therefore, ABL1 has a role in targeting pro-apoptotic
stress signals to the mitochondria. A study by Ito et al.
could show that only wildtype, but not 4blI™~ cells
responded to the induction of ER stress with the induction
of apoptosis [25]. Similarly, another study described that
treatment of NIH 3T3 fibroblasts with the ABL1 inhibitor
GNF-2 led to localization of n-myristoylated ABL1 to
ER thereby presumably diminishing the pool that can
translocate to the mitochondria to induce apoptosis [16].
Interestingly, imatinib has been shown to induce apoptosis
in GIST cells in part via the induction of ER stress [26]. It
is therefore tempting to speculate that treating GIST cells
with a KIT inhibitor that does not simultaneously inhibit
ABLI could further enhance this response.

We show here that depletion as well as inhibition
of ABLI leads to activation of the AKT pro-survival
pathway. These results explain why co-depletion of KIT
and ABL1 has an attenuated effect on apoptosis induction
and inhibition of proliferation when compared to depletion
of KIT alone. Interestingly, dissecting the mechanism
of action leading to AKT S473 phosphorylation after
functional loss of ABL1 showed that this effect was
neither mediated by PDKI, the upstream activating
kinase of AKT, nor by signaling cascades that regulate
desphosphorylation of AKT. Instead, we found that
AKT phosphorylation was mediated through the cyclin-
dependent kinase CDK2. It is well-documented that CDK2
is negatively regulated by ABL1 [9]. ABLI1 is activated
in response to DNA damage, and downregulates CDK?2
activity, which in turn leads to a reversible growth arrest
in G1 [9]. Consequently, a significantly higher proportion
of cells are found to be in S phase after irradiation when
comparing Abl"- mouse embryonic fibroblasts (MEFs)
with wildtype MEFs [9]. Our results are completely in
line with these findings, as we could show that depletion
as well as chemical inhibition of ABL1 leads to increased
CDK2 activity (Figure 4). Notably, CDK2 has recently
been shown to directly phosphorylate AKT at S477 and
T479 [17]. This phosphorylation at the extreme carboxy-
terminal region of AKT was shown to facilitate AKT S473
phosphorylation leading to full activation of AKT. When
we depleted CDK2 in conjunction with ABL1 we noted
an attenuated increase of AKT phosphorylation at S473
when compared to depletion of ABLI1 alone indicating

that CDK2 is indeed responsible for increased AKT S473
activity after functional inhibition of ABL1. Together,
these findings may point to a potentially beneficial effect
of combining a CDK inhibitor with imatinib. Notably, a
clinical trial testing the efficacy and safety of the CDK4/6
inhibitor PD-0332991 in patients with advanced GIST is
currently ongoing (CYCLIGIST, NCT01907607) [27].

A recent report by Corbin et al. addressed a similar
topic as our study [28]. While we were interested in the
impact that ABL1 inhibition has in the therapeutic effect
of imatinib in GIST, these authors investigated the impact
of KIT inhibition on the therapeutic effect of BCR-ABLI
inhibition by imatinib in CML [28]. The majority of CML
cells not only express KIT, but KIT has been implicated
in the pathogenesis of CML. Interestingly, the study by
Corbin et al. shows that KIT inhibition is indeed necessary
in addition to inhibition of BCR-ABL1 for maximal
suppression of mature CML progenitor cells (CD34"/
CD38"). Similar results were noted by Belloc et al. when
testing primary CD34" CML cells [29]. These findings
may seem to contradict our study. However, similar to
us, Corbin et al. describe an induction of AKT S473
phosphorylation after specific inhibition of BCR-ABL1 by
PPY-A, a compound that does not inhibit KIT [30]. This
effect was most pronounced after concomitant stimulation
of the KIT receptor by stem cell factor. Importantly, the
authors also noted an increased proliferative response under
these conditions. PPY-A also strongly inhibits the native
ABLI kinase [30]. It is therefore very well possible that
AKT S473 activation is mediated by the same mechanism
as in our study: a direct phosphorylation by activated
CDK2 after inhibition of native ABL1. Because AKT is
a signaling mediator downstream of KIT, its activation is
downregulated through KIT inhibition — thereby explaining
why inhibition of KIT in addition to BCR-ABL1 is needed
for a full therapeutic response in CML.

