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A role for FOXO1 in BCR–ABL1-independent tyrosine kinase
inhibitor resistance in chronic myeloid leukemia
M Wagle1, AM Eiring2, M Wongchenko1, S Lu1, Y Guan1, Y Wang1, M Lackner1, L Amler1, G Hampton1, MW Deininger2,3,
T O’Hare2,3,4 and Y Yan1,4

Chronic myeloid leukemia (CML) patients who relapse on imatinib due to acquired ABL1 kinase domain mutations are successfully
treated with second-generation ABL1-tyrosine kinase inhibitors (ABL-TKIs) such as dasatinib, nilotinib or ponatinib. However, ~ 40%
of relapsed patients have uncharacterized BCR–ABL1 kinase-independent mechanisms of resistance. To identify these mechanisms
of resistance and potential treatment options, we generated ABL-TKI-resistant K562 cells through prolonged sequential exposure to
imatinib and dasatinib. Dual-resistant K562 cells lacked BCR–ABL1 kinase domain mutations, but acquired other genomic
aberrations that were characterized by next-generation sequencing and copy number analyses. Proteomics showed that dual-
resistant cells had elevated levels of FOXO1, phospho-ERK and BCL-2, and that dasatinib no longer inhibited substrates of the PI3K/
AKT pathway. In contrast to parental cells, resistant cells were sensitive to growth inhibition and apoptosis induced by the class I
PI3K inhibitor, GDC-0941 (pictilisib), which also induced FOXO1 nuclear translocation. FOXO1 was elevated in a subset of primary
specimens from relapsed CML patients lacking BCR–ABL1 kinase domain mutations, and these samples were responsive to
GDC-0941 treatment ex vivo. We conclude that elevated FOXO1 contributes to BCR–ABL1 kinase-independent resistance
experienced by these CML patients and that PI3K inhibition coupled with BCR–ABL1 inhibition may represent a novel therapeutic
approach.
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INTRODUCTION
Chronic myeloid leukemia (CML) is a hematopoietic disease in
which the majority of patients express the chimeric BCR–ABL1
oncoprotein, product of the reciprocal t(9;22) (q34;q11) transloca-
tion, which generates a shortened chromosome 22 called the
Philadelphia (Ph) chromosome.1 Approximately 85% of patients
diagnosed in chronic phase are effectively treated with the small-
molecule ABL1-tyrosine kinase inhibitor (ABL-TKI), imatinib.2 Other
approved ABL-TKIs such as nilotinib, dasatinib and ponatinib were
developed to clinically overcome imatinib resistance. However,
residual Ph+ cells persist even in patients responding well to
ABL-TKI therapy, indicating that these drugs do not eliminate the
quiescent Ph+ stem cell population.1 Therefore, to prevent disease
progression, patients undergo prolonged treatment with sequen-
tial ABL-TKIs to control the growth of Ph+ progenitors.
Prolonged exposure to ABL-TKIs leads to acquired resistance in

up to 40% of CML patients.1 Mechanisms of acquired resistance
include amplification of the BCR–ABL1 gene and the acquisition of
point or compound mutations in the BCR–ABL1 kinase domain.3–5

Alternatively, activation of downstream signaling pathways
such as PI3K, MAPK or JAK/STAT may lead to drug resistance in
a BCR–ABL1 kinase-independent manner.6–10 Therefore, inhibitors
targeting these pathways in combination with ABL-TKIs may
represent alternative therapeutic approaches.
Downstream of the PI3K pathway are the FOXO transcription

factors that can regulate differentiation, proliferation, tumor
suppression and cell death. Phosphorylation of FOXOs by AKT

leads to cytoplasmic sequestration, ubiquitination and proteaso-
mal degradation.11,12 A number of studies have shown the
importance of FOXOs, especially FOXO3a, in maintenance of the
hematopoietic system and drug resistance.13–16 Indeed, it was
recently shown that BCR–ABL1 induces phosphorylation of FOXOs,
leading to their cytoplasmic localization in primary CML CD34+

cells compared with normal progenitors, which is reversed when
TKI-sensitive cells are treated with ABL-TKIs ex vivo.17

The aim of this study was to identify genetic and protein
expression/phosphorylation changes associated with acquired
BCR–ABL1 kinase-independent resistance. Using reverse-phase
protein arrays, we identified elevated levels of FOXO1, phospho-
ERK and BCL-2 in CML cell lines and patient samples with kinase-
independent resistance. These cells had increased sensitivity to
PI3K inhibition, but no change in sensitivity to MEK inhibition. Our
data suggest that, for certain CML patients with BCR–ABL1 kinase-
independent resistance, it may be beneficial to combine PI3K
inhibitors with approved ABL-TKIs such as imatinib.

