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Abstract
Overexpression of the ATP-binding cassette (ABC) drug efflux proteins P-glycoprotein (ABCB1)
and breast cancer resistance protein (ABCG2) on malignant cells is associated with inferior
chemotherapy outcomes. Both, ABCB1 and ABCG2, are substrates of the serine/threonine kinase
Pim-1; Pim-1 knockdown decreases their cell surface expression, but SGI-1776, the first clinically
tested Pim inhibitor, was shown to reverse drug resistance by directly inhibiting ABCB1-mediated
transport. We sought to characterize Pim-1-dependent and -independent effects of SGI-1776 on
drug resistance. SGI-1776 at the Pim-1-inhibitory and non-cytotoxic concentration of 1 μM
decreased the IC50s of the ABCG2 and ABCB1 substrate drugs in cytotoxicity assays in resistant
cells, with no effect on the IC50 of non-substrate drug, nor in parental cells. SGI-1776 also
increased apoptosis of cells overexpressing ABCG2 or ABCB1 exposed to substrate
chemotherapy drugs and decreased their colony formation in the presence of substrate, but not
non-substrate, drugs, with no effect on parental cells. SGI-1776 decreased ABCB1 and ABCG2
surface expression on K562/ABCB1 and K562/ABCG2 cells, respectively, with Pim-1
overexpression, but not HL60/VCR and 8226/MR20 cells, with lower-level Pim-1 expression.
Finally, SGI-1776 inhibited uptake of ABCG2 and ABCB1 substrates in a concentration-
dependent manner irrespective of Pim-1 expression, inhibited ABCB1 and ABCG2 photoaffinity
labeling with the transport substrate [125I]iodoarylazidoprazosin ([125I]IAAP) and stimulated
ABCB1 and ABCG2 ATPase activity. Thus SGI-1776 decreases cell surface expression of
ABCB1 and ABCG2 and inhibits drug transport by Pim-1-dependent and -independent
mechanisms, respectively. Decrease in ABCB1 and ABCG2 cell surface expression mediated by
Pim-1 inhibition represents a novel mechanism of chemosensitization.
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1. Introduction
Intrinsic and acquired resistance to chemotherapy drugs is a formidable barrier to the
success of cancer chemotherapy, and ATP-binding cassette (ABC) proteins that function as
drug efflux pumps are strongly implicated as an important mechanism of chemotherapy
resistance [1]. Overexpression of ABCB1 [P-glycoprotein (Pgp); MDR1] and ABCG2
[breast cancer resistance protein (BCRP); mitoxantrone resistance protein (MXR)] is
associated with inferior chemotherapy treatment outcomes in acute myeloid leukemia
(AML) [2, 3] and in other malignancies. While inhibition of ABCB1-mediated drug
transport is highly effective in sensitizing ABCB1-overexpressing cells to ABCB1 substrate
chemotherapy drugs in vitro, administration of clinically applicable inhibitors of ABCB1-
mediated drug transport, including PSC-833 and zosuquidar, in conjunction with
chemotherapy in clinical trials in AML unfortunately did not improve treatment outcomes
[4-8]. One possible reason is lack of inhibition of ABCG2 [9, 10]. Cyclosporine A, which
inhibits both ABCB1 and ABCG2, as well as other drug resistance proteins [11], improved
treatment outcomes in some [12-14], but not all [15], clinical trials. Given the strong
association of ABCB1 and ABCG2 overexpression with treatment failure in AML,
exploration of inhibitors of both proteins and of novel approaches to overcoming drug
resistance mediated by both proteins is warranted.

The serine/threonine kinase Pim-1, encoded by a proto-oncogene originally identified as the
proviral integration site in Moloney murine leukemia virus lymphomagenesis and a member
of the Pim kinase family, which also includes Pim-2 and Pim-3 [16], has been implicated in
drug resistance mediated by ABCB1 and ABCG2. Our group and our collaborators found
that Pim-1 phosphorylates cytoplasmic, non-glycosylated 150 kda ABCB1 on serine 683
[17] and ABCG2 on threonine 362 [18] and that phosphorylation by Pim-1 promotes
ABCG2 multimerization as well as translocation of both ABCB1 and ABCG2 to the cell
surface, where they mediate drug efflux. Specifically, ABCB1 Pim-1 phosphorylation
consensus sequence, QDRKLS, located at serine 683, between nucleotide-binding domain 1
and transmembrane domain 1, and Pim-1 phosphorylates non-glycosylated 150 kDa ABCB1
and thereby protects it from proteolytic and proteasomal degradation and enables its
glycosylation to 170 kDa ABCB1, which translocates to the cell surface and mediates drug
efflux [17]. Additionally, Pim-1 phosphorylates ABCG2 at threonine 362, knocking down
Pim-1 abolishes ABCG2 multimer formation and ABCG2 T362A mutation decreases
ABCG2 expression on the cell surface [18]. Pim-1 is expressed in AML [19] and other
malignancies, and its inhibition may represent a novel approach to overcoming drug
resistance mediated by ABCB1 and ABCG2.

The imidazo[1,2-b]pyridazine small molecule SGI-1776 [20-22] is the first Pim kinase
inhibitor to have undergone clinical testing. SGI-1776 inhibits Pim-1, Pim-2 and Pim-3 with
IC50 values of 7 nM, 363 nM, and 69 nM, respectively, in kinase inhibition assays [20], but
is more than 95% bound to human plasma protein [20], and concentrations that inhibit Pim
kinase activity are therefore approximately 100-fold higher in cell culture-based assays, in
relation to kinase inhibition assays. We previously demonstrated that SGI-1776 inhibits
Pim-1 at a concentration of 1 μM in a cell culture-based assay of inhibition of
phosphorylation of Bcl-2-associated death promoter (BAD) protein at serine 112, and is not
cytotoxic at this concentration, but is cytotoxic at higher concentrations [17]. SGI-1776 has
been shown to sensitize ABCB1-overexpressing drug-resistant cells to ABCB1 substrate

Natarajan et al. Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2014 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cancer chemotherapy drugs [17, 20], but was found to directly inhibit drug transport
mediated by ABCB1 as a mechanism of chemosensitization [20]. While silencing of Pim-1
expression with siRNA was found to chemosensitize ABCG2-overexpressing drug-resistant
cells to ABCG2 substrate chemotherapy drugs [18], the effects of SGI-1776 on resistance
mediated by ABCG2 have not been studied.

