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Abstract

LY3023414 (samotolisib) is a promising new dual inhibitor of phosphoinositide 3-kinase (PI13K)
and mammalian target of rapamycin (mTOR). Currently, multiple clinical trials are underway to
evaluate the efficacy of LY3023414 in patients with various types of cancer. However, the potential
mechanisms underlying acquired resistance to LY3023414 in human cancer cells still remain
elusive. In this study, we investigated whether the overexpression of ATP-binding cassette (ABC)
drug transporters such as ABCB1 and ABCG2, one of the most common mechanisms for
developing multidrug resistance, may potentially reduce the efficacy of LY3023414 in human
cancer cells. We demonstrated that the intracellular accumulation of LY3023414 in cancer cells
was significantly reduced by the drug efflux function of ABCB1 and ABCG2. Consequently, the
cytotoxicity and efficacy of LY 3023414 for inhibiting the activation of the PI3K pathway and
induction of GO/G1 cell-cycle arrest were substantially reduced in cancer cells overexpressing
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ABCB1 or ABCG2, which could be restored using tariquidar or Ko143, respectively. Furthermore,
stimulatory effect of LY3023414 on the ATPase activity of ABCB1 and ABCG2, as well as /n
silicomolecular docking analysis of LY3023414 binding to the substrate-binding pockets of these
transporters provided additional insight into the manner in which LY 3023414 interacts with both
transporters. In conclusion, we report that LY 3023414 is a substrate for ABCB1 and ABCG2
transporters implicating their role in the development of resistance to LY 3023414, which can have
substantial clinical implications and should be further investigated.
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1. Introduction

The PI3K-AKT-mTOR (PAM) pathway is a key regulatory signaling pathway that is crucial
for cell proliferation, metabolism, and survival. Studies have demonstrated that through
various molecular alterations, constitutive activation of this pathway is frequent in human
cancer [1]. In addition, alterations of the PAM signaling pathway is often implicated in
acquired drug resistance in human cancer [2-5]. More importantly, studies have found that
many of these alterations in the PAM pathway are druggable, and direct inhibition can lead
to regression of human tumors, resulting in the accelerated development of novel PAM
inhibitors [1, 6]. Notably, PAM inhibitors such as idelalisib, copanlisib, alpelisib,
everolimus, and temsirolimus have already been approved by the U.S. Food and Drug
Administration (FDA) for the treatment of different types of cancer [7, 8], and many novel
inhibitors are currently under clinical investigation.

LY3023414, also known as samotolisib, is a promising new PI3K/mTOR dual inhibitor that
is currently being tested in clinical trials for the treatment of triple-negative breast cancer
(ClinicalTrials.gov Identifier: NCT04032080), metastatic breast cancer (NCT02057133),
endometrial cancer (NCT02549989), prostate cancer (NCT02407054), Non-Hodgkin
lymphoma (NCT03213678), non-small cell lung cancer (NSCLC) (NCT02079636),
pancreatic ductal adenocarcinoma (NCT02981342), and advanced cancers (NCT02784795,
NCT02536586, NCT03155620, NCT02124148, and NCT01655225). However, the potential
mechanisms underlying acquired resistance to LY3023414 in human cancer cells have not
been investigated. Along with the most common mechanisms of resistance to PAM

Biochem Pharmacol. Author manuscript; available in PMC 2021 October 01.


http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT04032080
https://clinicaltrials.gov/ct2/show/NCT02057133
https://clinicaltrials.gov/ct2/show/NCT02549989
https://clinicaltrials.gov/ct2/show/NCT02407054
https://clinicaltrials.gov/ct2/show/NCT03213678
https://clinicaltrials.gov/ct2/show/NCT02079636
https://clinicaltrials.gov/ct2/show/NCT02981342
https://clinicaltrials.gov/ct2/show/NCT02784795
https://clinicaltrials.gov/ct2/show/NCT02536586
https://clinicaltrials.gov/ct2/show/NCT03155620
https://clinicaltrials.gov/ct2/show/NCT02124148
https://clinicaltrials.gov/ct2/show/NCT01655225

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

2.

Page 3

inhibitors [9], such as extensive crosstalk between the PAM pathway and other key signaling
pathways [5], drug efflux pumps such as ABCB1 (P-glycoprotein, MDR1) and ABCG2
(BCRP, MXR) can potentially reduce the efficacy of LY 3023414 in human cancer cells.
ABCB1 and ABCG2 are members of the ATP-Binding Cassette (ABC) transporter
superfamily that are infamous for reducing the chemosensitivity of cancer cells to
conventional anticancer drugs. By utilizing energy derived from ATP hydrolysis, these drug
transporters can actively efflux a wide variety of cytotoxic anticancer drugs out of cancer
cells and away from their intracellular targets [10, 11]. As a result, the overexpression of
ABCB1 and/or ABCG2 often contributes to the development of multidrug resistance (MDR)
phenotype in human cancer cells, resulting in treatment failure and relapse [10, 12, 13].
Moreover, as an endogenous defense mechanism against xenobiotics, ABCB1 and ABCG2
are highly expressed in the small intestine, liver, and kidney, as well as blood-tissue barriers,
such as the blood-brain barrier (BBB), the blood-testis barrier (BTB), and the placental
barrier [14]. Collectively, ABCB1 and ABCG2 can significantly alter the pharmacokinetics
of most therapeutic drugs [15, 16]. It is worth noting that recent studies have demonstrated
that the drug efflux function of ABCB1 and ABCG?2 significantly limits the bioavailability,
distribution and the efficacy of many molecularly targeted therapeutic agents, including, but
not limited to, epidermal growth factor receptor (EGFR) inhibitors [17-19], vascular
endothelial growth factor receptor (VEGFR) inhibitors [20], rapidly accelerated
fibrosarcoma (RAF) inhibitors [21-24], PARP inhibitors [25-27], as well as PI3K [28-30]
and mTOR inhibitors [31-33].