MATERIALS AND METHODS
Chemicals
Imatinib, dasatinib and ponatinib were obtained from Selleck Chemicals
(Houston, TX, USA). GDC-0941 (pictilisib) and GDC-0973 (cobimetinib) were
manufactured at Genentech (South San Francisco, CA, USA). All the
chemicals were resuspended to 10 mM in dimethyl sulfoxide (DMSO).
Clinically relevant exposures of these drugs are in the 300–1000 nM range.
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Cell lines
The K562 cell line (American Type Culture Collection: ATCC, Manassus, VA,
USA) and the KCL-22 cell line (Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH: DSMZ, Braunschweig, Germany) were cultured in
RPMI-1640 containing 10% FBS in 5% CO2 at 37 °C. The dual-resistant K562
cells and clones were generated by exposing K562 cells to increasing
concentrations of imatinib (0–10 μM) over a 6-month period. The resistant
cells were then exposed to increasing concentrations of dasatinib
(0–200 nM), resulting in dual resistance. Imatinib-resistant cells were
maintained in 1 μM imatinib; dual-resistant cells and clones were
maintained in high doses of dasatinib (50 nM) to avoid reversion to a
non-resistant state. The dual-resistant KCL-22 cells were isolated through
exposure of the parental cells to 10 μM imatinib over 10 days following a
previously published protocol.18

Patient samples
CD34+-enriched (purity 490%; Miltenyi Biotech, San Diego, CA, USA)
specimens from patients who had relapsed from imatinib, dasatinib and/or
nilotinib (Supplementary Table S1) were provided by Drs Michael W
Deininger and Thomas O'Hare at The University of Utah Huntsman Cancer
Institute (Salt Lake City, UT, USA). All donors gave informed consent and all
studies were approved by The University of Utah Institutional Review
Board.

Cell viability assays and combination studies
Dual-resistant KCL-22 and K562 cells and clones were seeded at 5000 cells/
well in 96-well plates. Cell viability was measured using CellTiter-Glo
reagent as per the manufacturer's instructions and ATP measurements
were read using an Envision reader (PerkinElmer, Waltham, MA, USA).
Baseline day 0 cell viability was measured 24 h after cell seeding. The cells
were treated in triplicate for 72 h with 0–10 μM concentrations of imatinib,
dasatinib, GDC-0941 or GDC-0973 diluted in growth medium. For drug
combination studies, the cells were seeded in quadruplicate plates and
treated for 72 h with increasing doses of one drug (0–10 μM) in
combination with increasing doses of the second drug (0–10 μM). An
R script was used to generate heat maps showing percent growth
inhibition at each treatment combination (R open-source software).

Immunoblots
Ten micrograms of total protein from each sample was resolved on a
4–12% Bis-Tris gel using MOPS buffer (Invitrogen, NY, USA). Following the
transfer, blots were incubated with blocking buffer (LI-COR Biosciences,
Lincoln, NE, USA) and stained overnight with primary antibodies
(see Supplementary Table S2). The blots were stained with IR
dye-conjugated secondary antibodies and imaged using a LI-COR Odyssey
scanner.

Apoptosis assays
Dual-resistant and parental K562 cells were treated for 48 h with vehicle,
50 nM dasatinib or 300 nM GDC-0941 to assess early apoptosis. The cells
were stained with FITC-conjugated Annexin V and propidium iodide
followed by analysis using a FACS-calibur cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA).

Next-generation sequencing and copy number analyses
Genomic DNA from dual-resistant K562 and KCL-22 cells and clones was
isolated and sequenced using the GAII Ultra-deep sequencing platform
(Illumina, San Diego, CA, USA). The data were filtered using a 10% variant
frequency cutoff. For copy number analysis, DNA from resistant cells and
clones was run on the Oncoscan2 platform (Affymetrix, Santa Clara, CA,
USA) and analyzed using Nexus Copy Number software (BioDiscovery,
Hawthorne, CA, USA).