The results of our study support the notion of ABL1’s
role as a tumor suppressor and “anti-target” in GIST
[31, 32]. While certain off-target effects of anticancer
drugs can be beneficial, inhibition of an “anti-target” is
an off-target effect that negatively affects its effectiveness.
ABLI1 may have a dual role as an “anti-target” in GIST.
As discussed above, inhibition of ABL1 likely reduces
the anti-tumor effectiveness of sole KIT inhibition
in GIST. These results are supported by the clinical
observation that tyrosine kinase inhibitors with no ABL1
inhibitory component are more effective in GIST than
those that do. For example, sunitinib and regorafenib,
the FDA-approved second- and third-line treatments for
imatinib-resistant GIST do not significantly inhibit ABL1
compared to imatinib as shown in an in vitro kinase assay
(Figure 5). The same is true for sorafenib, which is very
similar to regorafenib on the molecular level [20]. On
the other hand, nilotinib and dasatinib — both strong
ABLI1, but comparatively lesser KIT inhibitors— have
proven less effective than imatinib in GIST clinical trials
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[33, 34]. Consequently, several efforts are currently
underway to develop highly specific KIT inhibitors
[35, 36]. A further negative effect of ABL1 inhibition in
GIST may be the introduction of unnecessary toxicity.
ABLI has been implicated in mediating cardiotoxic adverse
effects in several KIT/ABL1 inhibitors, such as imatinib
[37]. As mentioned above, however, not all off-target effects
are adversary. As discussed earlier, the KIT inhibitory
component of imatinib was shown to be beneficial for the
treatment of CML [28]. There is also a consensus that the
broader inhibitory spectrum of sunitinib and regorafenib that
includes VEGFR inhibition is a contributing factor to these
compounds’ effectiveness in GIST. In addition, it has been
reported that inhibition of PDGFRA/B may be beneficial
for the therapeutic response in GIST. A recent study showed
that PDGFRA/B inhibition further reduced MAPK signaling
and potentiated the downregulation/degradation of ETV1
when compared to KIT inhibition alone [38].

Taken together, our study not only adds an important
piece to the puzzle of the mechanism of action of imatinib
in GIST. More importantly, we contribute a guide to future
drug development for GIST, as it seems prudent to reduce
the ABL1 inhibitory capacity when developing new KIT
inhibitors for the therapy of GIST.

MATERIALS AND METHODS

Cell culture, inhibitor treatments and
transfections

The imatinib-sensitive human GIST cell lines
GIST882 (a generous gift from Jonathan A. Fletcher,
Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA) and GIST-T1 [39] were derived
from untreated, metastatic GISTs and were maintained
as previously described [40]. Imatinib-resistant GIST cell
lines GIST430, GIST48, and GIST48B (also provided
by J.A. Fletcher) were derived from human GISTs that
developed clinical resistance to imatinib therapy and were
grown as previously described [41]. GIST48B cells are
derived from GIST48 cells, with which they share the
KIT mutational status, but show no detectable KIT protein
expression [42]. All cell lines were obtained directly from
the original investigator and not further authenticated.

K562, a BCR-ABLI-positive chronic myelogenous
leukeumia cell line, as well as the SK-UT1, SK-LMS
leiomyosarcoma cell lines were obtained from ATCC
and not further authenticated. Normal human dermal
fibroblasts were obtained from Lonza and not passaged
for longer than six months. All cells were maintained
according to manufacturer’s recommendations.

For inhibitor treatments, cells were incubated in
imatinib mesylate (1 uM in DMSO; LC Laboratories),
the allosteric ABL1 inhibitor GNF-2 (1 pM in DMSO;

Sigma-Aldrich), the PDK1 inhibitor OSU-03012 (10 uM
in DMSO; Apexbio Technology) or mock-treated with
0.1% DMSO for up to 72 hours, as indicated.

For small interfering RNA (siRNA) experiments,
pooled synthetic RNA duplexes (siGENOME SmartPool;
Dharmacon) were used to reduce protein expression of
KIT, ABL1 or CDK2 alone or in combination. Briefly,
cells were trypsinized, and 3 x 10° cells were transfected
with 5 pl of 10 pM annealed RNA duplexes using
nucleofection (Amaxa/Lonza). Cells were then transferred
to 35 mm tissue culture dishes with 2 ml RPMI1640 free
of antibiotics and incubated for up to 72 hours. Knock-
down efficiency was monitored by immunoblotting.