In this study, we examined the role of ABCB1 and/or ABCG2 for the development of
resistance or reduced susceptibility of cancer cells to LY3023414. We discovered that the
intracellular accumulation, the efficacy, and cytotoxicity of LY3023414 are significantly
reduced in cancer cells overexpressing ABCB1 or ABCG2, which can be restored by
inhibiting the function of ABCB1 and ABCG2. The results of this study indicate that the
overexpression of ABCB1 or ABCG2 may be a contributing factor to LY 3023414 resistance,
and drug combination therapy with a modulator of ABCB1 and ABCG2 may be required to
achieve a better clinical outcome.

Materials and methods

2.1. Chemicals

RPMI medium, Iscove’s Madified Dulbecco’s medium (IMDM), Dulbecco’s Modified
Eagle’s medium (DMEM), phosphate-buffered saline (PBS), Fetal calf serum (FCS),
trypsin-EDTA, penicillin and streptomycin were purchased from Gibco, Invitrogen (CA,
USA). Tools Cell Counting (CCK-8) Kit was purchased from Biotools Co., Ltd (Taipei,
Taiwan). LY 3023414 (samotolisib) was purchased from Selleckchem (Houston, TX, USA).
Annexin V: FITC Apoptosis Detection Kit was purchased from BD Pharmingen (San Diego,
CA, USA). MTT dye and all other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless stated otherwise.

Biochem Pharmacol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al. Page 4

2.2. Cell lines and culture conditions

The human ovarian cancer OVCAR-8 and NCI-ADR-RES cell line pair [34]; the human
epidermal cancer KB-3-1 and KB-V-1 cell line pair [35]; HEK?293 cells stably transfected
with either empty pcDNA 3.1 vector (pcDNA3.1-HEK?293), HEK?293 stably transfected with
human ABCB1 (HEK293 cells stably expressing ABCBL1 are referred in this manuscript as
MDR19-HEK?293) [36] or human ABCG2 (HEK?293 cells stably expressing ABCG2, 482R-
HEK?293, clone 5, are referred in this manuscript as R482-HEK?293) [37] were maintained in
DMEM supplemented with 10% FCS, 2 mM L-glutamine and 100 units of penicillin/
streptomycin/mL. The human colon cancer S1 and S1-M1-80 cell line pair [38]; the human
non-small cell lung cancer H460 and H460-MX20 cell line pair [39], were maintained in
RPMI-1640 supplemented with 10% FCS, 2 mM L-glutamine and 100 units of penicillin/
streptomycin/mL. The KB-V-1 cell line, NCI-ADR-RES cell line, S1-M1-80 cell line and
H460-MX20 were maintained in media containing 1 mg/mL vinblastine [40], 0.85 uM
doxorubicin [34], 80 uM of mitoxantrone [38] or 20 nM of mitoxantrone [41], respectively.
The HEK?293 and HEK 293 transfected lines were maintained in 2 mg/mL G418, as
described previously [42]. The OVCAR-8, NCI-ADR-RES, KB-3-1 and KB-V-1 cell lines
were generous gift from Dr. Michael Gottesman (NCI, NIH, Bethesda, MD, USA), whereas
the H460, H460-MX20, S1, S1-M1-80, HEK293 and HEK293 transfected lines were
generous gift from Dr. Susan Bates (NCI, NIH, Bethesda, MD, USA). All cell lines were
cultured at 37 °C in 5% CO, humidified air and placed in drug-free medium 7 days prior to
assay.

2.3. Cytotoxicity assay

The cytotoxicity of LY3023414 in various cell lines was determined by cytotoxic (MTT and
CCK-8) assays as previously described [43]. Briefly, cells were seeded at a density of 5000
cells per well in 96-well plates and cultured in the medium at 37 °C for 24 h. Cells were
subsequently treated with LY 3023414 in the absence or presence of 1 uM tariquidar or
Ko143 with 0.5% (v/v) final concentration of DMSO in all wells for an additional 72 h and
developed as described previously [44].

2.4. Immunoblotting

Membranes were incubated with anti-phospho-Akt (Thr308)(244F9) (#4056, Cell Signaling
Technology, Danvers, MA, USA), anti-phospho-Akt (Ser473) (#9271, Cell Signaling
Technology, Danvers, MA, USA), Akt1/2 Antibody (N-19) (#Sc-1619, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Phospho-p70 S6 Kinase (Thr389)(108D2) (#9234,
Cell Signaling Technology, Danvers, MA, USA), p70 S6 Kinase (#9202, Cell Signaling
Technology, Danvers, MA, USA), phospho-S6 Ribosomal Protein (Ser240/244) (D68F8)
(#5364, Cell Signaling Technology, Danvers, MA, USA), S6 Ribosomal Protein (5G10)
(#2217, Cell Signaling Technology, Danvers, MA, USA), anti-P-glycoprotein C219
(#517310, Merck Millipore, Burlington, MA, USA), anti-BCRP/ABCG2 antibody BXP-21
(#ab3380, Abcam, Cambridge, MA, USA), or anti-a-tubulin (#T6199, Sigma-Aldrich, St.
Louis, MO, USA) primary antibody and subsequently incubated with horseradish
peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) or anti-rabbit 1gG
secondary antibodies. Signals were detected as described previously [44].
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2.5. Cell Cycle Analysis

The standard propidium iodide (PI) staining method and a FACSort flow cytometer equipped
with CellQuest software were used to analyze cell-cycle experiments as described previously
[45]. Briefly, cells were treated with DMSO (control), 2 uM of LY 3023414, 1 uM of
tariquidar, 1 uM of Ko143, or in combination regimens as indicated for 24 h before
harvested in PBS and fixed in ethanol overnight. Cells were washed once with PBS, then
treated with 0.5 % TritonX-100 and 0.05 % RNase in PBS at 37 °C for 1 h. After washing
cells with PBS, PI (50 pg/mL) was added and incubated at 4 °C for at least 20 min before
analysis.