Proteomic analysis using reverse-phase protein arrays
Dual-resistant K562 and KCL-22 cells were treated for 1 h with DMSO,
50 nM dasatinib, 300 nM GDC-0941 or 300 nM GDC-0973 to capture
phosphorylation changes, before lysis in a buffer containing tissue protein
extraction reagent (T-PER, ThermoFisher Scientific, Waltham, MA, USA),
300 mM NaCl, and protease and phosphatase inhibitors (Sigma-Aldrich, St.
Louis, MO, USA). Lysates of CD34+ cells from treatment-naive (n=3) and

ABL-TKI-treated patients with BCR–ABL1 kinase-dependent or kinase-
independent resistance (n= 16) were also prepared. Where indicated,
some patient samples were treated ex vivo with 50 nM dasatinib for 4 h to
assess pCRKL Y207. The samples were assessed by reverse-phase protein
array (RPPA) analysis (Theranostics Health, Rockville, MD, USA) using 30
validated antibodies (Supplementary Table S2). Quadruplicate samples
were printed onto nitrocellulose slides in four separate quadrants. Total
protein was measured by sypro-stain, and the intensities of specific
antibody signals were subtracted from secondary antibody signal and
normalized to the total protein (to account for differences in protein
content between samples). The data from each slide were normalized to
the median of each quadrant to compensate for spatial effects. For more
details on the RPPA data analysis, see the ‘Statistics’ section below.

FOXO1 immunofluorescence
Parental and dual-resistant K562 cells were treated with either DMSO,
100 nM dasatinib or 1 μM GDC-0941 for 1 h, fixed in 4% paraformaldehyde,
blocked in 0.3% Triton/5% goat serum and stained with a FOXO1-specific
antibody (Cell Signaling Technology, Danvers, MA, USA) or goat IgG
overnight at 4 °C. After staining with an anti-goat Alexa-488-conjugated
antibody and DAPI (Cell Signaling Technology) for 1 h at room
temperature, the cells were analyzed on a Leica confocal microscope with
× 40 objective and the images were captured using Leica application suite
software (Leica Microsystems, Buffalo Grove, IL, USA).

Stable knockdown of FOXO1 using short hairpin RNA (shRNA)
Non-targeting, FOXO1, FOXO3 and GAPDH shRNA lentiviral particles
(Supplementary Table S3, Dharmacon GE Lifesciences, Lafayette, CO, USA )
were used to transduce 0.5 × 106 parental and dual-resistant K562 cells in
the presence of 5 ng/ml polybrene in RPMI. Following puromycin selection,
knockdown was confirmed by immunoblot analysis, and transduced cells
were seeded into 96-well plates for treatment with 0–100 nM dasatinib or
0–1000 nM GDC-0941 for 72 h in triplicate for viability assay with CellTiter-
Glo as described previously.

Colony assays and short-term viability assays
Methylcellulose colony assays were performed by plating 103 CML CD34+

patient samples in 0.9% MethoCult (H4230; StemCell Technologies,
Vancouver, BC, Canada) in the presence or absence of the indicated
inhibitors. All colony assays were performed in the presence of 1 × CC100
(StemCell Technologies) and scored after 14–21 days in culture in a humid
chamber.

Statistics
To ensure adequate statistical power, all data represent three independent
experiments unless otherwise stated. Quadrant-median normalized RPPA
data from the resistant cell lines and patient samples were log2-
transformed to assume a normal distribution and normalized to baseline
control (parental K562 or KCL-22 cells or treatment-naive patient samples)
before analysis using Partek Genomics Suite (Partek, St. Louis, MO, USA).
Protein expression/phosphorylation in the dual-resistant cells or patient
samples were contrasted to the expression of the same proteins in their
respective controls using a one-way analysis of variance or parametric
unpaired t-tests for data with equal variance in GraphPad Prism (GraphPad
Software Inc., La Jolla, CA, USA). Significant differences in protein
expression between cell types were considered as being 41.6-fold with
a P-value o0.05. For colony data with patient specimens, growth of the
vehicle-treated control was set at 100% and a two-tailed Student’s t-test
for unequal variances was used.

RESULTS
Sensitivity of parental and resistant K562 and KCL-22 cell lines to
multiple ABL-TKIs
The dual-resistant cell lines were generated by prolonged
treatment of K562 cells with imatinib followed by dasatinib to
mimic the treatment regimen that most patients receive in the
clinic upon diagnosis and imatinib relapse. We first compared the
sensitivity of imatinib- and dual-resistant cells to 0–10 μM imatinib,
dasatinib and ponatinib to parental controls. Figure 1a shows the
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response of each resistant cell line to 0.001–10 μM ABL-TKI as
% growth, corrected to the day 0 growth rate and plotted relative
to the DMSO control (set to 100%). With this method, the cell

