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Introduction: The overexpression of ATP-binding cassette (ABC) transporters,
ABCB1 and ABCG2, are two of the major mediators of multidrug resistance (MDR)
in cancers. Although multiple ABCB1 and ABCG2 inhibitors have been developed
and some have undergone evaluation in clinical trials, none have been clinically
approved. The compound, MK-2206, an inhibitor of the protein kinases AKT1/2/3,
is undergoing evaluation inmultiple clinical trials for the treatment of certain types
of cancers, including those resistant to erlotinib. In this in vitro study, we
conducted in vitro experiments to determine if MK-2206 attenuates multidrug
resistance in cancer cells overexpressing the ABCB1 or ABCG2 transporter.

Methodology: The efficacy of MK-2206 (0.03–1 μM), in combination with the
ABCB1 transporter sub-strates doxorubicin and paclitaxel, and ABCG2 transporter
substrates mitoxantrone, SN-38 and topotecan, were determined in the cancer
cell lines, KB-C2 and SW620/Ad300, which overexpress the ABCB1 transporter or
H460/MX20 and S1-M1-80, which overexpress the ABCG2 transporter,
respectively. The expression level and the localization of ABCG2 transporter on
the cancer cells membranes were determined using western blot and
immunofluorescence assays, respectively, following the incubation of cells with
MK-2206. Finally, the interaction between MK-2206 and human ABCG2
transporter was predicted using computer-aided molecular modeling.

Results: MK-2206 significantly increased the efficacy of anticancer compounds
that were substrates for the ABCG2 but not the ABCB1 transporter. MK-2206 alone
(0.03–1 μM) did not significantly alter the viability of H460/MX20 and S1-M1-80
cancer cells, which overexpress the ABCG2 transporter, compared to cells
incubated with vehicle. However, MK-2206 (0.3 and 1 μM) significantly
increased the anticancer efficacy of mitoxantrone, SN-38 and topotecan, in
H460/MX20 and S1-M1-80 cancer cells, as indicated by a significant decrease
in their IC50 values, compared to cells incubated with vehicle. MK-2206
significantly increased the basal activity of the ABCG2 ATPase (EC50 =
0.46 μM) but did not significantly alter its expression level and sub-localization
in the membrane. The molecular modeling results suggested that MK-2206 binds
to the active pocket of the ABCG2 transporter, by a hydrogen bond, hydrophobic
interactions and π-π stacking.
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Conclusion: These in vitro data indicated that MK-2206 surmounts resistance to
mitoxantrone, SN-38 and topotecan in cancer cells overexpressing the ABCG2
transporter. If these results can be translated to humans, it is possible that MK-2206
could be used to surmount MDR in cancer cells overexpressing the ABCG2
transporter.
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Introduction

Although significant progress has been made in developing
novel anticancer drugs, efficacious cancer treatments, including
chemotherapeutic and radio-therapeutic approaches, can be
decreased or abrogated by the development of multidrug
resistance (MDR), which is responsible for producing a
significant proportion of cancer-related deaths (Vasan et al.,
2019; Yang et al., 2020a; Cui et al., 2022). Numerous studies have
shown that MDR can be mediated by: 1) an overexpression of ATP-
binding cassette (ABC) transporter; 2) mutations in the cellular drug
target; 3) increasing in the metabolism of drugs to metabolites that
are efficacious or inefficacious; 4) altering the tumor
microenvironment to increase the probability of cancer cell
survival; 5) an increase in the repair of damaged DNA; 6) a
decrease or inhibition of cell death mechanisms; 7) sequestration
of drugs in cellular compartments (i.e., lysosomes) and 8) evasion of
the host immune response (Zhitomirsky and Assaraf, 2016; Rathore
et al., 2017; Kaur et al., 2020; Li et al., 2020;Wang et al., 2021a; Wang
et al., 2021b; Ni et al., 2021; Meng et al., 2022).

ABC transporters are a family of proteins, primarily located on
the cellular membrane, which efflux toxic endogenous and
xenobiotic molecules from cells (Chen, 2011; Chen and Tiwari,
2011; Kathawala et al., 2015; Li et al., 2016). Numerous studies
indicate that certain types of cancer cells overexpress the
ABCB1 [also known as P-glycoprotein (P-gp)] or
ABCG2 transporter [also known as breast cancer
resistanceprotein (BCRP)], which significantly decreases the
intracellular concentration of anticancer drugs, thereby

decreasing or abrogating their efficacies, conferring resistance to
these drugs (Engle and Kumar, 2022; Moinul et al., 2022).
Furthermore, both ABCB1 and ABCG2 transporters can decrease
the efficacy of anticancer drugs that are structurally and
mechanistically distinct, producing MDR (Wei et al., 2020; Sucha
et al., 2022). Although various inhibitors/modulators of the
ABCB1 and ABCG2 transporters have been well characterized,
none of these compounds have been approved for cancer, due to
limited clinical benefits, toxic effects and problematic adverse drug-
drug interactions (Pena-Solorzano et al., 2017; De Vera et al., 2019;
Dong et al., 2020; Kukal et al., 2021; Liu et al., 2022; Moinul et al.,
2022). Recently, drug repurposing has emerged as a feasible strategy
to overcome ABCB1- or ABCG2-mediated drug resistance in cancer
(Wang et al., 2020a; Zhang et al., 2020; Wu et al., 2022).

MK-2206 (Figure 1A) has been reported to be an allosteric AKT
inhibitor that inhibits AKT1 (IC50 = 5 nM), AKT2 (IC50 = 12 nM)
and AKT3 (IC50 = 65 nM) (Hirai et al., 2010; Stottrup et al., 2016).
This drug has efficacy in clinical trials for the treatment of breast
cancer in patients with epidermal growth factor receptor 2-positive
(EGFR+), hormone receptor-negative (HR–), phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic (PI3KCA) or AKT mutations
and/or Phosphatase and Tensin Homolog deleted on Chromosome
10 (PTEN) loss/PTEN mutations (Xing et al., 2019; Chien et al.,
2020). MK-2206 is also undergoing evaluation in patients diagnosed
with refractory lymphoma (Oki et al., 2015), uterine serous
carcinoma (Stover et al., 2022), advanced pancreatic cancer and
advanced non-small cell lung cancer (Lara et al., 2015).
Furthermore, MK-2206 produces synergistic anticancer efficacy
when combined with gemcitabine (Wang et al., 2020b), cisplatin

FIGURE 1
The effect of MK-2206 on the viability of the parental H460 and S1 (non-resistant) and the H460/MX20 and S1-M1-80 (MDR) cancer cells. (A) The
structure of MK-2206. The effect of MK-2206 on the viability of H460 and H460/MX20 cancer cells (B) and (C) the effect of MK-2206 on the viability
S1 and S1-M1-80 cancer cells. Each point represents the mean ± SD (n = 3). Percent cell viability was compared to vehicle.
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and olaparib (Savaee et al., 2022), salinomycin (Savaee et al., 2022)
and ruxolitinib (Guvenir and Eroglu, 2022), among others,
suggesting that it increases the efficacy of certain anticancer
drugs, i.e., it is a chemo-sensitizing drug.