GIST patients and tissue microarray

Fresh GIST tissue was collected from patients
undergoing tumor resection at the University of Pittsburgh
School of Medicine Presbyterian Hospital (IRB#0509050).
The tissue was fresh frozen and protein extracts were
prepared as described previously [43].

For the tissue microarray, a total of 28 cores from
primary and metastatic GISTs and seven controls (liver)
were collected from the archives of the Department
of Pathology at the University of Pittsburgh School of
Medicine (IRB#0509050) [44].

Immunological and cell staining methods

Protein lysates of cells growing as a monolayer
were prepared as described previously [40]. Protein
concentrations were determined by the Bradford assay
(Biorad). 30 pg of protein were loaded on a 4—-12% Bis-Tris
gel (Invitrogen) and blotted onto a nitrocellulose
membrane.

Immunohistochemistry  of paraffin-embedded
sections was performed as described previously [45].
Antigen-retrieval consisted of microwaving in 0.01 M
citrate buffer (pH 6.0) for 10 min. Immunoperoxidase-
based detection was performed using the Histostain-Plus
3rd Gen IHC Detection Kit (Invitrogen/Thermo Fisher
Scientific) according to manufacturer’s recommendations.
Cells were analyzed wusing an Olympus AX70
epifluorescence microscope equipped with a SpotRT
digital camera.

Primary antibodies used for immunoblotting and
immunohistochemistry were ABL1, CDK2, pTyr (all Santa
Cruz), actin (Sigma), pABL1 Y412, pAKT S473, AKT,
pCDK2 T160, cleaved caspase 3, pCRKL Y207, CRKL,
pKIT Y719, pMAPK p42/44 T202, pPDK1 S241, PDKI1,
PP2A, pS6K T389, S6K (all Cell Signaling Technologies),
CIP2A, PHLPP, SET (all Bethyl Laboratories), cyclin
A (Novocastra), KIT (DakoCytomation) and MAPK
(Invitrogen/Thermo Fisher Scientific).
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In vitro apoptosis and proliferation assays

Apoptosis and cell viability studies were performed
using the Caspase-Glo and CellTiter-Glo luminescence-
based assays (Promega) [41]. Cells were plated in 96-well
flat-bottomed plates (Perkin Elmer) after transfection
and incubated for 48 hours (Caspase-Glo) or 72 hours
(CellTiter-Glo). Luminescence was measured with a
BioTek Synergy 2 Luminometer (BioTek). Data were
normalized to the cells transfected with non-targeting
control siRNA.

TUNEL assay

Apoptotic cells were detected using the TUNEL assay
(Roche) according to manufacturer’s recommendations as
described previously [41].

Flow cytometry

Cell cycle analysis was performed by measuring the
amount of propidium iodide (PI)-labeled DNA in ethanol-
fixed cells. In brief, cells were harvested by trypsinization,
washed twice with pre-chilled PBS (containing 1% FBS),
and fixed with ice-cold 70% ethanol. After the fixation
step, cells were washed with PBS/1% FBS, resuspended
in propidium iodide (PI; Sigma-Aldrich)/RNase staining
solution (50 pg/ml P1, 10 mM Tris pH 7.5, 5 mM MgCl,,
10 ug/ml RNase) and incubated at 37°C in the dark for
30 min. The analysis was performed in the University of
Pittsburgh Cancer Institute Flow Cytometry Core Facility
using a Gallios Flow Cytometer (Beckman Coulter) and
the Kaluza 5 acquisition software.

In vitro kinase assay

A non-radioactive in vitro kinase assay was
performed using 150 ng each of recombinant active
ABLI1 (SignalChem) and recombinant CRKL protein
(SignalChem) as a substrate in 20 pl kinase buffer (25 mM
Tris HCI, pH 7.4; 10 mM MgCl,) containing 100 uM
ATP. The reaction was incubated for 30 minutes at 30°C,
stopped by adding loading buffer with f-Mercaptoethanol
and heating the sample at 95°C. Proteins were separated
by SDS-gel electrophoresis, and phosphorylation of
ABL1 and CRKL was assessed by immunoblotting for
phosphorylated tyrosine (pY99, Santa Cruz), phospho-
ABL1 Y412 and phospho-CRKL Y207 (both antibodies
from Cell Signaling). Antibodies against total ABL1 and
total CRKL were from Santa Cruz and Cell Signaling,
respectively. Band intensity was measured using LI-COR
Image Studio Lite (LI-COR).