2.6. LC-MS/MS analysis of LY3023414 in cancer cells

LC-MS/MS conditions for determining the intracellular concentration of LY 3023414 was
performed and quantified according to the method described previously [29, 46] with slight
modification. Briefly, 2 x 108 cells were maintained in 10 uM of LY3023414 in the absence
or presence of 10 uM of tariquidar or Ko143 at 37 °C for 1 h, washed twice with cold PBS,
harvested, and resuspended in three volumes of methanol and stored at =20 °C overnight.
Cell lysates with methanol extraction were thawed and spun down (500xg) at 4 °C for 30
min. Supernatants were dried using the speed-vacuum-drying system and reconstituted in
50% methanol/H,0 and 0.1% formic acid. The analysis was performed using the Waters
ACQUITY UPLC (ultra-performance liquid chromatography) system with a Waters BEH
C18 Column (130A, 1.7 pm, 1 x 100 mm) coupled with HCT ultra (Bruker Daltonik GmbH,
Bremen, Germany) by the Selected Reaction Monitoring (SRM) in positive mode. The
mobile phase: A = 0.1% formic acid in water and B = 0.1% formic acid in acetonitrile. The
gradient method: 0 min, 20% B; 4.5 min, 20% B; 5 min, 95% B; 6.8 min, 20% B; 10 min,
20% B. A flow rate was 60 pL/min with a constant column temperature of 40°C. The SRM
transition for LY3023414 (precursor ion m/z 407.5, fragment ion m/z 335.2) was integrated
using DataAnalysis 4.2 software (Bruker Corporation, MA, USA), and the MS2 fragment
335.2 was calculated for quantitation by their peak areas. The internal standard was prepared
from LY3023414 stock by serial dilution, and the equal matrix background of cell extraction
was added to construct the calibration curve of the LY3023414 for LC-SRM/MS analysis.
This calibration curve was subsequently used to quantify the intracellular accumulation of
LY3023414 in OVCAR-8, NCI-ADR-RES, S1 and S1-M1-80 cells after treatment with

LY 3023414 in the presence or absence of tariquidar or Ko143. The standard response curve
for LY3023414 was generated using cell lysate extracts as background, ranging from 50 nM
to 50 uM.

2.7. Fluorescent drug accumulation assay

The accumulation of fluorescent calcein-AM (485 nm excitation and 535 nm emission) or
Pheophorbide A (PhA) (395 nm excitation and 670 nm emission) in cancer cells were
measured according to the method described by Gribar et al. [47]. Briefly, cells were first
trypsinized and resuspended in IMDM containing 5% FCS before calcein or PhA was added
to 3 x 10° cells in 4 mL of IMDM in the presence of DMSO (control), LY3023414,
tariquidar or Ko143. The relative fluorescence intensity was determined using a FACSort
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flow cytometer equipped with Cell Quest software (Becton-Dickinson) as described
previously [48].

2.8. ATPase assay

The effect of LY3023414 on vanadate (V;)-sensitive ATPase activity of ABCB1 or ABCG2
in membrane vesicles of High-Five cells expressing ABCB1 or ABCG2 was recorded by
endpoint P;j assay as described previously [49]. Briefly, membrane vesicles from High-Five
insect cells (Thermo Fisher Scientific, Waltman, MA, USA) infected with recombinant
baculovirus containing ABCB1 or ABCG2 genes were prepared by hypotonic lysis followed
by differential centrifugation [50, 51] as described previously [52]. Membrane vesicles (5 g
total protein) were incubated in the absence or presence of 0.3 mM sodium orthovanadate in
ATPase buffer containing 50 mM MES-Tris pH 6.8, 1 mM EGTA, 5 mM NaNsz, 2 mM DTT,
50 mM KCI and 1 mM ouabain. Increasing concentrations of LY3023414 in DMSO or 1%
DMSO were added to the ATPase reaction mixture and samples were incubated for 3 min at
37°C. ATP (5 mM) was added to start the ATP hydrolysis reaction, and the reaction was
stopped after 20 min by the addition of 50 uL of P; reagent containing 1% ammonium
molybdate in 2.5 N H,SO,4 and 0.014 % antimony potassium tartrate. Sodium L-ascorbate
(0.33%, 100 pL) was added to the reaction mixture and the absorbance (880 nm) was
measured after 10 min using a Spectramax® (Molecular Devices, San Jose, CA, USA) to
quantify the amount of inorganic phosphate liberated during the reaction. The Vj-sensitive
activity was calculated by subtracting the activity in the presence of vanadate from the total
ATPase activity, as described previously [49].

2.9. Docking of LY3023414 in the drug-binding pocket of human ABCB1 and ABCG2

AutoDock Vina [53] was used as a docking software for docking of LY 3023414 with the
structures of the inward-open conformation of human ABCB1 (PDBID:6QEX) [54] and
ABCG2 (PDBID:5NJ3) [55] as previously described [56]. MGLtools software package
(Scripps Research Institute) was used to prepare the pdbqt files. For docking in the drug-
binding pocket of ABCB1, the following residues were set as flexible: L65, M68, M69, F72,
Q195, W232, F303, 1306, Y307, Y310, F314, F336, L339, 1340, F343, Q347, N721, Q725,
F728, F732, F759, F770, F938, F942, Q946, M949, Y953, F957, L975, F978, V982, F983,
M986, Q990, F993, F994, these 36 residues are all located in the drug-binding pocket in the
transmembrane region of ABCBL1. The receptor grid was centered at x =19,y =53,and z =
3, and a box with inner box dimensions 40 A x 40 A x 44 A was used to search for all the
possible binding poses within the transmembrane region of the protein. In the case of
ABCG2, N393, A397, N398, V401, L405, 1409, T413, N424, F431, F432, T435, N436,
F439, S440, V442, S443, Y538, L539, T542, 1543, V546, F547, M549, 1550, L554, L555
from each monomer were set as flexible. The receptor grid centered at x = 125, y = 125, and
z =130 and a box with inner box dimensions 40 A x 30 A x 50 A was used. The
exhaustiveness level for both proteins was set at 100 to ensure that the global minimum of
the scoring function would be found considering the large box size and the number of
flexible residues. PyMOL molecular graphics system, Version 1.7, Shrodinger, LLC, was
used for the visualization and analysis of both transporters and ligands.
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2.10. Quantification and statistical analysis