Thus, based on the above information, we conducted in vitro
experiments and the results indicated that MK-2206 significantly
increased the efficacy of the ABCG2 transporter substrates,
mitoxantrone, SN-38 and topotecan, in H460/MX20 and S1-M1-
80 cancer cells, which overexpress the ABCG2 transporter. In
contrast, MK-2206 did not significantly alter the efficacy of the
ABCB1 substrates, doxorubicin and paclitaxel, in KB-C2 and
SW620/Ad300 cells, which overexpress the ABCB1 transporter
(Shi et al., 2007; Dai et al., 2008). We further determined the effect
of MK-2206 on the expression levels of the ABCG2 transporter and
the localization of the ABCG2 transporter in cancer cells, using
Western blot and immunofluorescence assay, respectively. Finally,
we used a human homology model of the ABCG2 transporter to
assess the interaction of MK-2206 with this protein.

Materials and methods

Cell viability assay

The effect of MK-2206 alone (0.03–30 μM) and in combination
(0.3 and 1 μM) with mitoxantrone (0.1 nM-10 μM), SN-38 (0.1 nM-
10 μM) and topotecan (0.1 nM-10 μM) on the viability of parental
NCI-H460 (H460) and ABCG2-overexpressing NCI-H460/MX20
(H460/MX20) lung cancer cells, and parental S1 and ABCG2-
overexpressing S1-M1-80 colon cancer cells, were determined
using the MTT assay. Similarly, the effect of MK-2206 alone
(0.03–30 μM) and in combination (0.3 and 1 μM) with
doxorubicin (0.1 nM-10 μM) or paclitaxel (0.1 nM-10 μM), on the
viability of parental KB-3-1 and ABCB1-overexpressing KB-C2
human epidermoid carcinoma cells, and parental SW620 and
ABCB1-overexpressing SW620/Ad300 colorectal cancer cells, were
also determined using the MTT assay. Ko-143 (3 μM) or verapamil
(3 μM) were used as positive controls, as these compounds inhibit the
ABCG2 or ABCB1 transporter, respectively (Allen et al., 2002;
Laberge et al., 2014). Briefly, cancer cells were seeded at a density
of 3,000-5,000/well in 96-well plate and incubated overnight.
Subsequently, the corresponding test drug was added into each
well and the cells were cultured for 72 h. Next, 20 μL of the MTT
solution (5 mg/mL) was added to the wells and the cells were cultured
for 4 h, and the medium was carefully removed and then 100 μL of
DMSOwas added and the absorption was recorded at a wavelength of
490 nm, using a microplate absorbance reader. The viability of each
cell line was plotted and IC50 values were calculated using GraphPad
Prism 7.00 (GraphPad, San Diego, CA, United States).

Western blot assay

The expression levels of ABCG2 in the H460 or H460/
MX20 cancer cells after incubation with MK-2206 were
determined using the Western blot assay as previously described
(Wang J. et al., 2020). Briefly, H460/MX20 cancer cells were seeded at
a density of 1,000,000/well in a 6-well plate and cultured overnight.

MK-2206 (0.1, 0.3, and 1 μM) and the cells were incubated for 24 h or
with MK-2206, at 1 μM, for 24, 48 and 72 h. Subsequently, the cells
were washed three times with PBS and lysed in a modified RIPA
buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris, 1% Triton X-100,
0.1% SDS, 0.5% sodium deoxycholate), with a phosphatase inhibitor
cocktail (Roche, Indianapolis, IN, United States) for 15 min on ice.
The cell debris was removed by centrifugation at 12,000 g for 15 min
at 4°C. The protein concentration in the lysates was determined using
the bicinchoninic acid (BCA) protein assay (ThermoFisher, Rockford,
IL, United States). An equivalent amount (20 μg) of protein was
subjected to SDS-PAGE (constant voltage at 120V), followed by
transfer to PVDF membranes. An ABCG2 antibody (Catalog
number MAB4146, Millipore) and control GAPDH (Catalog
number MA5-15738, Millipore) were used to identify ABCG2 or
GAPDH, respectively. H460 parental cells were used as the negative
control as they do not overexpress the ABCG2 transporter (Henrich
et al., 2006). The Enhanced Chemiluminescence (ECL) kit (Thermo
Fisher Scientific Inc., Waltham, MA, United States) was used and the
signal was captured by X-ray film. The analysis of protein expression
levels was performed using ImageJ (NIH, MD, United States).

Immunofluorescence assay

The effect of MK-2206 on the localization of ABCG2 was
determined using a previously reported immunofluorescence
technique (Ji et al., 2019). Briefly, 30,000/well cells were seeded
in a 12-well plate and cultured overnight. Subsequently, the cells
were incubated with MK-2206 (1 μM) for 24 h. Next, the medium
was removed and the cells were washed three times with PBS. The
cells were incubated with 4% polyformaldehyde and 0.25% Triton
X-100 for 5 min. Cells were cultured with an ABCG2 antibody
(Catalog number MAB4146, Millipore) over night at 4°C. After
removal of the ABCG2 antibody by gently washing with cold PBS
three times, the cells were co-cultured with fluorescent IgG antibody
(Catalog number 7076S, CTS) for 2 h. The nucleus was stained with
propidium iodide (PI). The images of the cells were taken using a
Nikon TE-2000S fluorescence microscopy (Nikon Instruments Inc.,
Melville, NY), at an excitation wavelength of 535 nm to visualize the
nuclei and a wavelength of 395 nm to visualize the
ABCG2 transporter (×200 magnification) (Ji et al., 2019). Two
pictures were taken for the same set of cells, and one merged
figure was generated by overlapping the images for the
ABCG2 transporter and the nuclei, using Photoshop (CS6, Adobe).