In the work presented here, we studied the effect of SGI-1776 on chemosensitivity of cells
overexpressing ABCG2, as well as ABCB1, and characterized the effects of SGI-1776 on
ABCG2 and ABCB1 cell surface expression and on ABCG2- and ABCB1-mediated drug
transport as mechanisms of chemosensitization.

2. Materials and Methods
2.1. Cell lines

HL60 and K562 leukemia cells were obtained from the American Type Culture Collection
(ATCC), Manassas, VA, vincristine-selected HL60/VCR cells, overexpressing ABCB1,
from Dr. Ahmad R. Safa, Indiana University, Indianapolis, IN [23], and 8226 and
mitoxantrone-selected ABCG2-overexpressing 8226/MR20 myeloma cells [24] from Dr.
William S. Dalton, Moffitt Cancer Center, Tampa, FL. HL60/VCR cells were maintained in
drug-free RPMI 1640 medium with 10% fetal bovine serum (FBS) and 8226/MR20 cells in
RPMI 1640 medium with 10% FBS and 20 nM mitoxantrone. K562/ABCB1 [25] and K562/
ABCG2 [26] cells, transfected cell lines stably overexpressing ABCB1 and ABCG2, were
gifts from Dr. Michael Gottesman, National Cancer Institute, Bethesda, MD and Dr.
Yoshikazu Sugimoto, Kyoritsu University of Pharmacy, Tokyo, Japan, respectively, and
flavopiridol-selected MCF-7/Flv1000 cells [27], overexpressing ABCG2, from Dr. Susan
Bates, National Cancer Institute.

2.2. Materials
SGI-1776 was a gift from Tolero Pharmaceuticals, Inc. (Salt Lake City, UT). It was stocked
at 50 mM in DMSO at −20°C, and was used at a concentration of 1 μM, as we previously
demonstrated that it inhibits Pim-1 in cell culture-based assays and is not cytotoxic at this
concentration [17]. DMSO was used in control treatments, with a maximum final
concentration of 0.05%. The chemotherapy drugs daunorubicin, etoposide, paclitaxel,
mitoxantrone and topotecan were purchased from Sigma-Aldrich (St Louis, MO), and
flavopiridol from Enzo Life Sciences (Farmingdale, NY). Chemical structures of SGI-1776,
the structurally similar kinase inhibitor ponatinib [28] and of the chemotherapy drugs
studied are shown in Figure 1.

Fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (PI) were
purchased from Trevigen (Gaithersburg, MD), APC annexin V from BD Biosciences and
LIVE/DEAD fixable near-IR dead cell stain from Invitrogen (Carlsbad, CA). MRK16
antibody to a cell surface epitope of ABCB1 was purchased from Alexis Biochemicals (San
Diego, CA), allophycocyanin conjugate (APC)-tagged 5D3 antibody to a cell surface
epitope of ABCG2 from BD Biosciences (San Jose, CA) and BXP-21 antibody to BCRP
from Signet Laboratories (Dedham, MA). The fluorescent ABCB1 substrate 3,3′-
diethyloxacarbocyanine iodide [DiOC2(3)] [29] was purchased from Sigma-Aldrich, and the
fluorescent ABCG2 substrate pheophorbide A (PhA) [29] from Frontier Scientific (Logan,
VT). The ABCB1 inhibitor PSC-833 was obtained from Novartis Pharmaceutical
Corporation (East Hanover, NJ), and the ABCG2 inhibitor fumitremorgin C (FTC) was
purchased from Sigma-Aldrich [30].

[125I]Iodoarylazidoprazosin (IAAP) (2200 Ci/mmol) was purchased from PerkinElmer Life
and Analytical Sciences (Waltham, MA).
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2.3. Immunoblotting
Cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with protease and
phosphatase inhibitor cocktails (Roche Applied Science, Indianapolis, IN), protein
concentrations were measured using the Bio-Rad Protein Assay KIT I (Bio-Rad
Laboratories, Inc, Hercules, CA) according to kit instructions, and immunoblotting was
performed as described previously [17]. Briefly, 20 μg or 100 μg of protein from each
sample were electrophoresed and immunoblots were incubated with individual primary
antibodies, including 1:400 dilution of rabbit anti-Pim-1, anti-Pim-2 and anti-Pim-3 (Cell
Signaling Technology, Danvers, MA), 1:1,000 dilution of anti-ABCB1 (Santa Cruz), 1:500
dilution of anti-ABCG2 (Millipore, Billerica, MA) and 1:10,000 dilution of mouse anti-
(GAPDH) glyceraldehyde-3-phosphate dehydrogenase (Millipore), for one hour at room
temperature or overnight at 4°C, followed by incubation with horseradish peroxidase-
conjugated secondary antibody for one hour at room temperature.

2.4. Densitometric analysis
Band intensities of chemiluminescent protein immunocomplexes were measured by
densitometry (Visionworks LS image acquisition and analysis software, UVP, Upland, CA).
The relative intensity (RI) of ABCB1 or ABCG2 over GAPDH was calculated for SGI-1776
and DMSO control treatments as ABCB1 intensity/GAPDH intensity or ABCG2 intensity/
GAPDH intensity. The relative expression (RE) of ABCB1 or ABCG2 intensity/GAPDH
intensity in the presence of SGI-1776 (treatment) relative to DMSO (control) was then
calculated as RI(treatment)/RI(control).