growth rates after treatment are compared with those before
treatment (that is, zero % growth represents cell stasis and
negative % growth represents cell death). The raw data are shown
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Figure 1. Imatinib and dual-resistant K562 cells are resistant to all three ABL-TKI therapies, whereas the KCL-22 cells are highly sensitive to
ponatinib. (a) Sensitivity of the K562 parental, imatinib- and dual-resistant cell lines to 0–10 μM imatinib, dasatinib or ponatinib after treatment
for 72 h as measured by CellTiter-Glo assays. (b) Sensitivity of the KCL-22 parental and resistant cells to 0–10 μM imatinib, dasatinib or
ponatinib after treatment for 72 h as measured by CellTiter-Glo assays. The cell viability was measured and corrected relative to time zero
(time of treatment). The data shows % control 0.001–10 μM ABL-TKI-treated cells relative to vehicle (DMSO)-treated cells, which is set to 100%
growth (upper dotted line). The data represent the average of three independent experiments. The error bars represent standard deviation.
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Figure 2. Reverse-phase protein arrays reveal elevated levels of p-ERK, BCL-2 and FOXO1 in TKI-resistant versus parental K562 cells. (a) The
baseline proteomic signature of the parental K562 cells (Pa) is compared with the dual-resistant cells (DR) and resistant clones (C4–C20).
The baseline proteomic signature of the parental KCL-22 cells (KP) compared with the resistant KCL-22 cells (KR) is also shown. The data are
log2-transformed and normalized to the respective parental cell line. Only the end points that show a 41.6-fold difference between the
resistant cells and their respective parental cells are shown. (b) Immunoblot analyses confirmed elevated levels of FOXO1, p-ERK T202/Y204
and BCL-2 expression, as well as decreased p-ABL Y245, in the dual-resistant cells compared with the parental cell line. FOXO3a, FOXO4 and
beta-actin were analyzed as controls.
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in Supplementary Figure S1. The parental K562 cell line was
sensitive to imatinib (GI50: 0.3 μM), and highly sensitive to
dasatinib and ponatinib treatment (GI50: o0.001 μM; Figure 1a).
The imatinib-resistant cells were only resistant to imatinib,
whereas the dual-resistant cells were resistant to doses of imatinib
and dasatinib up to 10 μM, and even demonstrated some
resistance to the ABL-TKI, ponatinib (GI50: 0.86 μM) (Figure 1a),
which is efficacious against all the BCR–ABL1 kinase domain
mutations including T315I.19 In contrast, the resistant KCL-22 cells
were highly sensitive to ponatinib despite being resistant to both
imatinib and dasatinib (Figure 1b). Altogether, these data suggest
that while the KCL-22 resistant cells likely harbor a BCR–ABL1
kinase domain mutation,18 the dual-resistant K562 cells may have
a BCR-ABL-independent mechanism of resistance. In support of
this, the direct substrate of the BCR-ABL kinase, pCRKL, was
inhibited in the dual-resistant K562 cells despite being resistant to
dasatinib-mediated cell death (Supplementary Figure 2a).

Next-generation sequencing and copy number analysis of the
resistant cell lines
We sequenced the parental and resistant cell lines with a panel of
86 oncogenes and tumor suppressor genes using the Illumina
deep sequencing platform, GAII.20 We also did copy number
analysis using the Affymetrix Oncoscan2 MIP array. None of the
K562-resistant cells and clones had acquired BCR–ABL1 kinase
domain mutations (Supplementary Table 4a). Furthermore,
although the dual-resistant K562 cells and clones had acquired
multiple new mutations and copy number alterations, there were
no amplifications of ABL1, a known mechanism of ABL-TKI
resistance (Supplementary Tables 4a–c). Mutations present in
multiple clones included the chromatin remodeling gene,
SMARCA4, and the tumor suppressor gene, NF-2. Somatic
mutations in both of these proteins have been characterized in
patient tumors.21,22 In contrast, the dual-resistant KCL-22 cells,
which harbored a T315I kinase domain mutation (Supplementary
Table 4a), acquired relatively few additional genetic changes.
Despite the many genetic aberrations in the dual-resistant K562
cells due to clonal heterogeneity, no common signaling pathway
was identified that could explain resistance. Therefore, we moved
forward with a more functional proteomics approach.