ATPase assay

The ATPase activity of vanadate-sensitive ABCG2 was
determined as previously described (Ji et al., 2018; Yang et al.,
2020b; Narayanan et al., 2021a). High Five insect cells was used to
prepare ABCG2 membrane vesicles. Ten μg of the membranes were
incubated in an assay buffer containing 50 mM of 2-(N-morpholino)
ethane sulfonic acid (MES, pH 6.8), 50 mM of KCl, 5 mM of sodium
azide, 2 mM of EGTA, 2 mM of dithiothreitol (DTT), 1 mM of
ouabain, and 10 mM of MgCl2 for 5 min. Subsequently, MK-2206
(0.1–20 μM) was incubated with membrane vesicles for 3 min. ATP
hydrolysis was initiated by adding 5 mM of Mg-ATP and then after

Frontiers in Pharmacology frontiersin.org03

Gao et al. 10.3389/fphar.2023.1235285

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1235285


incubation at 37°C for 20 min, the reaction was terminated by adding
100 μL of a 5% SDS solution. The level of inorganic phosphate (Pi)
was determined by measuring the absorption at 880 nm, using an
Accuskan GO UV/Vis Microplate Spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, United States).

Molecular docking of MK-2206 with human
ABCG2 model

The three dimensional structure of MK-2206 was constructed for
docking simulation with a human ABCG2 homology model as
previously described (Wang L Q et al., 2019). The human
ABCG2 protein model, 6ETI, was obtained from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank (PDB). The protein model was constructed from an inward-
facing Ko143-bound human ABCG2 crystal structure, at a resolution
of 3.1 Å (Jackson et al., 2018). Docking calculations were performed
using the program, AutoDock Vina (version 1.1.2), in the default
method (Wang L et al., 2019). Hydrogen atoms and partial charges
were added using AutoDockTools (ADT, version 1.5.4). Docking grid
center coordinates were determined using the bound ligand, Ko143,
provided in the 6ETI PDB files. Receptor/ligand preparation and
docking simulation were performed using default settings. The top-
scoring pose (based on the affinity score in kcal/mol) was selected for
further analysis and visualization.

Statistics

Data were expressed as mean ± SD from at least three
independent experiments and analyzed using GraphPad Prism
7.00 software (GraphPad, San Diego, CA, United States). The

effects of MK-2206 on the efficacy of SN-38, mitoxantrone and
topotecan in the cancer cell lines was determined using a one-way
ANOVA, followed by a post hoc analysis using the Newman-Keuls
test. The effects of MK-2206 on the ABCG2 expression level in
H460 and H460/MX20 cell lines were analyzed by Student’s t-test
after quantification of the bands by ImageJ (NIH, MD,
United States). The a priori significance value was p < 0.05.

Results

MK-2206 increases the efficacy of
mitoxantrone, SN-38 and topotecan in
H460/MX20 and S1-M1-80 cancer cells
overexpressing the ABCG2 transporter

The in vitro viability of the parental (non-resistant) H460 and
S1 and the MDR H460/MX20 and S1-M1-80 cancer cells was
decreased by 20% at 1 μM of MK-2206 and the IC50 values
ranged from 3 to 10 μM (Figures 1B,C). Based on these results,
we determined the concentrations of 0.3 and 1 μM of MK-2206 can
be used to combine with mitoxantrone, SN-38 and topotecan, which
are ABCG2 substrates (Toyoda et al., 2019). Similarly, the
cytotoxicity of MK-2206 in parental KB-3-1 and SW620 cells and
theMDRKB-C2 and SW620/Ad300 cells, were also determined, and
0.3 and 1 μM of MK-2206 did not significantly affect cell viability
(data not shown). The combination of MK-2206 (0.3 and 1 μM)
with the anticancer drugs, doxorubicin and paclitaxel, which are
substrates for the ABCB1 transporter, did not significantly alter the
efficacy of these compounds in cancer cells overexpressing the
ABCB1 transporter (data not shown). Thus, we next conducted
experiments to determine the effect of MK-2206 on the efficacy of
drugs in cancer cells overexpressing the ABCG2 transporter.

TABLE 1 The effect of MK-2206 on the efficacy of mitoxantrone, SN-38 and topotecan in cancer cells overexpressing the ABCG2 transporter.

Treatments IC50 ± SD (μM)$

H460 H460/MX20 S1 S1-M1-80

Mitoxantrone + vehicle 0.0106 ± 0.008 0.703 ± 0.374### 0.123 ± 0.023 7.901 ± 0.917###

+ 0.3 μM MK-2206 0.048 ± 0.022*** 0.493 ± 0.180***

+ 1 μM MK-2206 0.009 ± 0.002*** 0.092 ± 0.022***

+ 3 μM Ko-143 0.059 ± 0.025*** 0.113 ± 0.136***

SN-38 + vehicle 0.069 ± 0.017 1.917 ± 0.562### 0.097 ± 0.023 5.187 ± 2.722###

+ 0.3 μM MK-2206 0.225 ± 0.042*** 2.309 ± 0.341**

+ 1 μM MK-2206 0.081 ± 0.021*** 0.136 ± 0.131***

+ 3 μM Ko-143 0.147 ± 0.095*** 0.096 ± 0.025***

Topotecan + vehicle 0.081 ± 0.041 2.498 ± 0.043### 0.481 ± 0.122 21.46 ± 9.603##

+ 0.3 μM MK-2206 0.257 ± 0.054*** 7.663 ± 6.434*

+ 1 μM MK-2206 0.051 ± 0.049*** 0.407 ± 0.441**

+ 3 μM Ko-143 0.077 ± 0.071** 0.591 ± 0.176**

$ Each value represents the mean IC50 value ± the S.D. (calculated by GraphPad 7.00), based on three independent experiments.
##, ###, p < 0.01, 0.001 vs. anticancer drug + vehicle in H460 or S1 cell lines; *, **, ***, p < 0.05, 0.01, 0.001 vs. anticancer drug + vehicle in H460/MX20 or S1-M1-80 cell lines.
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The effect of MK-2206 on the efficacy of
mitoxantrone in the parental and MDR
cancer cell lines

The concentration response curves of mitoxantrone in the
H460/MX20 and S1-M1-80 cancer cells were significantly shifted
to the right of the curve of the non-resistant parental H460 and
S1 cancer cells, respectively (Table 1; Figures 2A,D). As previously
reported (Fan et al., 2018; Wu et al., 2022), the IC50 value for
Mitoxantrone in the H460/MX20 MDR lung cancer cells incubated
with was significantly greater (66.3-fold) than the IC50 value for the
H460 parenteral lung cancer cells, which do not over express the
ABCG2 transporter, i.e., non-drug resistant (Table 1; Figures 2A,D).
Similarly, the IC50 value of mitoxantrone for the MDR S1-M1-
80 colon cancer cells incubated with vehicle was also significantly
greater (64.2 fold) than the S1 parental cells, which are non-drug
resistance (Table 1; Figures 2A,D). In contrast, the incubation of
H460/MX20 and S1-M1-80 MDR cancer cells with 0.3 μM of MK-
2206 significantly decreased the IC50 values by 14.6 and 16-fold,
respectively, compared to cells incubated with vehicle (Table 1;
Figures 2A,D). Furthermore, the incubation H460/MX20 and S1-
M1-80 MDR cancer cells with 1 μM of MK-2206 significantly
decreased the IC50 values by 78- and 86-fold, respectively,
compared to cells incubated with vehicle (Table 1; Figures 2A,D).
It is important to note that at 1 μM, MK-2206 decreased the IC50

value for the MDR H460/MX20 and S1-M1-80 cancer cells below
those for the parental H460 and S1 cancer cells, respectively.