2.5. Reverse transcriptase polymerase chain reaction
Total RNA was extracted using the RNeasy kit (Qiagen) according to manufacturer
instructions. cDNA was then reverse transcribed from the total RNA samples using the
SuperScript II First-Strand Synthesis System for RT-PCR (Invitrogen). The cDNAs
prepared were subsequently used as templates for real-time semi-quantitative PCR with the
following primers:

Pim-1 sense: 5′-ACTTGCCGGTGGCCATCAAACA-3′

Pim-1 anti-sense: 5′-ACCCGAGCTCACCTTCTTCAGCA-3′

Pim-2 sense: 5′-AAGCCGCTGCTTCTTTGGCCAA-3′

Pim-2 anti-sense: 5′-AATGAGTTTGGCACAGCCACGG-3′

Pim-3 sense: 5′-TTCGACTTTATCACGGAGCGCG-3′

Pim-3 anti-sense: 5′-AGCGCAGGTCCACAAGCAGATT-3′

GAPDH sense: 5′-ACCATGGAGAAGGCTGGGGCTCAT-3′

GAPDH anti-sense: 5′-ACAGTTTCCCGGAGGGGCCAT-3′.

Expression of each Pim mRNA was quantified relative to control GAPDH mRNA and
plotted graphically.

2.6. Cell survival assay
Cells treated with SGI-1776 at a range of concentrations or chemotherapy drugs at a range
of concentrations with and without SGI-1776 were cultured in 96-well microculture plates
using 96-hour continuous exposure conditions, and viability was then quantified by the
WST-1 colorimetric assay, which assesses cell survival by metabolic activity. In this assay,
water-soluble tetrazolium salt-1 or 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium is cleaved to a soluble formazan by a complex cellular
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mechanism that is largely dependent on the glycolytic production of NAD(P)H in viable
cells, so that the amount of formazan dye formed correlates directly with the number of
metabolically active cells per well. Briefly, 10 μL WST-1 (Roche Diagnostics (Indianapolis,
IN) was added to each well, incubation was continued at 37°C for 2 to 4 additional hours
and the color developed was quantified according to the manufacturer’s instructions. Each
experiment was performed in triplicate at least three times.

2.7. Curve shift assay
The effect of SGI-1776 on the sensitivity of drug-resistant and parental cells to
chemotherapy drugs was determined by plating cells with chemotherapy drugs at a range of
concentrations in a cell viability assay, as described above, in the presence and absence of 1
μM SGI-1776, with analysis by the WST-1 colorimetric assay, as described above. The
resistance-modifying factor (RMF) was calculated as the ratio of IC50 values in the absence
and presence of SGI-1776.

2.8. Measurement of apoptosis
8226/MR20 and K562/ABCG2 cells, overexpressing ABCG2, were incubated with
mitoxantrone, topotecan or flavopiridol and HL60/VCR and K562/ABCB1 cells,
overexpressing ABCB1, were incubated with etoposide or paclitaxel at serial concentrations
for 48 hours in the presence and absence of SGI-1776, and apoptosis and necrosis were
measured by staining with annexin V-FITC and PI, as previously described [28]. HL60/
VCR and K562/ABCB1 cells were also incubated with daunorubicin at serial concentrations
for 48 hours in the presence and absence of SGI-1776, and apoptosis and necrosis were
measured using APC-conjugated annexin V and LIVE/DEAD fixable near-IR dead cell
stain, to avoid spectral overlap with daunorubicin, as previously described [28].

2.9. Colony formation assay
Briefly, 500 cells were cultured in RPMI 1640 medium supplemented with 10% FBS for 10
days in methylcellulose-based medium (R&D Systems, Inc, Minneapolis, MN) with
chemotherapy drugs at a range of concentrations in the presence and absence of 1μM
SGI-1776, and colonies were counted on a colony counter (Microbiology International,
Frederick, MD). Each treatment was performed in triplicate.

2.10. Cell surface ABCB1 and ABCG2 expression
HL60/VCR, 8226/MR20, K562/ABCG2 and K562/ABCB1 cells were incubated for 96
hours in medium with 1 μM SGI-1776 or DMSO control, with addition of fresh medium
with SGl-1776 or DMSO at 48 hours. Cell surface expression of ABCB1 or ABCG2 was
then measured by labeling with MRK16 or 5D3 antibody, respectively, as previously
described [28].

2.11. Pim-1 shRNA knockdown
K562/ABCB1 cells were transduced with Control or Pim-1 MISSION shRNA lentiviral
transduction particles (Sigma-Alrdich Co. LLC) by spinoculation using lipofectamine 2000
(Invitrogen) according to an established viral transduction protocol [31] with minor
modifications, and cultured for three days in complete growth medium. shRNA-transduced
K562/ABCB1 cells were then selected by culture for an additional three days in growth
medium supplemented with 100 μg/ml puromycin hydrochloride (Sigma-Aldrich). ABCB1
cell surface expression was then measured by flow cytometry and total ABCB1, Pim-1 and
GAPDH expression by immunoblotting.
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2.12. Effect of SGI-1776 on ABCB1 serine phosphorylation
100 μg crude membrane extracts of High-Five insect cells overexpressing ABCB1 were
diluted with RIPA buffer supplemented with 1% aprotinin (Sigma-Aldrich), and 100 μL
protein A sepharose beads (Sigma-Aldrich) were added, followed by overnight incubation at
4°C with 10 μg ABCB1 antibody (C219, Fujirebio Diagnostics, Inc., Malvern, PA). The
immunoprecipitates were washed twice with RIPA buffer, then with 50 mM Tris-Hcl, and
0.5 μg GST (Sigma-Aldrich) or GST-Pim-1 (Millipore) pre-incubated in 40μL 1× kinase
buffer [32] with or without 1μM SGI-1776 for 5 minutes at 30°C was added, followed by
additional incubation at 30°C for 25 minutes, addition of 2× sample loading buffer, and
incubation at 42°C for 1 hour. The ABCB1 immunoprecipitates were electrophoresed on an
8% tris-gycine gel, probed overnight at 4°C with anti-rabbit phosphoserine primary antibody
(Millipore), and then with HRP-labeled secondary antibody for 1 hour at room temperature.
Control immunoprecipitation with mouse IgG was also performed. The blot was reprobed
with ABCB1 antibody to confirm uniform loading.