The experimental data are presented as mean = standard deviation (SD) calculated from at
least three independent experiments. In the determination of cytotoxicity, the values are
given as mean = standard error of the mean (SEM). KaleidaGraph (Synergy Software,
Reading, PA, USA) and GraphPad Prism (GraphPad Software, La Jolla, CA, USA) software
were used for statistical analysis and curve plotting. The difference between mean values of
experimental and control or improvement in fit was analyzed by two-sided Student’s t-test
and labeled with asterisks as “statistically significant” if the probability, p, was less than
0.05.

3. Results

3.1. LY3023414 is less cytotoxic in cells overexpressing ABCB1 or ABCG2

To determine the impact of ABCB1 and ABCG2 on the antiproliferative effect of

LY 3023414, we examined the cytotoxicity of LY3023414 in multiple pairs of drug-sensitive
cell lines and multidrug-resistant variants overexpressing ABCB1 or ABCG2. We
discovered that the drug-sensitive parental human OVCAR-8 ovarian cancer cells and the
human KB-3-1 epidermal cancer cells were considerably more sensitive to LY3023414 than
their respective ABCB1-overexpressing variants NCI-ADR-RES (Fig. 1A) and KB-V-1 (Fig.
1B). Moreover, the drug-sensitive parental human S1 colon cancer cells and the human
H460 lung cancer cells were also more sensitive to LY3023414 than their respective
ABCG2-overexpressing variant S1-M1-80 (Fig. 1C) and H460-MX20 (Fig. 1D). To confirm
our findings, the cytotoxicity of LY3023414 was determined in HEK293 and HEK?293 cells
transfected with human ABCB1 (MDR19-HEK?293) or human ABCG2 (R482-HEK?293) to
demonstrate that LY3023414 resistance was mediated by ABCB1 and ABCG2 (Fig. 1E).
The 1C5q and the resistance factor (RF) values for LY3023414 in these cell lines are
summarized in Table 1. The RF value here represents the extent of cellular resistance to
LY3023414 mediated by ABCB1 or ABCG2, which was calculated by dividing the 1Csgg
value for LY 3023414 in a drug-resistant variant by the value in the corresponding parental
line. The calculated RF values ranged from approximately 8 to 37 for ABCB1 and
approximately 12 to 41 for ABCG2 (Table 1). It is apparent that LY3023414 is significantly
less cytotoxic in cancer cells expressing ABCB1 or ABCG2, regardless of tissue of origin.
More importantly, we found that the antiproliferative effect of LY3023414 was fully restored
by inhibiting the function of ABCB1 and ABCG2 in cells expressing ABCB1 or ABCG2,
respectively (Table 2). Tariquidar, a reference inhibitor for ABCBL1, resensitized NCI-ADR-
RES cells and MDR19-HEK?293 cells to LY 3023414 by approximately 6-fold and 8-fold,
whereas Ko143, a reference inhibitor for ABCG2, resensitized S1-M1-80 cells and R482-
HEK?293 cells to LY 3023414 by approximately 8-fold and 7-fold. Our results suggest that
the drug efflux function of ABCB1 and ABCG2 contributes directly to LY 3023414
resistance in cancer cells.

3.2. The activity of LY3023414 on the phosphorylation status of PI3K/AKT/mTOR pathway
kinases is reduced in cancer cells overexpressing ABCB1 or ABCG2

Previous studies have reported that treating cells with LY3023414 leads to the inhibition of
PI3K/AKT/mTOR signaling and induction of cell-cycle arrest in cancer cells [57-59]. To
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this end, we evaluated the effect LY3023414 in drug-sensitive OVCAR-8 and S1 cancer
cells, as well as in the corresponding drug-resistant lines NCI-ADR-RES and S1-M1-80. Of
note, cancer cell lines with the lowest RF values were used in these experiments to avoid
overstating the effect of ABCB1 and ABCG2 on LY3023414. Cells were treated with
increasing concentrations (0 — 10 uM) of LY 3023414 for 2 h, and the effect of LY3023414
on the phosphorylation of PI3K downstream molecules was determined as described by
Smith et al. [57]. As expected, phosphorylation of AKT at both threonine 308 (pT308 AKT)
and serine 473 (pS473 AKT) was inhibited by LY3023414 in a concentration-dependent
manner in all the cell lines tested (Fig. 2A). Moreover, the phosphorylation of S6 ribosomal
protein (pS240/244 S6RP), a downstream target of the PI3K/AKT/mTOR pathway, was also
inhibited by LY3023414. However, we noticed that the inhibition of phosphorylation of
AKT by LY3023414 was less effective in ABCB1-overexpressing NCI-ADR-RES and
ABCG2-overexpressing S1-M1-80 cancer cells as compared to their respective parental
OVCAR-8 and S1 cells (Fig. 2A). As a result, we examine whether tariquidar and Ko143
could restore the activity of LY3023414 on pT308 AKT and pS473 AKT in NCI-ADR-RES
and S1-M1-80 cancer cells. Cells were treated with DMSO (control), LY3023414 at 2 pM,
GDC-0980 at 10 uM, tariquidar atl pM, or Ko143 at 1 uM alone or in combination as
indicated. We discovered that without affecting total AKT (t-AKT) or total S6RP (t-S6),
tariquidar and Ko143 significantly increased the inhibition of pT308 AKT and pS473 AKT
by LY3023414 in NCI-ADR-RES (Fig. 2B) and S1-M1-80 (Fig. 2C) cancer cells,
respectively. Notably, a high concentration of the PI3K/mTOR kinase inhibitor GDC-0980
[60] was used as a positive control. Moreover, tariquidar or Ko143 alone did not affect the
phosphorylation of AKT (pT308 AKT and pS473 AKT) or S6RP (p-S6) in these cell lines.