Statistical analysis

Statistical significance was assessed using the
Student’s #-test, ChiSquare test, Fisher Exact Probability

test or ANOVA analysis wherever applicable (http:/
vassarstats.net; http://department.obg.cuhk.edu.hk/
researchsupport/statmenu.asp). P-values of p < 0.05 were
considered statistically significant.

ACKNOWLEDGMENTS

The authors would like to thank Jonathan A.
Fletcher for sharing important reagents as well as Stefan
Duensing for critically reading the manuscript and
invaluable discussions. University of Pittsburgh Cancer
Institute (UPCI) shared resources that are supported in
part by award P30CA047904 were used for this project.
A.D. is supported by the UPCI and in part by a grant from
the Pennsylvania Department of Health. The Department
specifically disclaims responsibility for any analyses,
interpretations or conclusions.

CONFLICTS OF INTEREST

None.

GRANT SUPPORT

American Cancer Society Research Scholar Grant
(RSG-08-092-01-CCG), GIST Cancer Research Fund, The
Life Raft Group (AD-UPCC-070110), Out of the Woods
Foundation, Swiss GIST Group and numerous private
donors (all to A.D.).

REFERENCES

1. Hirota S, Isozaki K, Moriyama Y, Hashimoto K, Nishida T,
Ishiguro S, Kawano K, Hanada M, Kurata A, Takeda M,
Muhammad Tunio G, Matsuzawa Y, Kanakura Y, et al. Gain-
of-function mutations of c-kit in human gastrointestinal
stromal tumors. Science. 1998; 279:577-80.

2. Demetri GD, Mehren von M, Blanke CD, Van den
Abbeele AD, Eisenberg B, Roberts PJ, Heinrich MC,
Tuveson DA, Singer S, Janicek M, Fletcher JA,
Silverman SG, Silberman SL, et al. Efficacy and safety
of imatinib mesylate in advanced gastrointestinal stromal
tumors. N Engl J Med. 2002; 347:472-80.

3. Verweij J, Casali PG, Zalcberg J, LeCesne A, Reichardt P,
Blay JY, Issels R, van Oosterom A, Hogendoorn, P. C., van
Glabbeke M, Bertulli R, Judson 1. Progression-free survival
in gastrointestinal stromal tumours with high-dose imatinib:
randomised trial. Lancet. 2004; 364:1127-34.

4. Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM,
Fanning S, Zimmermann J, Lydon NB. Effects of a selective
inhibitor of the Abl tyrosine kinase on the growth of Ber-Abl
positive cells. Nat Med. 1996; 2:561-6.

5. Sattler M, Griffin JD. Molecular mechanisms

transformation by the BCR-ABL oncogene.
Hematol. 2003; 40:4-10.

of
Semin

www.impactjournals.com/oncotarget

4481

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

Duensing A, Medeiros F, McConarty B, Joseph NE,
Panigrahy D, Singer S, Fletcher CDM, Demetri GD,
Fletcher JA. Mechanisms of oncogenic KIT signal
transduction in primary gastrointestinal stromal tumors
(GISTs). Oncogene. 2004; 23:3999-4006.

Wang J, Ledley F, Goft S, Lee R, Groner Y, Baltimore D.
The Mouse C-Abl Locus - Molecular-Cloning and
Characterization. Cell. 1984; 36:349-56.

Sawyers CL, McLaughlin J, Goga A, Havlik M, Witte O.
The nuclear tyrosine kinase c-Abl negatively regulates cell
growth. Cell. 1994; 77:121-31.

Yuan ZM, Huang Y, Whang Y, Sawyers C, Weichselbaum R,
Kharbanda S, Kufe D. Role for c-Abl tyrosine kinase in
growth arrest response to DNA damage. Nature. 1996;
382:272-4. doi: 10.1038/382272a0.