2.13. Accumulation of fluorescent ABCB1 and ABCG2 substrates
To measure the effect of SGI-1776 on steady-state accumulation of fluorescent ABC protein
substrates as an assessment of transport function, HL60/VCR and K562/ABCB1 cells (1 ×
106) were incubated for 30 minutes at 37°C with DiOC2(3) (0.6 ng/mL) and SGI-1776 (0-5
μM) or PSC-883 (2.5 μM) as a control, and 8226/MR20 and K562/ABCG2 with PhA (1
μM) and SGI-1776 (0-5 μM) or FTC (10 μM) as a control. Cells were then washed twice
with PBS, resuspended in PBS, then analyzed as previously described [28]. Substrate
content after uptake with and without modulator was compared using the Kolmogorov-
Smirnov statistic, expressed as a D-value ranging from 0 (no difference) to 1 (no overlap)
[33], with D-values ≥0.2 indicating significant modulation, based on previous work [34].

2.14. Photoaffinity labeling of ABCG2 and ABCB1 with [125I]IAAP
High-Five insect cell membrane vesicles expressing ABCB1 and crude membranes from
MCF-7/Flv1000 cells (30 μg) expressing ABCG2 were incubated with SGI-1776 at the
indicated concentrations for 5 minutes at 21-23°C in 50 mM Tris-HCl, pH 7.5. [125I]-IAAP
(2200 Ci/mmole), 3-6 nM, was added and photoaffinity labeling of ABCB1 and ABCG2 by
[125I]IAAP was measured as previously described [35, 36].

2.15. ABCG2 and ABCB1 ATPase assay
The ATPase activity of vanadate (Vi)-sensitive ABCB1 and beryllium fluoride (BeFx)-
sensitive ABCG2 expressed in the membrane vesicles of High-Five insect cells, in the
presence of SGI-1776 at serial concentrations, was measured as previously described [36,
37].

2.16. Statistical analyses
All statistical analyses were performed using Graphpad Prism V software (GraphPad
Software, Inc., La Jolla, CA). IC50 values were calculated by the least square fit of dose-
response inhibition non-linear regression model. Comparisons for apoptosis assays and
colony assays were performed using two-way ANOVA with post hoc Bonferroni testing
[38]. ABCG2 and ABCB1 protein expression data were compared using the unpaired
Student T-test. Statistical significance was defined by p<0.05.
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3. Results
3.1. Expression of Pim kinase isoforms in resistant and parental cells

Prior to studying the effects of the Pim kinase inhibitor SGI-1776 on drug resistance of cells
overexpressing ABCB1 or ABCG2, we characterized resistant and parental cells for Pim-1,
Pim-2 and Pim-3 kinase expression by immunoblotting of 20 μg protein from K562, K562/
ABCB1 and K562/ABCG2 and 100 μg protein from HL60, HL60/VCR, 8226 and 8226/
MR20 cells, due to differences in Pim-1 expression levels (Figure 2A). 33 kDa Pim-1 was
strongly expressed in K562, K562/ABCB1 and K562/ABCG2 and expressed at lower level
in HL60/VCR, 8226 and 8226/MR20 cells, but not in parental HL60. Expression of 33 kDa
Pim-1 generally correlated with total Pim-1 mRNA expression measured by RT-PCR
(Figure 2B). A band was also seen at 44 kDa, but did not correlate with the 33 kDa band,
nor, importantly, with Pim-1 mRNA expression measured by RT-PCR (Figure 2B). This
finding is consistent with previously reported expression of Pim-1 exclusively as a 33 or 34
kDa protein in human cells, in contrast to its expression as both 33 or 34 kDa and 44 kDa
proteins in murine cells [39], though expression of 44 kDa Pim-1 has been reported in
human prostate cancer cell lines [40]. The exact identify of the 44 kDa band is the human
leukemia and myeloma cells that we studied is not clear; 44 kDa Pim-1 has been reported to
originate from an alternative translation initiation site [39].

Pim-2 and Pim-3 expressed was variable (Figure 2, A and B). In the cell lines studied, there
was no apparent systematic difference in Pim-1, Pim-2 or Pim-3 kinase expression levels
between cells with ABCB1 or ABCG2 expression and parental cells.

Also noted was dissociation between mRNA and protein levels, e.g. low Pim-1 mRNA level
but presence of 33 kDa Pim-1 protein in 8226 cells, and Pim-3 mRNA in HL60 cells, but no
protein. This apparent post-transcriptional regulation of expression may be due to regulation
by microRNA (miR) species. Pim-1 expression has been found to be regulated by miR-1
[41-43], miR-16 [44], miR-33a [45, 46] and miR-328 [47] in different cell types. miR
regulation of Pim-2 and Pim-3 expression has not yet been characterized.