The effect of MK-2206 on the efficacy of SN-38 in
the parental and MDR cancer cell lines

As shown in Figures 2B,E and Table 1, H460/MX20 and S1-M1-
80 cancer cells were resistant to SN-38, compared to the non-resistant
parental H460 and S1 cancer cells, respectively. The IC50 value for SN-
38 in the H460/MX20 MDR lung cancer cells incubated with SN-38
was 28-fold greater than the IC50 value for the H460 parenteral lung

cancer cells (Table 1; Figures 2A,D). Similarly, the IC50 value of SN-38
for the MDR S1-M1-80 colon cancer cells incubated with vehicle was
also significantly greater (53.5-fold) than the non-drug resistant
S1 parental cells (Table 1; Figures 2B,E). In contrast, the
incubation of H460/MX20 and S1-M1-80 MDR cancer cells with
0.3 μM of MK-2206 significantly decreased the IC50 values by 8.5 and
2.2-fold, respectively (Table 1; Figures 2B,E). Furthermore, the
incubation H460/MX20 and S1-M1-80 MDR cancer cells with
1 μM of MK-2206 significantly decreased the IC50 values by 23.7-
and 38.1-fold, respectively, compared to cells incubated with vehicle
(Table 1; Figures 2B,E). It should be noted that MK-2206, which fully
restored the efficacy of mitoxantrone, did not fully restore the efficacy
of SN-38 in MDR H460/MX20 and S1-M1-80 cancer cells to the level
of that of the parental H460 and S1 cancer cells.

The effect of MK-2206 on the efficacy of
topotecan in the parental and MDR cancer cell
lines.

The results in Figures 2C,F and Table 1 indicated that H460/
MX20 and S1-M1-80 cancer cells were resistant to topotecan. The
IC50 value for topotecan in the H460/MX20 MDR lung cancer cells
incubated with topotecan was significantly greater (30.8-fold) than
the IC50 value for the H460 parenteral lung cancer cells (Table 1;
Figures 2C,F). Similarly, the IC50 value of topotecan for theMDR S1-
M1-80 colon cancer cells incubated with vehicle was also
significantly greater (44.6-fold) than the non-resistant S1 parental
cells (Table 1; Figures 2C,F). In contrast, the incubation of H460/
MX20 and S1-M1-80 MDR cancer cells with 0.3 μM of MK-2206
significantly decreased the IC50 values of topotecan by 9.7 and 2.8-
fold, respectively, compared to cells incubated with vehicle (Table 1;
Figures 2C,F). Furthermore, the incubation H460/MX20 and S1-
M1-80 MDR cancer cells with 1 μM of MK-2206 significantly
decreased the IC50 values by 49- and 53-fold, respectively,
compared to cells incubated with vehicle (Table 1; Figures 2C,F).

FIGURE 2
The effect of MK-2206 on the efficacy of mitoxantrone, SN-38 and topotecan in the ABCG2-overexpressing cancer cell lines, H460/MX20 (A, B, C)
and S1-M1-80 (D, E, F). Each point in the graphs represents the % mean cell viability ± SD (n = 3).
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MK-2206 decreased the IC50 value of topotecan for the MDR H460/
MX20 and S1-M1-80 cancer cells below those for the parental
H460 and S1 cancer cells, respectively, a finding similar to that
for mitoxantrone.

It should be noted that 1 μM of MK-2206 produced an increase
in the efficacy of mitoxantrone, SN-38 and topotecan in the H460/
MX20 and S1-M1-80 cancer cells, which overexpress the
ABXCG2 transporter, was greater than that of Ko-143, a
compound that inhibits the ABCG2 transporter (Allen et al., 2002).

The effect of MK-2206 on the expression
level of the ABCG2 protein in H460/
MX20 cancer cells

It is possible that MK-2206 could have increased the efficacy of
the anticancer drugs by decreasing the levels of ABCG2 protein.
Therefore, we determined the effect of MK-2206 on the expression
of ABCG2 in H460/MX20 cells. The incubation of cells with either
0.1, 0.3 or 1 μM of MK-2206 for 24 h did not significantly alter the

FIGURE 3
(A) The effect of the incubation of H460/MX20 cancer cells for 24 h with vehicle (0), 0.1, 0.3 or 1 μMof MK-2206. (B) The effect of the incubation of
H460/MX20 cancer cells with vehicle (0) or 1 μM of MK-2206, for 24, 48 or 72 h. GAPDH was used as the control. Each value represents the mean ± the
SD (n = 3).

FIGURE 4
The effect of the incubation of NCI-H460 (drug-sensitive) and NCI-H460/MX20 (drug resistant) cancer cells with 1 μM of MK-2206, for 0, 24, 48 or
72 h, on the intracellular distribution of the ABCG2 transporter, using immunofluorescence. Nuclei were stained with propidium iodide (PI). The merge
images represent the combination of an image with PI and ABCG2 were merged into a single image. Scale bar = 25 μm.
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expression of ABCG2, compared to cells incubated with vehicle
(Figure 3A). Furthermore, the incubation of H460/MX20 cells with
1 μM of MK-2206 for 24, 48 or 72 h, did not significantly alter the
expression of ABCG2, compared to cells incubated with vehicle
(Figure 3B). Thus, these results suggest that it is unlikely that MK-
2206 increased the efficacy of the ABCG2 substrates,
mitoxantrone, SN-38 and topotecan by decreasing the
expression of ABCG2.