Next, we examined the effect of ABCB1 and ABCG2 on LY3023414-induced cell-cycle
arrest in cancer cell lines. As expected, 2 uM of LY3023414 substantially induced G0/G1
cell-cycle arrest in OVCAR-8 (from 42 % basal level to 55 %) and S1 (from 51 % basal
level to 74 %) cancer cells. In contrast, LY3023414 had a minor effect on GO/G1 cell-cycle
arrest in ABCB1-overexpressing NCI-ADR-RES cancer cells or ABCG2-overexpressing S1-
M1-80 cancer cells (Fig. 2D). More importantly, tariquidar and Ko143 (1 uM) significantly
increased GO/G1 cell-cycle arrest induced by LY3023414 in NCI-ADR-RES (from 52 %
basal level to 72 %) and S1-M1-80 (from 54 % basal level to 66 %) cancer cells. Of note,
tariquidar or Ko143 alone had no significant effect on GO/G1 cell-cycle arrest in all tested
cell lines. Together, our results indicate that the drug transport function of ABCB1 and
ABCG2 reduces the efficacy of LY3023414 in cancer cells.

3.3. Overexpression of ABCB1 or ABCG2 reduces the intracellular accumulation of
LY3023414 in cancer cells

One of the most probable causes for the lack of chemosensitivity attributable to the activity
of ABCB1 and ABCG?2 is reduced drug accumulation in cancer cells. To this end, we
examined the intracellular accumulation of LY 3023414 in OVCAR-8 and its ABCB1-
overexpressing variant NCI-ADR-RES cancer cell lines, as well as in S1 and its ABCG2-
overexpressing variant S1-M1-80 cancer cell lines, in the absence or presence of tariquidar
or Ko143 using LC-MS/MS (Fig. 3A) as described previously [29, 46]. As shown in Fig. 3B,
the intracellular accumulation of LY3023414 in NCI-ADR-RES and S1-M1-80 cancer cells
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was significantly lower than in parental OVCAR-8 (1.84 + 0.25 pmole/uL) and S1 (2.34 =
0.54 pmole/uL) cancer cells, which could be restored by tariquidar and Ko143, respectively.

LY3023414 attenuates ABCB1- and ABCG2-mediated drug efflux

ABCB1- and ABCG2-mediated transport of one drug substrate usually interferes with the
transport of another drug substrate [42, 61-63]. To this end, we examined the effect of
LY3023414 on ABCB1-mediated transport of calcein and ABCG2-mediated transport of
pheophorbide A (PhA). The accumulation of calcein, a fluorescent product of a known
ABCB1 substrate drug calcein-AM [64], was determined in ABCB1-overexpressing NCI-
ADR-RES and MDR19-HEK293 cells, whereas the accumulation of PhA, a known
fluorescent substrate of ABCG2 [48], was determined in ABCG2-overexpressing S1-M1-80
and R482-HEK?293 cells. We found that LY 3023414 (shaded, solid lines) at 40 UM inhibited
ABCB1-mediated calcein-AM efflux in NCI-ADR-RES (Fig. 4A) and MDR19-HEK293
(Fig. 4B) cells, and ABCG2-mediated PhA efflux in S1-M1-80 (Fig. 4C) and R482-HEK?293
(Fig. 4D) cells. Of note, LY 3023414 (shaded, solid lines), tariquidar, or Ko143 (dotted lines)
alone did not have any significant effect on the accumulation of calcein-AM or PhA in the
drug-sensitive parental cell lines (Fig. 4A — D, left panels).

LY3023414 stimulates the ATPase activity of ABCB1 and ABCG2

Knowing that ABCB1- and ABCG2-mediated substrate transport is coupled to the
stimulation of ATP hydrolysis [65-69], we examined the effect of LY3023414 on the
vanadate (V;)-sensitive ATPase activity of ABCB1 and ABCG2 using membrane vesicles
isolated from High-Five cells expressing either human ABCB1 or ABCG2 protein as
described in Materials and methods. We found that LY3023414 stimulated the ATPase
activity of ABCBL1 in a concentration-dependent manner (Fig. 5A), reaching a maximum
stimulation of 157% of the basal value of 116.58 + 12.50 nmole P;/min/mg protein.
LY3023414 also stimulated the Vj-sensitive ATPase activity of ABCG2, reaching a
maximum stimulation of 128% of the basal value of 228.87 + 6.97 nmole Pj/min/mg protein
(Fig. 5B). The stimulatory effect of LY 3023414 is significant as the p values are 0.00451558
for ABCB1 and 0.00200136 for ABCG2, respectively.

3.6. Docking of LY3023414 in the drug-binding pocket of ABCB1 and ABCG2

In order to gain insight into the interactions between LY3023414 and the substrate-binding
domains within ABCB1 and ABCG2, the /n silico molecular docking analysis of
LY3023414 in the inward-open structure of human ABCB1 (PDBID:6QEX) [54] and
ABCG2 (PDBID:5NJ3) [55] was performed. Analysis of the lowest energy docking poses
revealed the predicted sites of interaction between LY3023414 and several hydrophobic and
aromatic residues located within the transmembrane domains (TMDs) of ABCB1 and
ABCG2. Such residues are highlighted in Fig. 6A and Fig. 6B for ABCB1 and ABCG2
respectively. When comparing the binding of LY 302341 with the binding of taxol in ABCB1
(PDBID: 6gex) and estrone-3-sulfate, mitoxantrone, imatinib and SN38 with ABCG2
(PDBIDs: 6hco, 6xvi, 6xvh and 6xvj)[70], we identified many residues that were in common
for interacting with the substrates. In the case of ABCBL1 the residues that are in common
include MET 69, PHE 336, ILE 340, TYR 953, PHE 983 and MET 986 whereas in the case
of ABCG2 the common residues are LEU 405, PHE 431, PHE 432, THR 435, ASN 436,
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PHE 439, SER 440, THR 542, ILE 543, VAL 546 and MET 549 from both or either
monomer. Interestingly there were more residues in common for ligands and LY 3022341
with ABCG2 than with taxol for ABCBL. This is probably due to the fact that the binding
site of ABCG?2 is narrower and more defined than the one for ABCB1 where the molecules
have more flexibility to bind in different orientations.