3.2. SGI-1776 has similar cytotoxic effects in resistant and parental cells
We next measured the cytotoxic effects of SGI-1776 on parental and multidrug resistant
8226 and 8226/MR20, HL60 and HL60/VCR and K562, K562/ABCG2 and K562/ABCB1
cells in cell viability assays (Figure 3A). 8226 and 8226/MR20, HL60 and HL60/VCR and
K562, K562/ABCG2 and K562/ABCB1 cells were incubated with SGI-1776 at a range of
concentrations, and IC50 values were derived. Cytotoxicity was similar in ABCG2- and
ABCB1-overexpressing cells and parental cells, with steep slopes and estimated IC50 values
of approximately 5 μM in all cell lines. Of note, consistent with our previous findings,
SGI-1776 was not cytotoxic at 1 μM in any of the cell lines studied.

3.3. SGI-1776 sensitizes ABCG2-, as well as ABCB1-overexpressing, cells to substrate
chemotherapy drugs in cell survival assays

We then determined whether SGI-1776 sensitized multidrug resistant cells with ABCG2
expression to ABCG2 substrate chemotherapy drugs, and confirmed previously
demonstrated sensitization of cells with ABCB1 expression to ABCB1 substrate
chemotherapy drugs. The cytotoxic effects of the ABCG2 or ABCB1 substrate
chemotherapy drugs daunorubicin or mitoxantrone, respectively, were measured in the
absence and presence of SGI-1776 in ABCG2- or ABCB1-overexpressing cell lines.
SGI-1776 at 1 μM sensitized ABCG2-overexpressing 8226/MR20 and K562/ABCG2 cells
to mitoxantrone, with RMFs of 2.7 and 2.4 (Figure 3B), respectively and sensitized ABCB1-
overexpressing HL60/VCR and K562/ABCB1 cells to daunorubicin, with RMFs of 2.9 and
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4.0 (Figure 3C), respectively. In contrast, SGI-1776 did not sensitize parental HL60 or K562
cells to daunorubicin (Figure 3C) or mitoxantrone (Figure 3B, middle panel) and did not
sensitize ABCG2- or ABCB1-overexpressing cells to the ABCG2 and ABCB1 non-substrate
drug cytarabine (Figure 3, B and C, right panels). Thus SGI-1776 enhances the cytotoxic
effects of ABCG2, as well as ABCB1, substrate, but not non-substrate, chemotherapy drugs
in cells with ABCG2 or ABCB1 expression, respectively, but not in parental cells.

3.4. SGI-1776 sensitizes ABCG2-, as well as ABCB1-overexpressing, cells to apoptosis
induced by substrate chemotherapy drugs

Since SGI-1776 sensitized cells with ABCG2 or ABCB1 overexpression to substrate
chemotherapy drugs in cell survival assays, we studied its effect on apoptosis induction by
ABCG2 or ABCB1 substrate chemotherapy drugs in cells with ABCG2 or ABCB1
expression. Co-incubation with 1 μM SGI-1776 enhanced apoptosis induction by
mitoxantrone, topotecan or flavopiridol (p<0.0001 for each) at a range of concentrations in
8226/MR20 cells, with ABCG2 overexpression (Figure 4A) and by daunorubicin, etoposide
or paclitaxel (p<0.0001 for each) at a range of concentrations in HL60/VCR cells,
expressing ABCB1 (Figure 4B).

3.5. SGI-1776 enhances ABCG2, as well as ABCB1, substrate chemotherapy drug
inhibition of colony formation by cells expressing ABCG2 or ABCB1

Further, we investigated the effect of SGI-1776 on ABCG2 or ABCB1 substrate
chemotherapy drug inhibition of colony formation of cells with ABCG2 or ABCB1
expression, respectively. Co-incubation with 1 μM SGI-1776 decreased colony formation of
8226/MR20 cells, with ABCG2 overexpression, in the presence of mitoxantrone, but not
cytarabine (Figure 5A) and of HL60/VCR cells, with ABCB1 expression, in the presence of
daunorubicin, but not cytarabine (Figure 5B). Additionally, there was no effect on HL60
colony formation in the presence of daunorubicin or cytarabine (Figure 5C).

3.6. SGI-1776 decreases ABCB1 and ABCG2 surface expression on resistant cells with
strong Pim-1 expression

Given that SGI-1776 sensitized ABCB1- or ABCG2-expressing cells to ABCB1 or ABCG2
substrate chemotherapy drugs in cell survival, apoptosis and colony formation assays, and
that inhibition or downregulation of Pim-1 decreases ABCG2 and ABCB1 cell surface
translocation [17, 18], we studied the effects of SGI-1776 on cell surface expression of
ABCB1 and ABCG2 (Figure 6). Incubation with 1 μM SGI-1776 significantly decreased
ABCB1 and ABCG2 surface expression on K562/ABCB1 (Figure 6B) and K562/ABCG2
(Figure 6D) cells, but did not decrease ABCB1 on HL60/VCR (Figure 6A) or ABCG2 on
8226/MR20 (Figure 6C) cells. Moreover, ABCB1 and ABCG2 surface expression decreased
on both of the resistant K562 cell lines (Figure 6B and D) without a significant decrease in
total ABCB1 and ABCG2 expression, as measured by Western blot analysis (Figure 6).
Additionally, incubation with SGI-1776 decreased expression of 150 kDa ABCB1, seen in
Western blot analysis (Figure 6B), consistent with our previous demonstration of Pim-1
stabilization of 150 kDa ABCB1 [17]. Differential effects on K562/ABCB1 and K562/
ABCG2, in relation to HL60/VCR and 8226/MR20, may be attributable to the fact that both
K562/ABCB1 and K562/ABCG2 have markedly elevated levels of Pim-1 expression, while
HL60/VCR and 8226/MR20 both have lower levels of Pim-1 expression (Figure 2).