Proteomic analysis of ABL-TKI-resistant cells and clones by RPPA
We assessed the baseline expression and phosphorylation
changes in proteins between the parental (Pa) and dual-resistant
cells and clones (C4–C20) by RPPA (Figure 2a). The proteins
demonstrating a 41.6-fold difference between the parental and
dual-resistant cells or clones are shown as a heat map in Figure 2a.
p-ABL1 Y245, pCRKL Y207, p-AKT T308 and downstream AKT
substrates such as p-p70 S6 kinase T389, p-Cofilin S3 and p-mTOR
S2448, had significantly lower baseline expression levels in the
dual-resistant cells compared to the parental cells. Total BCL-2 and
total FOXO1 were significantly elevated in all the dual-resistant
cells and clones, whereas p-ERK Y202/T204 was elevated only in
the dual-resistant cells and in clones 4, 13 and 20 compared with
parental controls. These data are confirmed in Figure 2b in
addition to data showing that levels of p-FOXO1 and other FOXO
family members, including FOXO3a and FOXO4, were not
significantly different between parental and dual-resistant K562
cell lines.
Very few proteins were differentially regulated in the resistant

KCL-22 cells compared with the parental KCL-22 cells (Figure 2a).
Altogether, these data show that dual-resistant K562 cells have
distinct patterns of pathway activation not seen in kinase-mutated
KCL-22 cells, involving effectors of the ERK and PI3K pathways.

Sensitivity of ABL-TKI-resistant K562 and KCL-22 cells to PI3K or
MAPK inhibition
To confirm the involvement of these pathways in resistance, we
tested the effects of the pan-PI3K inhibitor, GDC-0941 (0–10 μM)
or the MEK inhibitor, GDC-0973 (0–10 nM), on the viability of
parental and dual-resistant cells in vitro (Figure 3a). The dual-
resistant K562 cells were 100-fold more sensitive to GDC-0941
(GI50 20 nM) than the parental cell line (GI50 2 μM). In contrast,
sensitivity to GDC-0973 was similar between the lines (Figure 3a),
despite the dual-resistant cells having higher levels of p-ERK
(Figure 2). All dual-resistant cell clones were more sensitive
to GDC-0941 (10–20-fold) and some even showed resistance
to GDC-0973 (2–10-fold) compared to parental cells (Table 1).
In contrast, the parental and resistant KCL-22 cells were insensitive
to growth inhibition by either compound (Figure 3a and Table 1).
Accordingly, GDC-0941 (Figure 3b) but not GDC-0973 (data not
shown) induced early apoptosis in dual-resistant but not parental
K562 cells. Thus, the PI3K pathway is suspected to be the
predominant pathway involved in resistance.

Modulation of phosphoproteins by dasatinib and GDC-0941
Next, we assessed the effects of these inhibitors on phosphopro-
teins in the PI3K and MAPK pathways using RPPA. We treated the
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Figure 3. Dual-resistant cells and clones are sensitive to GDC-0941-
mediated growth inhibition (a) Sensitivity of the dual-resistant K562
cells and resistant KCL-22 cells to 0–10 μM GDC-0941 or 0–10 μM
GDC-0973 after 72 h treatment. The cells were treated for 72 h with
the indicated drug and cell viability was measured and corrected
relative to time zero (time of treatment). The data shows % control
0.001–10 μM TKI-treated cells relative to vehicle (DMSO)-treated cells,
which is set to 100% (upper dotted line). The data represent the
average of three independent experiments. The error bars represent
standard deviation. (b) The percentage of cells undergoing early
apoptosis induced by 50 nM dasatinib or 300 nM GDC-0941 in the
dual-resistant and parental K562 cells 48 h after treatment using
AnnexinV/PI FACS analysis. The error bars represent standard
deviation. *Po0.05.
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cells with either vehicle, 100 nM dasatinib, 300 nM GDC-0941
or 300 nM GDC-0973. p-AKT T308, p-ERK T202/Y204 and the
AKT substrates p-PRAS40 T246 and p-p70 S6 kinase T389, were all
significantly inhibited by dasatinib in the parental K562 cell line
(Figures 4, Po0.0001). In contrast, dasatinib significantly
increased p-ERK T202/Y204, p-PRAS40 T246 and p-p70 S6 T389
kinase in the dual-resistant line (Figure 4). In both the parental and
dual-resistant cells, p-ERK T202/Y204 was inhibited by GDC-0973,
despite having no effect on cell growth (Figure 3a). Furthermore,
the AKT substrates p-PRAS40 T246 and p-p70 S6 kinase T389 were
significantly inhibited by GDC-0941, as was p-AKT T308
(Po0.0001). Neither the expression of FOXO1 nor BCL-2 was
altered by dasatinib, GDC-0941 or GDC-0973 in the parental
or dual-resistant cells (Figure 4). The effect of GDC-0941 on
phospho-FOXO1 was difficult to determine, as the level of this
protein was very low in cell lysates (Supplementary Figure 3). It is
possible that FOXO1 and BCL-2 proteins are regulated through
altered protein localization or through other post-translational
modifications.