MK-2206 did not alter the localization of the
ABCG2 protein on the cancer cell
membrane

The ABCG2 transporter is localized on the plasma cell
membrane, where it uses ATP to pump out ABCG2 substrates,
such as mitoxantrone, SN-38 and topotecan, producing MDR (Mo
and Zhang, 2012). Consequently, we determined if MK-2206 altered
the localization of the ABCG2 transporter, as this would abrogate its
removal of the above mentioned anticancer drugs. The incubation of
H460/MX20 cancer cells with 1 μM of MK-2206 for 24, 48 or 72 h
did not significantly alter the localization of the ABCG2 transporter,
compared to cells incubated with vehicle (Figure 4). In contrast, the
parenteral cell line, NCI-H460 cells, which are non-resistant, do not
overexpress ABCG2 transporters (Figure 4). These results suggest
that it is unlikely that MK-2206 increases the efficacy of
mitoxantrone, SN-38 and topotecan by affecting the cellular
localization of the ABCG2 transporter.

MK-2206 stimulated basal ABCG2 ATPase
activity

The hydrolysis of ATP by the ABCG2 transporter ATPase has
been suggested to be linked to the substrate efflux function of the
ABCG2 transporter (Eckenstaler and Benndorf, 2020; Kowal et al.,
2021). Furthermore, ABCG2 substrates, including the drugs used in

this study can increase or decrease the basal activity of the
ABCG2 ATPase (Glavinas et al., 2007). Therefore, we conducted
in vitro experiments to ascertain if MK-2209, at various
concentrations (0.1–20 μM), affected the ATPase activity of the
ABCG2 transporter. The results indicated that MK-2206
produced a maximal increase of 1.41-fold in the basal activity of
the ABCG2 transporter ATPase (Figure 5). The concentration
required to increase the basal ABCG2 ATPase activity by 50%
(EC50) was 0.46 μM. Based on these data, we hypothesized that
MK-2206 binds to the drug-substrate site on the
ABCG2 transporter, although this remains to be determined.

MK-2206 interacts with the
ABCG2 transporter as determined by
docking analysis

Our in vitro results indicated that MK-2206 increased the
anticancer efficacy of the anticancer drugs, mitoxantrone, SN-38
and topotecan, which are substrates for the ABCG2 transporter. We
hypothesized that MK-2206 could significantly increase the efficacy
of the anticancer drugs by interacting with the ABCG2 transporter,
which could inhibit the efflux of these drugs. Therefore, we used a
docking simulation approach in a Ko143-bound human
ABCG2 crystal structure model (6ETI) to determine if MK-2206
interacted with the ABCG2 protein. Our results indicated that MK-
2206 docked into the Ko143 binding site, with a high docking score
of −9.0 kcal/mol. The binding of MK-2206 to the ABCG2 protein
was primary due to hydrophobic interactions (Figure 6). MK-2206
was positioned and stabilized in the hydrophobic cavity formed by
Phe439, Leu539, Thr542, Ile543, Val546, Met549 and Leu555 in
chain A, and Phe431, Phe432, Phe439, Val442 and Ser443 in chain B
(Figure 6). MK-2206 binding was stabilized by a hydrogen bond
formed between Thr435 and oxygen atom in MK-2206 and a π-π
stacking interaction with Phe439 and the pyridine of MK-2206, in
chain B.

Discussion

In this study, our results indicated that MK-2206, at 0.3 and
1 μM, did not significantly decrease the viability of the parental
H460 and ABCG2-overexpressing H460/MX20 lung cancer cells
and parental S1 and MDR ABCG2-overexpressing S1-M1-80 colon
cancer cells. Furthermore, MK-2206 did not significantly alter the
efficacy of doxorubicin and paclitaxel, which are substrates for the
ABCB1 transporter, in the ABCB1-overexpressing cancer cells, KB-
C2 and SW620/Ad300.

Numerous studies have reported that the overexpression of the
ABCG2 transporter is one of the major mediators of MDR in
cancer cells (Hira and Terada, 2018; Wang et al., 2021a; Kukal
et al., 2021). Our results, indicated that mitoxantrone, SN-38 and
topotecan were efficacious in the non-resistant parental H460 and
S1 cancer cells, whereas resistance occurred to these anticancer
drugs in the ABCG2-overexpressing H460/MX20 and S1-M1-
80 cancer cells, with a resistant-fold ranging from ~30 to 70,
consistent with our previous findings (Fan et al., 2018; Wu et al.,
2022). The in vitro incubation of the ABCG2 overexpressing

FIGURE 5
The in vitro effect of MK-2206 on the basal activity of
ABCG2 ATPase in High-five insect cells. Each point on the graphs
represents the mean % change in basal ATPase activity ± SD (n = 3).
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cancer cells lines, H460/MX20 and S1-M1-80, with 0.3 μM of MK-
2206 decreased the IC50 values of 1) mitoxantrone by 14.6 and
16.0-fold; 2) SN-38 by 8.5 and 2.2-fold and 3) topotecan by 9.7 and
2.8-fold, respectively. Furthermore, 1 μM of MK-2206 completely
reversed the resistance to mitoxantrone and topotecan but not SN-
38, in the MDR cancer cells. Indeed, the incubation of the
ABCG2 overexpressing cancer cells lines with 1 μM of MK-2206
decreased the IC50 values (i.e., significantly increased the efficacy)
of mitoxantrone, SN-38 and topotecan (78- and 86-fold, 23.7- and
38.1-fold, 49- and 53-fold, respectively) to a magnitude that was
not significantly different from the non-resistant parental cell
lines.

It is important to note that MDR H460/MX20 and S1-M1-
80 cells were generated by incubating these cancer cell lines with
mitoxantrone, using a concentration escalation approach over a
prolonged period, producing mitoxantrone resistance (Robey et al.,
2001), and it is possible that the MDRmechanismmay not be due to
a single factor, i.e., overexpression of the ABCG2 transporter. It has
been reported that other critical factors, such as 1) a decrease in the
expression of topoisomerase (the cellular target of mitoxantrone
(Harker et al., 1991); 2) mutations in the gene, ipt1, which encodes
the expression of inositol phosphotransferase that is involved in
sphingolipid biosynthesis in cancer cells (Ojini and Gammie, 2015);
however, the role of ipt1 in mediating resistance to mitoxantrone
resistance remains to be elucidated; and 3) the overexpression of
other ABC transporters, e.g., ABCA2, ABCB1 or ABCC1 (Boonstra
et al., 2004; Nieth and Lage, 2005). It is important to note that 1)
mitoxantrone, SN-38 and topotecan are all topoisomerases
inhibitors and 2) a previous study showed that in vitro and in

vivo, in non-small cell lung cancer NCI-H292 cells, MK-2206
produced a synergistic increase in the antiproliferative efficacy of
doxorubicin and camptothecin (Hirai et al., 2010), which are
topoisomerase inhibitors and thus, it is also possible that MK-
2206 may inhibit the activity of topoisomerases, although this
remains to be elucidated. Therefore, future experiments should
be done to ascertain the efficacy of the anticancer drugs used in
this study, in combination with MK-2206, in cells lines where the
resistance is only due to the overexpression of the
ABCG2 transporter.