To further demonstrate that effects on ABC protein cell surface expression are Pim-1-
dependent, Pim-1 knockdown was performed in K562/ABCB1 cells, as described in
Materials and Methods. Pim-1 knockdown resulted in decrease in ABCB1 cell surface
expression (Figure 6E). Of note, decreased cellular expression of ABCB1 was also seen,
consistent with Pim-1 stabilizing 150 kDa ABCB1 [17] and Pim-1 knockdown and, to a
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lesser degree, inhibition destabilizing 150 kDa ABCB1, and therefore resulting in decreased
levels of glycosylated 170 kDa ABCB1. Additionally, effects of SGI-1776 on ABCB1
serine phosphorylation in membrane extracts of High-Five insect cells overexpressing
ABCB1 were studied in vitro (Figure 6F); decreased serine phosphorylation of ABCB1 was
seen when membrane extracts were incubated with, compared to without, 1 μM SGI-1776 in
the presence of GST-Pim-1.

3.7. SGI-1776 inhibits substrate transport mediated by ABCG2, as well as ABCB1
Since SGI-1776 sensitized ABCG2- and ABCB1-expressing cells to ABCG2 and ABCB1
substrate chemotherapy drugs in cell survival, apoptosis and colony formation assays, but
only decreased ABCG2 and ABCB1 cell surface expression on cells with strong Pim-1
expression, we postulated that SGI-1776 might inhibit substrate transport mediated by
ABCG2, as well as ABCB1, independently from its effect on Pim-1. To test this, cells
expressing ABCG2 or ABCB1 were incubated with the fluorescent ABCG2 and ABCB1
substrates PhA and DiOC2(3), respectively, in the presence of SGI-1776 at a range of
concentrations. SGI-1776 enhanced accumulation of PhA in ABCG2-overexpressing 8226/
MR20 and K562/ABCG2 cells, as well as DiOC2(3) in ABCB1-overexpressing HL60/VCR
and K562/ABCB1 cells, in a concentration-dependent manner (Figure 7A), consistent with
inhibition of ABCG2-, as well as ABCB1-, mediated transport by SGI-1776.

3.8. SGI-1776 binds to ABCB1 and ABCG2 drug-binding sites and stimulates ATPase
activity

To study the mechanism of SGI-1776 inhibition of ABCB1- and ABCG2-mediated
transport, we measured the effects of SGI-1776 on [125I]IAAP photoaffinity labeling of
ABCB1 and ABCG2 and on ABCB1 and ABCG2 ATPase activity. SGI-1776 weakly
inhibited [125I]IAAP binding to ABCB1 and strongly inhibited [125I]IAAP binding to
ABCG2, with IC50 values of >30 μM and 0.09 μM, respectively (Figure 7B). SGI-1776
stimulated both ABCB1 and ABCG2 ATPase activity in a concentration-dependent manner,
with similar stimulation of ABCB1 and ABCG2 ATPase activity at 1 μM, but stronger
stimulation of ABCB1 ATPase activity at higher concentrations (Figure 7C). The
discrepancy between the effects of SGI-1776 on ABCB1 [125I]IAAP photoaffinity labeling
and ATPase activity may be explained by binding of SGI-1776 to an ABCB1 drug-binding
site different from the IAAP binding site, as it is generally accepted that the drug-binding
pocket of ABCB1 contains multiple overlapping sites [48]. Taken together, the findings
were consistent with SGI-1776 binding to ABCB1 and ABCG2 drug-binding sites and
inhibiting substrate transport.

4. Discussion
Our group and our collaborators previously demonstrated that Pim-1 phosphorylates
ABCG2 and ABCB1 and thereby enables their translocation to the cell surface, where they
function as drug efflux pumps [17, 18]. Here we have studied the Pim kinase inhibitor
SGI-1776, and demonstrated that it sensitizes ABCG2-, as well as ABCB1-, overexpressing
multidrug resistant cells to ABCB1 or ABCG2 substrate, but not non-substrate,
chemotherapy drugs. We further demonstrated that SGI-1776 has distinct effects on
expression and on function of both ABCB1 and ABCG2. First, it decreases surface
expression of ABCB1 and ABCG2 on ABCB1- and ABCG2-overexpressing K562 cells,
which have a high level of Pim-1 expression, but not on HL60/VCR and 8226/MR20 cells,
which have lower-level Pim-1 expression, and this effect is therefore likely due to decreased
cell surface translocation of ABCB1 and ABCG2 resulting from inhibition of Pim-1.
Secondly, SGI-1776 directly inhibits ABCG2-, as well as ABCB1-, mediated transport of
their substrates in ABCG2- or ABCB1-overexpressing cells, and this effect is unrelated to
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level of Pim-1 expression and is likely due to binding of SGI-1776 to the drug-binding sites
of ABCG2 and ABCB1 and competitive inhibition of transport of their substrates.

The observation that SGI-1776 decreases ABCB1 and ABCG2 surface expression on K562/
ABCB1 and K562/ABCG2 cells, which express Pim-1 at high levels, but not on HL60/VCR
and 8226/MR20 cells, which express it at lower levels, is consistent with the previous
demonstration that Pim-1 phosphorylates ABCB1 and ABCG2 and promotes their cell
surface translocation [17, 18]. Effects of Pim-2 and Pim-3 on drug resistance proteins have
not been studied. Of note, SGI-1776 IC50s for Pim-2 and Pim-3 inhibition in kinase
inhibition assays are 363 nM and 69 nM, respectively [20], and SGI-1776 is more than 95%
bound to human plasma proteins [21]; therefore SGI-1776 may not inhibit Pim-2 or Pim-3 at
1 μM in cell culture-based assays.