Greuber EK, Smith-Pearson P, Wang J, Pendergast AM.
Role of ABL family kinases in cancer: from leukaemia to
solid tumours. Nature Reviews Cancer. 2013; 13:559-71.
doi:10.1038/nrc3563.

Noren NK, Foos G, Hauser CA, Pasquale EB. The EphB4
receptor suppresses breast cancer cell tumorigenicity
through an Abl-Crk pathway. Nat Cell Biol. 2006; 8:815-25.
doi: 10.1038/ncb1438.

Dasgupta Y, Koptyra M, Hoser G, Kantekure K, Roy D,
Gornicka B, Nieborowska-Skorska M, Bolton-Gillespie E,
Cerny-Reiterer S, Miischen M, Valent P, Wasik MA,
Richardson C, et al. Normal ABL1 is a tumor suppressor
and therapeutic target in human and mouse leukemias
expressing oncogenic ABLI1 kinases. Blood. 2016;
127:2131-43. doi: 10.1182/blood-2015-11-681171.

Allington TM, Galliher-Beckley AJ, Schiemann WP.
Activated Abl kinase inhibits oncogenic transforming growth
factor-beta signaling and tumorigenesis in mammary tumors.
FASEB J. 2009; 23:4231-43. doi: 10.1096/1.09-138412.

Hanahan D, Weinberg RA. Hallmarks of Cancer: The
Next Generation. Cell. 2011; 144:646—74. doi: 10.1016/j.
cell.2011.02.013.

Adrian FJ, Ding Q, Sim T, Velentza A, Sloan C, Liu Y,
Zhang G, Hur W, Ding S, Manley P, Mestan J, Fabbro D,
Gray NS. Allosteric inhibitors of Ber-abl-dependent cell
proliferation. Nat Chem Biol. 2006; 2:95-102. doi: 10.1038/
nchembio760.

Choi Y, Seeliger MA, Panjarian SB, Kim H, Deng X,
Sim T, Couch B, Koleske AJ, Smithgall TE, Gray NS.
N-Myristoylated c-Abl Tyrosine Kinase Localizes to the
Endoplasmic Reticulum upon Binding to an Allosteric
Inhibitor. J Biol Chem. 2009; 284:29005-14. doi: 10.1074/
jbc.M109.026633.

Liu P, Begley M, Michowski W, Inuzuka H, Ginzberg M,
Gao D, Tsou P, Gan W, Papa A, Kim BM, Wan L, Singh A,
Zhai B, et al. Cell-cycle-regulated activation of Akt kinase
by phosphorylation at its carboxyl terminus. Nature. 2014;
508:541-5. doi: 10.1038/nature13079.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tsai LH, Harlow E, Meyerson M. Isolation of the human
cdk2 gene that encodes the cyclin A- and adenovirus E1A-
associated p33 kinase. Nature. 1991; 353:174-7. doi:
10.1038/353174a0.

Resnitzky D, Hengst L, Reed SI. Cyclin A-associated
kinase activity is rate limiting for entrance into S phase and
is negatively regulated in G1 by p27Kipl. Mol Cell Biol.
1995; 15:4347-52.

Boichuk S, Rausch JL, Duensing A. New developments in
management of gastrointestinal stromal tumors: regorafenib,
the new player in the team. Gastrointestinal Cancer. 2014;
4.

Oda T, Heaney C, Hagopian JR, Okuda K, Griffin JD,
Druker BJ. Crkl is the major tyrosine-phosphorylated
protein in neutrophils from patients with chronic
myelogenous leukemia. J Biol Chem. 1994; 269:22925-8.

Sattler M, Salgia R, Shrikhande G, Verma S, Pisick E,
Prasad KV, Griffin JD. Steel factor induces tyrosine
phosphorylation of CRKL and binding of CRKL to a
complex containing c-kit, phosphatidylinositol 3-kinase,
and p120(CBL). J Biol Chem. 1997; 272:10248-53.

Kharbanda S, Ren R, Pandey P, Shafman TD, Feller SM,
Weichselbaum RR, Kufe DW. Activation of the c-Abl

tyrosine kinase in the stress response to DNA-damaging
agents. Nature. 1995; 376:785-8. doi: 10.1038/376785a0.