It has been reported that the in vitro expression level of the
ABCG2 transporter plays a key role in determining drug resistance
in cancer cells (Mo et al., 2012). Furthermore, the downregulation of
the ABCG2 transporter by certain compounds, such as
PD153035 and ponatinib, among others, overcome MDR to
mitoxantrone, SN-38, and topotecan, which are
ABCG2 substrates (Zhang et al., 2018a). In this study, MK-2206
(0.1, 0.3 and 1 μM for 24 h or 1 μM for 24, 48 and 72 h) did not
significantly decrease the expression of the ABCG2 protein in H460/
MX20 cells. Therefore, it is unlikely that at the concentrations and
incubation times used in this study, MK-2206 is increasing the
efficacy of mitoxantrone, SN-38 and topotecan by decreasing the
expression of the ABCG2 protein.

Newly synthesized ABCG2 transporters (in the endoplasmic
reticulum (ER) surface and undergoes glycosylation in the Golgi
apparatus) must be transported to the cell membrane to produce
its biological functions (Mozner et al., 2019). Consequently, it is
possible that the MK-2206-mediated increase in the efficacy of
mitoxantrone, SN-38 and topotecan was due to it preventing the

FIGURE 6
The interaction betweenMK-2206 and human ABCG2 protein. (A) The structure of the best-scoring pose of MK-2206 in the drug binding pocket of
ABCG2 protein (6ETI). ABCG2 is displayed as colored tubes and ribbons. MK-2206 is displayed as colored sticks. Carbon: blue; oxygen: red; nitrogen:
blue. (B) Top: the best-scoring pose of MK-2206 in the drug binding pocket of ABCG2 showing the molecule surface. Bottom: the interactions between
MK-2206 and ABCG2 (6ETI) binding pocket. The important residues are displayed as colored sticks (carbon: blue; oxygen: red; nitrogen: blue). MK-
2206 is displayed as colored sticks (carbon: grey; oxygen: red; nitrogen: blue). Hydrogen bonds are displayed as green dashed lines. The π-π stacking
interactions are displayed as blue dashed lines. (C) A two-dimensional diagram of the interaction between MK-2206 and ABCG2. The important amino
acids were displayed as colored bubbles (green: hydrophobic; blue: polar). Purple solid lines with arrow indicate hydrogen bonds. Green solid lines
without arrows indicate π-π stacking interactions.
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translocation and/or insertion of the ABCG2 transporter into the
cell membrane of the H460/MX20 cancer cells. However, our
immunofluorescence data indicated that the incubation of
H460/MX20 cells with MK-2206 (1 μM for 24, 48 and 72 h) did
not significantly alter the localization of ABCG2 transporter.
Overall, these data suggest that the MK-2206-mediated increase
in the efficacy of mitoxantrone, SN-38 and topotecan was not the
result of an alteration in the cellular location of the
ABCG2 transporter.

It has been shown that the ABCG2 ATPase activity is
required for the active transport of substrates from cancer
cells (Ozvegy et al., 2002; Han and Zhang, 2004).
Furthermore, certain compounds, such as tepotinib,
selonsertib, and VS-4718, among others, have been shown to
increase the basal activity of the ABCG2 ATPase (Ji et al., 2018;
Ji et al., 2019; Wu et al., 2022). Our results indicated that MK-
2206 produced a concentration-dependent increase in the basal
activity of the ABCG2 ATPase in High-five insect cells. The
stimulation of the ABCG2 ATPase basal activity produced by
MK-2206 suggests that it interacts with the substrate-drug
binding site and inhibits the binding of other substrates
competitively, including anticancer drugs, which would
decrease the efflux of these substrates by the
ABCG2 transporter. However, additional experiments must
be conducted to verify this mechanism. Also, the effect of
MK-2206 on the ABCG2 ATPase was determined in High-
five insect cells and not in cancer cells and thus, it is
possible that the effect of MK-2206 on ABCG2 ATPase in
cancer cells may be different from that of the High-five
insect cells, although this remains to be determined.

Molecular modeling by computer-aided software, such as
AutoDock Vina used in this study, can provide data about the
interactions of MK-2206 with the human ABCG2 transporter,
which may yield visible conformational and topological
interactions between MK-2206 and the ABCG2 transporter
and a docking score. MK-2206 was docked at the same site as
Ko143, an ABCG2 inhibitor, at the transmembrane domain
(TMD), and the molecular modeling suggested that MK-2206
could interact with the human ABCG2 transporter by 1)
hydrophobic interactions; 2) a hydrogen bond with
Thr435 and 3) a π-π stacking interaction with Phe439. MK-
2206 had a docking score of −9.0 kcal/mol, which was higher
than venetoclax (−12.1 kcal/mol) or AZ-628 (−12.4 kcal/mol)
for the human ABCG2 homology mode, using the same method
(Wang et al., 2020a; Wang et al., 2020d), suggesting that MK-
2206 has a lower binding affinity for the ABCG2 protein than
these drugs. However, it is also possible that MK-2206 may bind
to a different domain of the human ABCG2 transporter. Thus,
further experiments will be required to validate MK-2206’s
binding to the human ABCG2 transporter.

Finally, there are data suggesting that the AKT pathway could 1)
directly upregulate ABCG2 activity and expression (Wang L et al.,
2019; Liu et al., 2021); 2) decrease lysosomal degradation of the
ABCG2 protein (Imai et al., 2012a) or 3) mediate ABCG2 expression
by indirect pathway, e.g., PTEN, mTOR, etc. (Huang et al., 2014; Liu
et al., 2020). Indeed, LY294002, an inhibitor of AKT, has been
reported to block the substrate binding area in the
ABCG2 transporter (Imai et al., 2012b). However, unlike MK-

2206, which is undergoing evaluation in clinical trials,
LY294002 is only used for in vitro and in vivo experiments.
Nevertheless, it is possible that the increase in the efficacy of
mitoxantrone, SN-38 and topotecan could be due, in part, to the
inhibition of AKT by MK-2206, which is an inhibitor of AKT1/2/3.
For example, we have previously reported that the compound
VKNG-1 decreased the ABCG2 protein level by decreasing the
levels of p-AKT in S1-M1-80 cells (Narayanan et al., 2021b).
Overall, we hypothesize that MK-2206 may overcome ABCG2-
mediated MDR by multiple mechanisms and further studies will
be conducted to identify these mechanisms.