In addition to effects of SGI-1776 on ABCG2 and ABCB1 cell surface expression, we found
that SGI-1776 inhibited substrate transport by ABCG2, as well as ABCB1, in ABCG2- or
ABCB1-expressing cells independently from level of Pim-1 expression. SGI-1776 inhibition
of substrate transport by ABCB1 was indeed consistent with previously published data [17,
18], while the effect on substrate transport by ABCG2 had not been previously studied. The
data on SGI-1776 effects on [125I]IAAP photoaffinity labeling of ABCB1 and ABCG2 and
on ABCB1 and ABCG2 ATPase activity were consistent with SGI-1776 binding to ABCB1
and ABCG2 drug-binding sites and thereby inhibiting substrate transport. In this regard, it is
a priori surprising that the IC50 values of SGI-1776 were identical in ABCG2- and ABCB1-
overexpressing and parental cells (Figure 3A), but these data can be explained by SGI-1776
inhibiting its own transport, as evidenced by its effects on [125I]-IAAP binding and ATPase
activity.

A number of therapeutically active kinase inhibitors have been demonstrated to be inhibitors
and/or substrates of ABCB1 and/or ABCG2. These include the BCR-ABL inhibitors
imatinib mesylate, nilotinib and dasatinib [49-55] and the fms-like tyrosine kinase 3 (FLT3)
inhibitors PKC412 or midostaurin [56], tandutinib [57], sorafenib [58] and sunitinib [59], as
well as inhibitors used in therapy of solid tumors. Additionally, we recently demonstrated
that the novel BCR-ABL and FLT3 inhibitor ponatinib is a potent inhibitor of ABCG2, a
less potent inhibitor of ABCB1, and a substrate of both proteins, consistent with competitive
inhibition [28]. Activity of therapeutically active kinase inhibitors as inhibitors and/or
substrates of ABCB1 and/or ABCG2 has implications not only for chemosensitization, but
also for clinically important drug interactions.

We have demonstrated that SGI-1776, which is an imidazo[1,2-b]pyridazine small molecule,
is an ABCG2 and ABCB1 inhibitor. The ABCG2 and ABCB1 drug binding cavity
pharmacophore requirements are satisfied by SGI-1776, e.g., aromatic ring centers,
hydrogen bond acceptors and a basic tertiary amine of the piperidine ring. Interestingly,
ponatinib, which we recently found to inihibit ABCG2 and ABCB1, albeit with more potent
effects on ABCG2 [28], is also an imidazo[1,2-b]pyridazine [60]. In addition to SGI-1776
and ponatinib, other described imidazo[1,2-b]pyridazine small molecules have activity as
inhibitors of cyclin-dependent kinase (CDK) [61], IkappaB kinase (IKK) beta [62] and
vascular endothelial growth factor (VEGF) [63]. If therapeutically applicable, these
molecules should be characterized with regard to interactions with ABCG2 and ABCB1.

Pim-1 is thought to be a clinically promising therapeutic target in leukemias and other
malignancies [16, 21, 22], and other Pim kinase inhibitors are in preclinical and clinical
development. It will be of interest to characterize subsequent clinically applicable Pim
kinase inhibitors with regard to interactions with ABCB1 and ABCG2. In particular, while
therapeutic strategies based on inhibition of drug transport mediated by ABCB1 with
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competitive inhibitors including PSC-833, zosuquidar and cyclosporine A have largely been
clinically unsuccessful, inhibition of ABCG2 and ABCB1 cell surface translocation by
Pim-1 kinase inhibitors may have therapeutic implications. Additional clinically applicable
Pim kinase inhibitors are in development and should be characterized with regard to effects
on ABCG2 and ABCB1 cell surface expression and drug transport.
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Figure 1. Chemical Structures
Chemical structures of SGI-1776, ponatinib, mitoxantrone, topotecan, flavopiridol,
daunorubicin, etoposide and paclitaxel are shown.
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Figure 2. Pim kinase expression in ABCB1- and ABCG2- overexpressing and parental cell lines
A. Pim-1, Pim-2 and Pim-3 kinase expression in cell lines expressing ABCG2 or ABCB1
and parental cells was studied by immunoblotting, and GAPDH expression was measured as
a loading control. A representative blot from three separate experiments is shown. *
indicates a non-specific band. In the Pim-1 immunoblot a five-fold higher quantity of
protein was loaded in the HL60, HL60/VCR, 8226 and 8226/MR20 lanes. B. Pim-1, Pim-2
and Pim-3 mRNA expression, measured by RT-PCR and normalized to GAPDH expression.
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Figure 3.
A. SGI-1776 is similarly cytotoxic to cells expressing ABCG2 or ABCB1 and parental cells.
8226/MR20, HL60/VCR, K562/ABCG2 and K562/ABCB1 cells, expressing ABCG2 or
ABCB1, and HL60, 8226 and K562 parental cells in log growth phase were cultured in 96-
well plates at a density of 1× 103 cells per well in the presence of SGI-1776 in increasing
concentrations for 96 hours. Viable cells were subsequently quantified using the WST-1
assay as detailed in Materials and Methods. Results are shown as mean ± SEM (n=6). B
SGI-1776 (1μM) sensitizes ABCG2-overexpressing cells to ABCG2 substrate, but not non-
substrate, drugs. 8226/MR20 and K562/ABCG2 cells, expressing ABCG2, and K562
parental cells were plated with mitoxantrone or cytarabine at increasing concentrations in
the presence and absence of 1 μM SGI-1776. Resistance modifying factors (RMF) were
calculated and are shown below the graphs. C. SGI-1776 sensitizes ABCB1-overexpressing,
but not parental, cells to ABCB1-substrate, but not non-substrate, drugs. HL60/VCR and
K562/ABCB1, expressing ABCB1, and their respective parental cell lines were plated as
above with daunorubicin or cytarabine in increasing concentrations in the presence and
absence of 1 μM SGI-1776, and viable cells were subsequently quantified using the WST-1
assay. The experiment was repeated three times and means ± SEM are shown. IC50s in the
presence and absence of SGI-1776 were derived, and RMFs for 1 μM SGI-1776 were then
calculated for each cell line as detailed in Materials and Methods. RMF values are shown
below the graphs.
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Figure 4. Concomitant treatment with SGI-1776 significantly enhances apoptosis induction by
ABCG2 and ABCB1 substrate chemotherapy drugs
1×105 cells were plated per well in 6-well plates with chemotherapy drugs in the presence
(closed bars) and absence (open bars) of 1 μM SGI-1776.and apoptosis was measured by
flow cytometry, as described in Materials and Methods, 48 hours after plating. Data shown
are means ± SEM of triplicate values A. Percentage of apoptotic cells in 8226/MR20 cells,
expressing ABCG2, treated with the ABCG2 substrate drugs mitoxantrone, topotecan and
flavopiridol at increasing concentrations B. Percentage of apoptotic cells in HL60/VCR
cells, expressing ABCB1, treated with the ABCB1 substrate drugs daunorubicin, etoposide
and paclitaxel at increasing concentrations.