4. Discussion

The novel PI3BK/mTOR dual inhibitor LY 3023414 demonstrated promising preclinical
activity [57, 59, 71, 72], and has now being tested in multiple clinical trials [73, 74].
However, the risk of developing resistance to LY 3023414 could potentially present a
therapeutic challenge in the future. Smith et al. demonstrated that through inhibition of the
PAM signaling pathway, LY 3023414 induced G1 phase cell-cycle arrest and showed
antiproliferative activity against a collection of 32 human cancer cell lines of various origin
[57], in which we noticed that the human colon HT-29 cancer cell line was highly resistant
to LY 3023414. Knowing that HT-29 cancer cells express ABCG2 [75, 76] and that the
overexpression of ABCG?2 in cancer cells often leads to drug resistance, the results here
implicated that LY 3023414 may be actively transported by ABCG2. Moreover, results of a
recent phase 2 study demonstrated that LY 3023414 has only modest single-agent activity
and a manageable safety profile in patients with heavily pretreated advanced endometrial
cancer prospectively selected for tumors with activating PI3K pathway mutations [74].
Considering that the PI3K inhibitors pictilisib (GDC-0941) [28], apitolisib (GDC-0980) [77,
78], CUDC-907 [29] and PF-4989216 [30] are substrates of ABCG2 and/or ABCB1, it is
not inconceivable that induced expression of ABCB1 and/or ABCG2 in endometrial cancer
cells [79-83] could play a role in the reduced response to LY 3023414,

It is worth noting that the intricate relationship between the PI3K/AKT signaling pathway
and the MDR phenotype mediated by ABCB1 and ABCG2 in cancer cell lines has been
studied extensively by independent groups [4] [84, 85]. For instance, the activation of AKT
has been implicated to positively regulate the surface expression of ABCG2 [86-88]. The
acidic microenvironment-induced overexpression of ABCG2 via the PI3K/AKT signaling
pathway was found to contribute to the MDR phenotype in lung cancer cells [89]. Huang et
al. demonstrated that the inactivation of PTEN up-regulates the expression of ABCG2
expression in adult acute leukemia through the PI3K/AKT pathway [90]. More recently,
Chen et al. discovered that urate increased the expression of ABCG2 in HT-29 and Caco-2
cell lines via activating the TLR4-NLRP3 inflammasome and PI3K/AKT signaling pathway
[91]. In addition, the reversal effect of PI3K/AKT signaling pathway inhibitors on MDR
mediated by ABCB1 and/or ABCG2 in cancer cells has also been described. It was reported
that through the inhibition of the PI3BK/AKT signaling pathway, ZSTK474 inhibited the drug
transport function and downregulated the protein expression of ABCB1 and ABCG2 [92],
whereas P1103 [93], perifosine [94], and LY294002 [95] downregulated ABCB1 expression
in sarcoma, breast cancer, and gastric cancer cells, respectively. The PI3K/mTOR dual
inhibitor dactolisib reversed MDR mediated by ABCB1 and ABCG2 in multidrug-resistant
acute myeloid leukemia (AML) cells [96] and mesothelioma cell lines [97], respectively.
Similarly, Huang et al. demonstrated that cepharanthine reverses ABCB1-mediated
multidrug resistance in human ovarian carcinoma cells by inhibiting the PISK/AKT
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signaling pathway [98]. Moreover, natural products timosaponin A [99] and osthole [100]
could downregulate the expression of ABCB1 in myelogenous leukemia K562/ADM cells,
and the grape seed proanthocyanidin extract [101] and epigallocatechin-3-gallate (EGCG)
[102] could reverse MDR in ABCB1-overexpressing multidrug-resistant cancer cells by
inhibiting the PI3K/AKT signaling pathway.

In the present study, we found that LY 3023414 inhibited the proliferation of cancer cells
from different origins with 1C5q values ranging from approximately 20 — 90 nM, which are
comparable to the values reported previously by Smith et a/. [57]. However, we discovered
that cancer cells overexpressing ABCB1 or ABCG2, as well as HEK293 cells with ectopic
expression of human ABCB1 (MDR19-HEK?293) or human ABCG2 (R482-HEK293) were
also resistant to LY 3023414 as compared to the parental HEK293 cells (Table 1). Moreover,
the effect of LY 3023414 on PI3K signaling and GO/G1 cell-cycle arrest was significantly
reduced in ABCB1-overexpressing NCI-ADR-RES and ABCG2-overexpressing S1-M1-80
cancer cell lines in comparison to the respective parental cell lines (Fig. 2). Nevertheless, the
long-term effect of LY3023414 treatment on the expression of ABCB1 and ABCG2 in
cancer patients remains to be determined. Considering that ABCB1- and ABCG2-mediated
resistance to LY3023414 may present a therapeutic problem in the future, we tested whether
inhibition of ABCB1 and ABCG2 can overcome LY 3023414 resistance in ABCB1- and
ABCG2-overexpressing multidrug-resistant cancer cells, NCI-ADR-RES and S1-M1-80
cancer cells. We discovered that tariquidar and Ko143 significantly increased the
intracellular accumulation of LY3023414 (Fig. 3) and subsequently restored the efficacy of
LY 3023414 to inhibit PI3K/AKT signaling (Fig. 2) and the proliferation of these multidrug-
resistant cancer cells (Table 2). Although there is still no FDA-approved ABCB1 or ABCG2
inhibitor available, we have demonstrated in principle that the efficacy of LY3023414 in
ABCB1- and ABCG2-overexpressing multidrug-resistant cancer cells can be restored by
inhibiting the function of ABCB1 and ABCG2. The facts that LY 3023414 inhibits the
transport of calcein-AM mediated by ABCB1 and the transport of PhA mediated by ABCG2
(Fig. 4) and in addition it stimulates the ATPase activity of ABCB1 and ABCG2 (the results
of Fig. 5) support the conclusion that LY3023414 is a substrate for ABCB1 and ABCG2.
Furthermore, the /in silico molecular docking analysis of LY 3023414 with the inward-open
structure of human ABCB1 (PDBID:6QEX) [54] and ABCG2 (PDBID:5NJ3) (Fig. 6)
support the binding of LY 3023414 to the substrate-binding pockets of human ABCB1 and
ABCG2 and inhibition of the binding and transport of fluorescent substrates such as
Calcein-AM and PhA. The schematic (Fig. 7) describes the proposed mechanism by which
both transporters confer resistance to LY 3023414 in cancer cells.