Yuan ZM, Huang Y, Ishiko T, Kharbanda S,
Weichselbaum R, Kufe D. Regulation of DNA damage-
induced apoptosis by the c-Abl tyrosine kinase. Proc Natl
Acad Sci USA. 1997; 94:1437-40.

Ito Y, Pandey P, Mishra N, Kumar S, Narula N,
Kharbanda S, Saxena S, Kufe D. Targeting of the c-Abl
Tyrosine Kinase to Mitochondria in Endoplasmic Reticulum
Stress-Induced Apoptosis. Mol Cell Biol. 2001; 21:6233-42.
doi: 10.1128/MCB.21.18.6233-6242.2001.

Nakatani H, Araki K, Jin T, Kobayashi M, Sugimoto T,
Akimori T, Namikawa T, Okamoto K, Nakano T,
Okabayashi T, Hokimoto N, Kitagawa H, Taguchi T. STI571
(Glivec) induces cell death in the gastrointestinal stromal
tumor cell line, GIST-T1, via endoplasmic reticulum stress
response. Int J Mol Med. 2006; 17:893-7.

clinicaltrials.gov. [cited 2015 Jun 25]. Available 2015 Jun
25, from https://clinicaltrials.gov.

Corbin AS, O’Hare T, Gu Z, Kraft IL, Eiring AM,
Khorashad JS, Pomicter AD, Zhang TY, Eide CA,
Manley PW, Cortes JE, Druker BJ, Deininger MW. KIT
signaling governs differential sensitivity of mature and
primitive CML progenitors to tyrosine kinase inhibitors.
Cancer Res. 2013; 73:5775-86. doi: 10.1158/0008—5472.
CAN-13-1318.

Belloc F, Airiau K, Jeanneteau M, Garcia M, rin EGE,
Lippert E, Moreau-Gaudry F, Mahon F-X. Belloc_2009.
2009; 23:679-85. doi: 10.1038/leu.2008.364.

WWW

.impactjournals.com/oncotarget

4482

Oncotarget



30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhou T, Parillon L, Li F, Wang Y, Keats J, Lamore S, Xu Q,
Shakespeare W, Dalgarno D, Zhu X. Crystal Structure of
the T3151 Mutant of Abl Kinase. Chem Biol Drug Design.
2007; 70:171-81. doi: 10.1111/j.1747-0285.2007.00556.x.

Dar AC, Das TK, Shokat KM, Cagan RL. Chemical
genetic discovery of targets andanti-targets for cancer
polypharmacology. Nature. 2013; 486:80—4. doi: 10.1038/
naturel11127.

Cioffi A, Maki RG. GI Stromal Tumors: 15 Years of
Lessons From a Rare Cancer. Journal of Clinical Oncology.
2015; 33:1849-54. doi: 10.1200/JC0O.2014.59.7344.

Blay J-Y, Shen L, Kang Y-K, Rutkowski P, Qin S, Nosov D,
Wan D, Trent J, Srimuninnimit V, Papai Z, Le Cesne A,
Novick S, Taningco L, et al. Nilotinib versus imatinib as
first-line therapy for patients with unresectable or metastatic
gastrointestinal stromal tumours (ENESTg1): a randomised
phase 3 trial. Lancet Oncol. 2015; 16:550-60. doi: 10.1016/
S1470-2045(15)70105-1.

Trent JC, Wathen K, Mehren von M, Samuels BL,
Staddon AP, Choy E, Butrynski JE, Chugh R, Chow WA,
Rushing DA, Forscher CA, Baker LH, Schuetze S, et al.
A phase II study of dasatinib for patients with imatinib-
resistant gastrointestinal stromal tumor (GIST). ASCO
Meeting Abstracts. 2011; 29:10006.

Heinrich MC, Wise S, Hood M, Smith B, Kaufman M,
Lu W, Wang Y, Griffith D, Flynn D, Fletcher JA. In vitro
activity of novel KIT/PDGFRA switch pocket kinase
inhibitors against mutations associated with drug-resistant
GI stromal tumors. J Clin Oncol. 2010; 28.

Evans EK, Hodous BL, Gardino AK, Davis A, Zhu J,
Shutes A, Kim JL, Wilson KJ, Wilson D, Zhang Y, Chu T,
Kohl NE, Kadambi V, et al. Abstract 791: BLU-285, the first
selective inhibitor of PDGFRo D842V and KIT Exon 17
mutants. Cancer Res. 2015; 75:791-1. doi: 10.1158/1538—
7445.AM2015-791.