Numerous ABCG2 inhibitors have been identified and
tested in cell-based and animal models. However, MK-2206,
to our knowledge, is the first reported AKT inhibitor to inhibit
the ABCG2 transporter and increase the efficacy of anticancer
drugs in cancer cells that overexpressed the
ABCG2 transporter. MK-2206 is distinct from certain
previously reported ABCG2 inhibitors as it did not
significantly downregulate the expression of the
ABCG2 transporter, whereas compounds such as
PD153035 and ponatinib, significantly decreased the
expression of the ABCG2 transporter (Sen et al., 2012;
Zhang et al., 2018b). However, it remains to be determined
if the mRNA that codes for the ABCG2 transporter protein is
altered by concentrations of MK-2206 used in this study.
Certain ABCG2 inhibitors have been reported to produce a
concentration-dependent inhibition of the ATPase activity of
ABCG2, such as venetoclax and sitravatinib (Yang et al.,
2020a; Wang et al., 2020b), as well as many other
compounds, although there are a number of compounds
that can stimulate the ATPase activity of ABC transporters
(Zhang et al., 2018a; Zhang et al., 2019), including MK-2206.
Clearly, in-depth pharmacological and mechanistic studies are
needed to delineate the mechanism of action of MK-2206 at
the molecular level.

Conclusion

In vitro, MK-2206 significantly increased the efficacy of the
anticancer drugs, mitoxantrone, SN-38 and topotecan, in MDR
H460/MX20 lung cancer cells overexpressing the
ABCG2 transporter. MK-2206 did not significant alter the levels
of the ABCG2 protein or the cellular location of the
ABCG2 transporter but it increased the basal activity of the
ABCG2 ATPase in High-five insect cells. Docking simulations
indicated that MK-2206 binds in the substrate binding pocket
area of the ABCG2 transporter. It is likely that MK-2206
increases the efficacy of the anticancer drugs used in this study
by decreasing their efflux from the MDR cancer cells; however, this
remains to be determined.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Frontiers in Pharmacology frontiersin.org09

Gao et al. 10.3389/fphar.2023.1235285

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1235285


Author contributions

H-LG and QC designed the study. H-LG, QC, and J-QW
performed the cell-based assays and the computer-aided docking
experiments. H-LG, QC, Z-XS, CRA, YC, and Z-SC wrote and
reviewed the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This research was funded by National Natural Science
Foundation of China (No. 81872901 and 81903076) and Support
Program for Youth Innovation Technology in Colleges and
Universities of Shandong Province (No. 2019KJK004).

Acknowledgments

The authors would like to thank Susan E. Bates and Robert W.
Robey (NCI, NIH, Bethesda, MD) for providing the cell lines.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1235285/
full#supplementary-material

References

Allen, J. D., van Loevezijn, A., Lakhai, J. M., van der Valk, M., van Tellingen, O., Reid,
G., et al. (2002). Potent and specific inhibition of the breast cancer resistance protein
multidrug transporter in vitro and in mouse intestine by a novel analogue of
fumitremorgin C. Mol. Cancer Ther. 1, 417–425.

Boonstra, R., Timmer-Bosscha, H., van Echten-Arends, J., van der Kolk, D. M., van
den Berg, A., de Jong, B., et al. (2004). Mitoxantrone resistance in a small cell lung cancer
cell line is associated with ABCA2 upregulation. Brit. J. Cancer 90, 2411–2417. doi:10.
1038/sj.bjc.6601863

Chen, Z. S. (2011). ABC transporters in pharmacology/physiology and human
diseases. Curr. Pharm. Biotechno. 12, 569. doi:10.2174/138920111795163940

Chen, Z. S., and Tiwari, A. K. (2011). Multidrug resistance proteins (MRPs/ABCCs)
in cancer chemotherapy and genetic diseases. Febs J. 278, 3226–3245. doi:10.1111/j.
1742-4658.2011.08235.x

Chien, A. J., Tripathy, D., Albain, K. S., Symmans, W. F., Rugo, H. S., Melisko, M. E.,
et al. (2020). MK-2206 and standard neoadjuvant chemotherapy improves response in
patients with human epidermal growth factor receptor 2-positive and/or hormone
receptor-negative breast cancers in the I-spy 2 trial. J. Clin. Oncol. 38, 1059–1069. doi:10.
1200/JCO.19.01027

Cui, Q., Wang, C., Zeng, L., Zhou, Q. X., and Fan, Y. F. (2022). Editorial: Novel small-
molecule agents in overcoming multidrug resistance in cancers. Front. Chem. 10,
921985. doi:10.3389/fchem.2022.921985

Dai, C. L., Tiwari, A. K., Wu, C. P., Su, X. D., Wang, S. R., Liu, D. G., et al. (2008).
Lapatinib (Tykerb, GW572016) reverses multidrug resistance in cancer cells by
inhibiting the activity of ATP-binding cassette subfamily B member 1 and G
member 2. Cancer Res. 68, 7905–7914. doi:10.1158/0008-5472.CAN-08-0499

De Vera, A. A., Gupta, P., Lei, Z., Liao, D., Narayanan, S., Teng, Q., et al. (2019).
Immuno-oncology agent IPI-549 is a modulator of P-glycoprotein (P-gp, MDR1,
abcb1)-mediated multidrug resistance (MDR) in cancer: In vitro and in vivo. Cancer
Lett. 442, 91–103. doi:10.1016/j.canlet.2018.10.020

Dong, J., Qin, Z., Zhang, W. D., Cheng, G., Yehuda, A. G., Ashby, C. J., et al. (2020).
Medicinal chemistry strategies to discover P-glycoprotein inhibitors: An update. Drug
resist. Update 49, 100681. doi:10.1016/j.drup.2020.100681

Eckenstaler, R., and Benndorf, R. A. (2020). 3D structure of the transporter ABCG2-
What’s new? Brit. J. Pharmacol. 177, 1485–1496. doi:10.1111/bph.14991

Engle, K., and Kumar, G. (2022). Cancer multidrug-resistance reversal by
ABCB1 inhibition: A recent update. Eur. J. Med. Chem. 239, 114542. doi:10.1016/j.
ejmech.2022.114542