In summary, our study revealed that LY3023414 is a substrate for ABCB1 and ABCG2,
implicating ABCB1 and ABCG2 may serve as a mechanism of resistance for LY3023414.
Moreover, taking into account the impact of ABCB1 and ABCG2 on the absorption and
distribution of therapeutic drugs [103], ABCB1- and ABCG2-mediated transport of
LY3023414 may present a significant therapeutic challenge for clinicians in the future.
Therefore, although there is no clinically approved treatment to date due to problems such as
toxicities [104] and poor metabolic stability of inhibitors [105], further investigation is
warranted to explore drug combination approaches that may have the potential to overcome
ABCB1 and ABCG2-mediated resistance to LY3023414.
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Fig. 1.

Differential cytotoxicity of LY3023414 in drug-sensitive cells and multidrug-resistant cells
overexpressing either ABCB1 or ABCG2. The cytotoxicity of LY3023414 (final DMSO
concentration 0.5% (v/v)) in (A) drug-sensitive human OVCAR ovarian cancer cell line
(open circles) and its ABCB1-overexpressing variant NCI-ADR-RES (filled circles); (B)
drug-sensitive human KB-3-1 epidermal cancer cell line (open circles) and its ABCB1-
overexpressing KB-V-1 (filled circles); (C) drug-sensitive human S1 colon cancer cell line
(open circles) and its ABCG2-overexpressing S1-M1-80 (filled circles); (D) drug-sensitive
human H460 lung cell line (open circles) and its ABCG2-overexpressing H460-MX20
(filled circles); (E) parental pcDNA-HEK?293 cells (open circles), HEK293 cells transfected
with human ABCB1 (MDR19-HEK293, filled circles) and HEK293 cells transfected with
human ABCG2 (R482-HEK293, open squares) was determined over a period of 72 h as
described in Materials and methods. Representative immunoblots of ABCB1 and ABCG2
are shown in insets. Points, mean values from at least three independent experiments; bars,
SEM.
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Fig. 2.
The effect of LY3023414 on PIBK/AKT/mTOR signaling pathway and GO/GL1 cell cycle

arrest in human cancer cell lines. (A) Representative immunoblot images (upper panels) and
quantification of integrated intensity (lower panels) of phosphorylation of AKT at T308
(pT308 AKT) or S473 (pS473 AKT), total Akt (t-AKT), phosphorylation of p70 ribosomal
protein S6 kinase (pT389 p70S6K), p70 ribosomal protein S6 kinase (p70S6K), ribosomal
protein S6 phosphorylation (pS240/244 S6RP) and total S6 (t-S6), and tubulin of lysates
from parental OVCAR-8 and multidrug-resistant NCI-ADR-RES cancer cells, as well as
parental S1 and multidrug-resistant S1-M1-80 cancer cells treated with increasing
concentrations (0 — 10 pM) of LY 3023414 or 10 uM of a dual PI3K/mTOR inhibitor
GDC-0980 (G). Representative immunoblot images (upper panels) and quantification of
integrated intensity (lower panels) of pT308 AKT or pS473 AKT, t-Akt, ribosomal protein
S6 phosphorylation (p-S6) and total S6 (t-S6), ABCB1, ABCG2 and tubulin of lysates from
(B) OVCAR-8 and NCI-ADR-RES cells or (C) S1 and S1-M1-80 cells treated with DMSO
(control), 2 uM of LY 3023414 (+ LY) or 10 uM of a dual PI3K/mTOR inhibitor GDC-0980
(+ GDC) in the absence or presence of 1 uM of tariquidar or Ko143 in final DMSO
concentration of 0.5% (v/v) as indicated for 2 h before processed for immunoblotting.
Human EGF (50 ng/mL) was added to the culture medium for 5 min to stimulate
phosphorylation. Quantification of relative levels of AKT phosphorylation in drug-sensitive
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(white bars) and multidrug-resistant (black bars) cells, presented as mean + S.D. calculated
from more than three independent experiments. (D) OVCAR-8 and NCI-ADR-RES cells, as
well as S1 and S1-M1-80 cells, were plated and treated with DMSO (control), 2 pM of

LY 3023414, 1 uM of tariquidar or 1 pM of Ko143 alone or in combination as indicated for
24 h before harvest for cell cycle analysis. Quantifications of cells in each of the cell cycle
stages are shown as mean * S.D. calculated from more than three independent experiments.
*p<0.05; **p<0.01; ***p< 0.001, versus the same treatment in the absence of tariquidar
or Ko143.
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Fig. 3.