Natarajan et al. Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2014 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. SGI-1776 decreases colony formation by ABCG2- or ABCB1-expressing, but not
parental, cells in the presence of substrate, but not non-substrate, drugs
A. 8226/MR20 cells were plated in methylcellulose-based medium in 24-well plates at a
density of 500 cells per well with mitoxantrone or cytarabine at increasing concentrations
with and without 1 μM SGI-1776 for 10 days, and colonies were counted as described in
Materials and Methods. B. HL60/VCR cells were plated as above with daunorubicin or
cytarabine at increasing concentrations in the presence and absence of 1 μM SGI-1776 for
10 days, and colonies were counted C. Parental HL60 cells were cultured as above with
daunorubicin or cytarabine at increasing concentrations in the presence and absence of 1 μM
SGI-1776 and colonies formed after 10 days were counted. Data are expressed as means ±
SEM of triplicate treatments.
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Figure 6. SGI-1776 treatment decreases surface expression of ABCB1 and ABCG2 on cells with
high, but not low, Pim-1 expression
A-D. HL60/VCR and K562/ABCB1 cells, expressing ABCB1, and 8226/MR20 and K562/
ABCG2 cells, expressing ABCG2, were plated at a density of 1 × 104 cells/ml with and
without SGI-1776 1 μM for 48 hours, re-fed with fresh medium with and without the drug
and cultured for 48 additional hours. ABCB1 surface expression was measured on 1 × 105

HL60/VCR (A) and K562/ABCB1 (B) cells and ABCB1 surface expression on 1 × 105

8226/MR20 (C) and K562/ABCG2 (D) cells by flow cytometry, as detailed in Materials and
Methods. Data are mean ± SEM of triplicate values per treatment. Protein lysates were
prepared from the remaining cells and total ABCB1 or ABCG2 expression was quantified
by densitometric analysis following immunoblotting. Immunoblots of ABCB1 or ABCG2
and GAPDH loading controls are shown. Relative expression (RE), calculated as detailed in
Materials and Methods, is shown. E. Pim-1 knockdown was performed in K562/ABCB1
cells as described in Materials and Methods, resulting in decreased cell surface expression of
ABCB1. Cell surface expression, measured by flow cytometry, is shown graphically in the
upper panel, with the lower panel showing immunoblots measuring Pim-1, ABCB1 and
GAPDH expression. F. ABCB1 and control IgG were immunoprecipitated from crude
membrane extracts of High-Five insect cells overexpressing ABCB1 and serine
phosphorylation of the immunoprecipitated ABCB1 by recombinant GST-tagged Pim-1
kinase in the presence and absence of 1 μM SGI-1776 was studied using an in vitro kinase
assay as described in Materials and Methods. The resultant immunoblot probed with
antibodies against phosphoserine and ABCB1 is shown. .

Natarajan et al. Page 21

Biochem Pharmacol. Author manuscript; available in PMC 2014 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
A. SGI-1776 increases substrate uptake in cells expressing ABCB1 or ABCG2. 1 × 106

HL60/VCR and K562/ABCB1 cells, expressing ABCB1, and 8226/MR20 and K562/
ABCG2 cells, expressing ABCG2, were exposed to their respective fluorescent substrates
DiOC2(3) and pheophorbide A (PhA) in the presence of SGI-1776 in increasing
concentrations or the established ABCB1 modulator PSC-833 or ABCG2 modulator
fumitremorgin C (FTC) for 30 minutes at 37°C. Cellular fluorescence was measured by flow
cytometry, and compared by D-values. Means ± SEM. of triplicate treatments are shown. B.
SGI-1776 decreases [125I]-IAAP photolabeling of ABCB1 and ABCG2. Crude membranes
containing ABCB1 or ABCG2 were incubated with 0-30 μM SGI-1776 for 5 minutes, then
3-6 nM [125I]-IAAP (2200 Ci/mmole) for five additional minutes. IAAP labeling of ABCB1
or ABCG2 was then measured as described in Materials and Methods and plotted against
SGI-1776 concentration. Means ± SD from three independent experiments are shown. C.
SGI-1776 increases ABCB1 and ABCG2 ATPase activity. Crude membrane preparations
containing ABCB1 or ABCG2 were incubated with SGI-1776 in increasing concentrations
in the presence or absence of beryllium sulfate and sodium fluoride (BeFx) or sodium
orthovanadate, respectively. The amount of inorganic phosphate released and the vanadate
or BeFx-sensitive ATPase activity were measured as described in Materials and Methods.
The average from independent duplicate experiments is shown, with error bars representing
standard error.
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