Sensitivity of the dual-resistant K562 cells to the BCL-2 inhibitor,
ABT-737, in combination with dasatinib, GDC-0941 or GDC-0973
The BCL-2 family of pro-survival proteins have been implicated in
CML disease progression and are regulated by the PI3K pathway in
CML cells.23 BCL-2 was elevated in the dual-resistant K562 cells,
however, these cells were insensitive to growth inhibition induced
by ABT-737 alone or in combination with dasatinib at clinically
relevant exposures (o1 μM; Figure 5). Rather, ABT-737 increased
GDC-0941-mediated growth inhibition at clinically relevant exposures
(0.1–1 μM) in the dual-resistant but not in the parental cells (Figure 5).
These data indicate that, in the dual-resistant cells, PI3K and BCL-2
may cooperate to mediate the resistant phenotype.

A role for FOXO1 in BCR–ABL1 kinase-independent resistance
As protein localization of FOXO1 is regulated by PI3K
signaling,11,12 we performed immunofluorescence on untreated,
dasatinib-treated and GDC-0941-treated parental and
dual-resistant K562 cells. FOXO1 expression was very low
in the parental cell line with a signal comparable to the IgG
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Figure 4. GDC-0941 inhibits phosphorylation of PI3K substrates in the dual-resistant cells. Responsiveness of phospho-c-ABL Y245, phospho-
Akt T308, phospho-PRAS40 T246, phospho-p70 S6 kinase T389, FOXO1 and BCL-2 to vehicle (DMSO, V), 100 nM dasatinib (D), 300 nM GDC-0941
(0941) or 300 nM GDC-0973 (0973) treatment for 1 h in parental K562 (Pa) or dual-resistant K562 cells (DR) by reverse-phase protein array. The
data were normalized to total protein and log2-transformed. The error bars represent standard deviation. *Po0.05.

Table 1. Sensitivities of the parental and dual-resistant KCL-22 cells and K562 cells and clones to imatinib, dasatinib, GDC-0941 and GDC-0973

Cell line Imatinib (GI50, μM) Dasatinib (GI50, μM) GDC-0941 (GI50, μM) GDC-0973 (GI50, μM)

K562 parental 0.3 o0.001 2 0.88
Dual-resistant cells 410 410 0.02 1.1
Clone 4 410 410 0.22 2
Clone 11 410 410 0.36 8
Clone 12 410 410 0.29 5
Clone 13 410 410 0.47 3.5
Clone 17 410 410 0.1 2.3
Clone 20 410 410 0.17 0.55
KCL-22 parental 0.28 o0.001 1.5 1
KCL-22 resistant 410 410 1.5 3.5

The cells were treated with 0–10 μM of the indicated inhibitors for 72 h, followed by measurement of cell viability by CellTiter-Glo assay. The cell viability after
72 h was corrected relative to time zero (time of treatment). GI50 values to all single agents are shown.
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control (not shown). In contrast, FOXO1 expression in
the resistant cells was much higher than in the parental cells
(Figure 6), in agreement with the RPPA analysis (Figure 2).
FOXO1 was sequestered in the cytoplasm in untreated
and dasatinib-treated resistant cells. However, after 1 h

treatment with GDC-0941, most FOXO1 protein had translocated
into the nucleus (Figure 6). These data suggest that
the subcellular localization of FOXO1, and therefore its
transcriptional activity, are regulated by PI3K in the dual-
resistant cells.
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Figure 6. Elevated FOXO1 accumulates in the cytoplasm of the dual-resistant K562 cells and translocates into the nucleus upon GDC-0941
treatment. Immunofluorescence cytochemistry revealed that FOXO1 was localized primarily within the cytoplasm of dual-resistant K562 cells
treated with DMSO or 100 nM dasatinib, whereas it was low to undetectable in the parental TKI-sensitive controls. The treatment of dual-
resistant K562 cells with 1 μM GDC-0941 resulted in a translocation of FOXO1 to the nucleus. Representative images of the treatment groups
are shown under × 40 magnification using confocal microscopy. For clarity, single-cell images are shown for the dual-resistant cells.
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Figure 5. The BCL-2 inhibitor, ABT-737, in combination with GDC-0941, inhibits growth of the dual-resistant but not parental K562 cells.
Parental and dual-resistant K562 cells were treated with 0–10 μM of the BCL-2 inhibitor, ABT-737, alone or in combination with 0–10 μM
dasatinib or GDC-0941. The cell viability after 72 h was measured using a CellTiter-Glo assay and mean percentage growth inhibition derived
from quadruplicates at each dose or combination is shown.