Kerkeld R, Grazette L, Yacobi R, Iliescu C, Patten R,
Beahm C, Walters B, Shevtsov S, Pesant S, Clubb FJ,
Rosenzweig A, Salomon RN, Van Etten RA, et al.
Cardiotoxicity of the cancer therapeutic agent imatinib
mesylate. Nat Med. 2006; 12:908-16.

Hayashi Y, Bardsley MR, Toyomasu Y, Milosavljevic S,
Gajdos GB, Choi KM, Reid-Lombardo K, Kendrick ML,
Bingener-Casey J, Tang C-M, Sicklick JK, Gibbons SJ,
Farrugia G, et al. PDGFRA Regulates Proliferation of
Gastrointestinal Stromal Tumor Cells with Mutations in
KIT by Stabilizing ETV1. Gastroenterology. 2015. doi:
10.1053/j.gastro.2015.04.006.

39.

40.

41.

42.

43.

44.

45.

46.

Taguchi T, Sonobe H, Toyonaga S-I, Yamasaki I, Shuin T,
Takano A, Araki K, Akimaru K, Yuri K. Conventional and
molecular cytogenetic characterization of a new human cell
line, GIST-T1, established from gastrointestinal stromal
tumor. Lab Invest. 2002; 82:663-5.

Boichuk S, Lee DJ, Mehalek KR, Makielski KR,
Wozniak A, Seneviratne DS, Korzeniewski N, Cuevas R,
Parry JA, Brown MF, Zewe J, Taguchi T, Kuan S-F, et al.
Unbiased compound screening identifies unexpected drug
sensitivities and novel treatment options for gastrointestinal
stromal tumors. Cancer Res. 2014; 74:1200-13. doi:
10.1158/0008-5472.CAN-13-1955.

Bauer S, Parry JA, Mihlenberg T, Brown MF,
Seneviratne D, Chatterjee P, Chin A, Rubin BP, Kuan SF,
Fletcher JA, Duensing S, Duensing A. Proapoptotic activity
of bortezomib in gastrointestinal stromal tumor cells.
Cancer Res. 2010; 70:150-9. doi: 10.1158/0008-5472.CAN-
09-1449.

Bauer S, Duensing A, Demetri GD, Fletcher JA. KIT
oncogenic signaling mechanisms in imatinib-resistant
gastrointestinal stromal tumor: PI3-kinase/AKT is a
crucial survival pathway. Oncogene. 2007; 26:7560-8. doi:
10.1038/sj.onc.1210558.

Duensing S, Duensing A, Lee DC, Edwards KM,
Piboonniyom S-O, Manuel E, Skaltsounis L, Meijer L,
Miinger K. Cyclin-dependent kinase inhibitor indirubin-3’-
oxime selectively inhibits human papillomavirus type 16
E7-induced numerical centrosome anomalies. Oncogene.
2004; 23:8206—15. doi: 10.1038/sj.0onc.1208012.

Liu Y, Perdreau SA, Chatterjee P, Wang L, Kuan S-F,
Duensing A. Imatinib mesylate induces quiescence in
gastrointestinal stromal tumor cells through the CDHI1-
SKP2-p27Kipl signaling axis. Cancer Res. 2008;
68:9015-23. doi: 10.1158/0008—5472.CAN-08-1935.
Duensing A, Chin A, Wang L, Kuan S-F, Duensing S.
Analysis of centrosome overduplication in correlation to cell
division errors in high-risk human papillomavirus (HPV)-
associated anal neoplasms. Virology. 2008; 372:157—64.
doi: 10.1016/j.virol.2007.10.030.

Demetri GD, Mehren von M, Antonescu CR, Dematteo RP,
Ganjoo KN, Maki RG, Pisters PWT, Raut CP, Riedel RF,
Schuetze S, Sundar HM, Trent JC, Wayne JD. NCCN Task
Force report: update on the management of patients with
gastrointestinal stromal tumors. J Natl Compr Canc Netw.
2010; 8:S1-41; quiz S424.

www.impactjournals.com/oncotarget

4483

Oncotarget