Tr?e intracellular accumulation of LY 3023414 in cancer cells is reduced in cancer cells
overexpressing ABCB1 or ABCG2. (A) The chemical structure and product ion mass
spectra of LY 3023414 with the expected fragments. (B) Quantification of intracellular
LY3023414 by HPLC-MS/MS analysis in parental OVCAR-8 (white bars) and in ABCB1-
overexpressing NCI-ADR-RES (striped bars) cells, as well as in parental S1 (grey bars) and
ABCG2-overexpressing S1-M1-80 (black bars) cells. Cells were treated with 10 pM of
LY3023414 in the presence or absence of 10 uM of tariquidar or Ko143 as indicated for 1
hour and processed as described in Materials and methods. Values are presented as mean
values = S.D. calculated from at least three independent experiments. **p < 0.01; ***p<
0.001.
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ABCG2. The accumulation of calcein in (A) OVCAR-8 and ABCB1-overexpressing NCI-
ADR-RES cells, and in (B) pcDNA-HEK?293 and ABCB1-transfected MDR19-HEK?293
cells, or the accumulation of pheophorbide A (PhA) in (C) S1 and ABCG2-overexpressing
S1-M1-80 cells, and in (D) pcDNA-HEK?293 and ABCG2-transfected R482-HEK?293 cells,
were measured in the presence of DMSO (solid lines) or 40 uM of LY3023414 (shaded,
solid lines) or 1 uM of tariquidar or Ko143 (dotted lines), and analyzed immediately by flow

cytometry. Representative histograms of three independent experiments are shown.

Biochem Pharmacol. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 27

**

1757
1501
1251

(% basal activity)
S

Vi-sensitive ABCB1
ATPase activity

00 25 50 7.5 10.0 125
LY3023414 [uM]

1505 ol
1251

—;
o

(% basal activity)
O N
£ &3

ATPase activity

Vi-sensitive ABCG2
)
a

o

25 50 7.5 10.0 125
LY3023414 [uM]

=
o

Fig. 5.
LY 3023414 stimulates the ATPase activity of ABCB1 and ABCG2. The effect of

LY 3023414 (0 — 12.5 pM) on vanadate (V;)-sensitive ATPase activity of (A) ABCB1 and
(B) ABCG2 was determined by endpoint Pi assay, as described in Materials and methods.
Data presented as mean = SD. from three independent experiments. **p < 0.01.
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Fig. 6.

Bi%ding of LY3023414 in the substrate-binding pockets of ABCB1 and ABCG2.

LY 3023414 was docked to the cryo-electron microscopy inward-open structure of (A)
human ABCB1 (PDBID:6QEX) and (B) human ABCG2 (PDB: 5NJ3) using AutoDock Vina
software as described in Materials and methods. LY 3023414 lowest energy pose binding to
ABCBL1 is shown in green, whereas the three lowest energy poses of LY3023414 binding to
ABCG2, all with the same docking score, are shown in green, cyan, and light blue. Residues
that are within 5A of the ligand are highlighted. The docking scores of the low-energy poses
(tighter binding) of LY3023414 in the transmembrane region of ABCB1 and ABCG2 are
presented on the right of each panel. Figures were prepared using the PyMOL molecular
graphics system, Version 1.7 Shrédinger, LLC.
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Fig. 7.

A schematic diagram illustrating the impact of ABCB1 and ABCG2 on the efficacy of
LY3023414 in cancer cells. ABCB1- and ABCG2-mediated efflux of LY3023414 reduces
the inhibition of PI3K and mTOR signaling, resulting in a continuous proliferation of cancer
cells that express ABCB1 or ABCG2.
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Cytotoxicity of LY3023414 in ABCB1- or ABCG2-overexpressing cell lines and respective parental cell lines.

Cell line Type of carcinoma  Transporter expressed ICsp (nM)T R.Fi
OVCAR-8 ovarian - 4454 +£2.20 1
NCI-ADR-RES ovarian ABCB1 337.46 +23.76 8
KB-3-1 epidermal - 67.20 £ 6.52 1.0
KB-V-1 epidermal ABCB1 2467.20 + 22381 % 37
S1 colon - 84.39 + 15.65 1.0
S1-M1-80 colon ABCG2 1476.80 + 246,91 17
H460 lung - 20.87 £ 0.68 1.0
H460-MX20 lung ABCG2 852.16 + 135.15°°° 41
pcDNA-HEK?293 - - 79.67 £7.17 1.0
MDR19-HEK293 - ABCB1 821.05+161.02° 10
R482-HEK?293 - ABCG2 988.77 + 141.48 12

Abbreviation: RF, resistance factor.

fIC50 values are mean + SD calculated from dose-response curves obtained from at least three independent experiments using cytotoxicity assay

as described in Materials and methods.

’tRF values were calculated by dividing 1C5( value of LY3023414 in ABCB1- or ABCG2-expressing cells by IC5( value of LY3023414 in

respective parental cells.
*
p<0.05;
*Kk
p<0.01;

*AA

< 0.001.
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The effect of tariquidar and Ko143 on the cytotoxicity of LY3023414 in cells overexpressing ABCB1 or

Table 2.

ABCG2.
Cell line Mean ICq + SD [nM] "
LY3023414 LY3023414 + tariquidar  LY3023414 + Ko0143
OVCAR-8 44,54 £2.20 50.87 +2.60~ N.D
NCI-ADR-RES 337.46 + 23.76 52.71 +5.00 7 N.D

S1 84.39 £ 15.65
S$1-M1-80 1476.80 + 246.91
pcDNA-HEK293 79.67 £7.17
MDR19-HEK293  821.05 + 161.02

R482-HEK?293 088.77 + 141.48

N.D
N.D
85.05 +7.22
106.03 + 24.82 ™

N.D

136.31 +21.717

176.98 +39.96
7255+ 7.14

N.D

144.85 £ 22.79

Abbreviation: N.D, not determined.

fIC50 values are mean + SD in the presence and absence of 1 pM tariquidar or 1 uM Ko143. The IC5( values were calculated from dose-response

curves obtained from three independent experiments.

*
p<0.05;

*K
p<0.01;

Aok

< 0.001.
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