Elevated FOXO1 in BCR–ABL1-independent resistance
M Wagle et al

1498

Leukemia (2016) 1493 – 1501 © 2016 Macmillan Publishers Limited



To further clarify the role of FOXO1 in ABL-TKI resistance,
we assessed the effect of FOXO1 knockdown on the response
of parental and dual-resistant K562 cells to dasatinib and GDC-0941.
A non-targeting sequence and shRNAs targeting GAPDH and
FOXO3a were used as controls (Supplementary Table S3). In parental
K562 cells, neither FOXO1 nor FOXO3a knockdown had any effect on
the response to either drug. In the dual-resistant K562 cells, FOXO1
but not FOXO3a knockdown significantly sensitized the cells to
dasatinib while modestly attenuating the sensitivity of these cells to
GDC-0941 (Supplementary Figure S4).

Sensitivity of CD34+-enriched progenitor cells from newly
diagnosed, treatment-naive patients and ABL-TKI-relapsed
patients to dasatinib and GDC-0941
To determine whether any relapsed patient samples had elevated
FOXO1 expression, and to see if these samples were sensitive to
GDC-0941, we established a panel of samples from patients who
had relapsed from two or more prior ABL-TKI therapies in a BCR–
ABL1 kinase-independent manner (Supplementary Table S1).
These samples harbored no explanatory BCR–ABL1 kinase
domain mutations or amplifications, and demonstrated reduced
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p-Akt T308
PTEN

p-p70 S6 Kinase T389
p-mTOR S2448
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p-eIF4G S1108
p-cPLA2 S505

p-cRaf S338
p-bRaf S401

Acetyl CoA Carboxylase
ATP Citrate Lyase

p-FGFR3 Y724

p-Shc Y317
p-Smad 1/5/8

p-Src Y416
BCL-2

p-Arrestin-1-beta S412
p-Erk1/2 T202/Y204
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*

Figure 7. FOXO1 levels are elevated in a subset of relapsed patient samples and are sensitive to GDC-0941-mediated survival inhibition.
(a) The baseline proteomic signature of TKI-naive samples (samples 180, 266 and 300) compared with samples from TKI-relapsed patients
(resistant) lacking BCR–ABL1 mutations (samples 109-197) or harboring a BCR–ABL1 kinase domain mutation (samples 077 and 252). Samples
with elevated FOXO1 expression are denoted by a red asterisk. (b) TKI-naive samples (180, 266 and 300) and patient samples with high FOXO1
(077, 109, 142, 185, 197 and 252) or low FOXO1 (123 and 186) were treated with dasatinib (50 nM) and/or GDC-0941 (300 nM) in colony-
formation assays. The data represents percent of vehicle-treated controls. The error bars represent standard deviation. *Po0.05, ***Po0.001.
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phospho-CRKL upon treatment with dasatinib (Supplementary
Figure 2b). For comparison, we included three samples from
treatment-naive patients and two samples from patients with
known BCR–ABL1 kinase domain mutations. First, we identified
which proteins were differentially expressed or phosphorylated in
these samples using RPPA. Second, we characterized the
sensitivity of some of the patient samples to GDC-0941 alone or
with dasatinib using colony-formation assays. Baseline RPPA
expression data from the relapsed patients was normalized to
data from the three ABL-TKI treatment-naive patients, confirming
that a subset of the relapsed patients had elevated FOXO1 levels
in the absence of BCR–ABL1 kinase domain mutations (patient
samples 109, 129, 142, 185 and 197; Figure 7a; Supplementary
Table S1) but not FOXO3a or FOXO4 (data not shown).
Unexpectedly, normalized RPPA data from two relapsed patient-
derived specimens harboring the BCR–ABL1 kinase domain
mutations, E255K (patient 252) or T315I (patient 077), also
demonstrated elevated FOXO1 levels.
To assess the effects of GDC-0941 on survival of primary cells

ex vivo, we performed colony-formation assays in the presence of
dasatinib (50 nM) and/or GDC-0941 (300 nM). Figure 7b shows
colony formation data as percent of surviving colonies normalized
to the vehicle control (top), or normalized to both vehicle- and
dasatinib-treated controls (bottom). In samples from newly
diagnosed CML patients (patients 180, 266 and 300), GDC-0941
alone had no significant effect on colony formation; however,
GDC-0941 did significantly reduce colony formation in the
presence of dasatinib when normalized to the dasatinib alone
group (Figure 7b, left). In four patient samples with BCR–ABL1
kinase-independent resistance and elevated levels of FOXO1
(patients 109, 142, 185 and 197), GDC-0941 significantly reduced
survival alone, but even more so in the presence of dasatinib
(Figure 7b, middle). In contrast, GDC-0941 had no effect on
samples with BCR–ABL1 kinase-independent resistance and low
levels of FOXO1 (patients 123 and 186; Figure 7b, middle), or in
samples from patients with BCR–ABL1 kinase domain mutations,
despite having elevated levels of FOXO1 (patients 077 and 252;
Figure 7b, right). Surprisingly, dasatinib alone significantly reduced
colony formation in all ABL-TKI-resistant samples (Figure 7), likely
due to inhibition of the KIT pathway, which may be activated by
the CC100 cytokine cocktail required for these assays. Alterna-
tively, it may reflect microenvironment-mediated resistance
mechanisms that are present in the body of the patient but not
in colony-formation assays. Thus, in a subset of patients who
relapse after sequential ABL-TKI therapy without BCR–ABL1 kinase
domain mutations, FOXO1 levels are elevated, rendering the cells
sensitive to combined treatment with dasatinib and the PI3K
inhibitor, GDC-0941.

DISCUSSION
Acquired resistance is a major challenge for long-term effective
use of targeted cancer therapies. Treatment of patients with ABL-
TKI therapy has transformed CML from a fatal to a chronic disease,
but many patients who remain on these drugs for a prolonged
time develop acquired drug resistance. Although kinase domain
mutations are the best characterized mechanism of acquired
resistance, they fail to explain many cases of clinical ABL-TKI
failure. In the present study, we use sequencing and proteomics-
based approaches to identify FOXO1 as a mediator of BCR–ABL1
kinase-independent resistance in dual-resistant K562 cells, but not
in KCL-22 cells harboring the T315I mutation.
RPPA data revealed that the MAPK and PI3K pathways

were differentially expressed between the parental and dual-
resistant K562 cells (Figure 2) and activated by dasatinib only
in the dual-resistant cells. However, only PI3K inhibition
impaired the growth and survival of these cells (Figure 3).
This data contrasts with a recent report showing that the

MEK inhibitor, trametinib, in combination with imatinib can
effectively kill imatinib-resistant CML cells, and that PI3K
signaling is not involved in this resistance.24 There are likely to
be multiple BCR–ABL1 kinase-independent mechanisms of
resistance in CML cells.7–10

Cytoplasmic retention of FOXO1 has been reported in
paclitaxel-resistant ovarian cancer cell lines and patient
samples.25 Importantly, FOXO1 was retained at elevated levels
in the cytoplasm of dual-resistant but not parental K562 cells
(Figure 6). Chronic exposure of K562 cells to doxorubicin can
lead to activation of FOXO3a, which upregulates the expression
of drug-resistance genes.26 However, in our hands, knockdown
of FOXO3a had no effect on the growth of dual-resistant
K562 cells, either alone or when cultured in dasatinib or
GDC-0941 (Supplementary Figure S4). Only knockdown of
FOXO1 restored the effect of dasatinib on dual-resistant
K562 cells, while at the same time abrogating the effects of
GDC-0941 (Supplementary Figure S4). Thus, stable knockdown
experiments confirmed the involvement of FOXO1 in the dual-
resistant K562 cells, in addition to being a marker of PI3K
inhibitor sensitivity in certain kinase-independent ABL-TKI-
resistant cells.
In CP-CML CD34+ cells from newly diagnosed patients, FOXO

transcription factors were shown to be regulated by BCR–ABL1
kinase activity.17 Alternatively, the activation of FOXO family
members has been shown to activate proapoptotic genes and
apoptosis in hematopoietic cells.27 In contrast to newly diagnosed
CML patient samples,17 the expression and localization of FOXO1
in cells with dual resistance appears to be independent of
BCR–ABL1 kinase activity.
Despite the elevated levels of BCL-2 in the resistant cell lines

and the synergy between GDC-0941 and ABT-737, none of the
patient samples evaluated had elevated BCL-2. It is possible that
high BCL-2 in the dual-resistant cells was an artifact of in vitro
culturing or not enough patient samples were screened to
detect it.
We conclude that cytoplasmic FOXO1 is elevated in the dual-

resistant K562 cells and in a subset of samples from relapsed
patients. The cell lines and patient samples that had high FOXO1
with a BCR-ABL-independent mechanism of resistance were
sensitive to PI3K inhibition alone or in combination with dasatinib.
Therefore, treatment with a regimen containing PI3K inhibitors
like GDC-0941 may enhance the response of patients that
have undergone sequential ABL-TKI therapy and relapsed with
BCR–ABL1 kinase-independent mechanisms of resistance invol-
ving elevated cytoplasmic FOXO1 levels.
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