Fan, Y. F., Zhang, W., Zeng, L., Lei, Z. N., Cai, C. Y., Gupta, P., et al. (2018).
Dacomitinib antagonizes multidrug resistance (MDR) in cancer cells by inhibiting the
efflux activity of ABCB1 and ABCG2 transporters. Cancer Lett. 421, 186–198. doi:10.
1016/j.canlet.2018.01.021

Glavinas, H., Kis, E., Pal, A., Kovacs, R., Jani, M., Vagi, E., et al. (2007). ABCG2 (breast
cancer resistance protein/mitoxantrone resistance-associated protein) ATPase assay: A

useful tool to detect drug-transporter interactions. Drug Metab. Dispos. 35, 1533–1542.
doi:10.1124/dmd.106.014605

Guvenir, C. E., and Eroglu, O. (2022). Combined treatment with ruxolitinib and MK-
2206 inhibits the JAK2/STAT5 and PI3K/AKT pathways via apoptosis in MDA-MB-
231 breast cancer cell line.Mol. Biol. Rep. 50, 319–329. doi:10.1007/s11033-022-08034-4

Han, B., and Zhang, J. T. (2004). Multidrug resistance in cancer chemotherapy and
xenobiotic protection mediated by the half ATP-binding cassette transporter ABCG2.
Curr. Med. Chem. Anticancer Agents 4, 31–42. doi:10.2174/1568011043482205

Harker, W. G., Slade, D. L., Drake, F. H., and Parr, R. L. (1991). Mitoxantrone
resistance in HL-60 leukemia cells: Reduced nuclear topoisomerase II catalytic activity
and drug-induced DNA cleavage in association with reduced expression of the
topoisomerase II beta isoform. Biochemistry-Us 30, 9953–9961. doi:10.1021/
bi00105a020

Henrich, C. J., Bokesch, H. R., Dean, M., Bates, S. E., Robey, R. W., Goncharova, E. I.,
et al. (2006). A high-throughput cell-based assay for inhibitors of ABCG2 activity.
J. Biomol. Screen 11, 176–183. doi:10.1177/1087057105284576

Hira, D., and Terada, T. (2018). BCRP/ABCG2 and high-alert medications:
Biochemical, pharmacokinetic, pharmacogenetic, and clinical implications. Biochem.
Pharmacol. 147, 201–210. doi:10.1016/j.bcp.2017.10.004

Hirai, H., Sootome, H., Nakatsuru, Y., Miyama, K., Taguchi, S., Tsujioka, K., et al.
(2010). MK-2206, an allosteric Akt inhibitor, enhances antitumor efficacy by standard
chemotherapeutic agents or molecular targeted drugs in vitro and in vivo. Mol. Cancer
Ther. 9, 1956–1967. doi:10.1158/1535-7163.MCT-09-1012

Huang, F. F., Zhang, L., Wu, D. S., Yuan, X. Y., Yu, Y. H., Zhao, X. L., et al. (2014).
PTEN regulates BCRP/ABCG2 and the side population through the PI3K/Akt
pathway in chronic myeloid leukemia. Plos One 9, e88298. doi:10.1371/journal.
pone.0088298

Imai, Y., Yamagishi, H., Ono, Y., and Ueda, Y. (2012a). Versatile inhibitory effects of
the flavonoid-derived PI3K/Akt inhibitor, LY294002, on ATP-binding cassette
transporters that characterize stem cells. Clin. Transl. Med. 1, 24. doi:10.1186/2001-
1326-1-24

Imai, Y., Yoshimori, M., Fukuda, K., Yamagishi, H., and Ueda, Y. (2012b). The PI3K/
Akt inhibitor LY294002 reverses BCRP-mediated drug resistance without affecting
BCRP translocation. Oncol. Rep. 27, 1703–1709. doi:10.3892/or.2012.1724

Jackson, S. M., Manolaridis, I., Kowal, J., Zechner, M., Taylor, N., Bause, M., et al.
(2018). Structural basis of small-molecule inhibition of human multidrug transporter
ABCG2. Nat. Struct. Mol. Biol. 25, 333–340. doi:10.1038/s41594-018-0049-1

Ji, N., Yang, Y., Cai, C. Y., Lei, Z. N., Wang, J. Q., Gupta, P., et al. (2019). Selonsertib
(GS-4997), an ASK1 inhibitor, antagonizes multidrug resistance in ABCB1- and
ABCG2-overexpressing cancer cells. Cancer Lett. 440-441, 82–93. doi:10.1016/j.
canlet.2018.10.007

Ji, N., Yang, Y., Cai, C. Y., Lei, Z. N., Wang, J. Q., Gupta, P., et al. (2018). VS-4718
antagonizes multidrug resistance in ABCB1- and ABCG2-overexpressing cancer cells

Frontiers in Pharmacology frontiersin.org10

Gao et al. 10.3389/fphar.2023.1235285

https://www.frontiersin.org/articles/10.3389/fphar.2023.1235285/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1235285/full#supplementary-material
https://doi.org/10.1038/sj.bjc.6601863
https://doi.org/10.1038/sj.bjc.6601863
https://doi.org/10.2174/138920111795163940
https://doi.org/10.1111/j.1742-4658.2011.08235.x
https://doi.org/10.1111/j.1742-4658.2011.08235.x
https://doi.org/10.1200/JCO.19.01027
https://doi.org/10.1200/JCO.19.01027
https://doi.org/10.3389/fchem.2022.921985
https://doi.org/10.1158/0008-5472.CAN-08-0499
https://doi.org/10.1016/j.canlet.2018.10.020
https://doi.org/10.1016/j.drup.2020.100681
https://doi.org/10.1111/bph.14991
https://doi.org/10.1016/j.ejmech.2022.114542
https://doi.org/10.1016/j.ejmech.2022.114542
https://doi.org/10.1016/j.canlet.2018.01.021
https://doi.org/10.1016/j.canlet.2018.01.021
https://doi.org/10.1124/dmd.106.014605
https://doi.org/10.1007/s11033-022-08034-4
https://doi.org/10.2174/1568011043482205
https://doi.org/10.1021/bi00105a020
https://doi.org/10.1021/bi00105a020
https://doi.org/10.1177/1087057105284576
https://doi.org/10.1016/j.bcp.2017.10.004
https://doi.org/10.1158/1535-7163.MCT-09-1012
https://doi.org/10.1371/journal.pone.0088298
https://doi.org/10.1371/journal.pone.0088298
https://doi.org/10.1186/2001-1326-1-24
https://doi.org/10.1186/2001-1326-1-24
https://doi.org/10.3892/or.2012.1724
https://doi.org/10.1038/s41594-018-0049-1
https://doi.org/10.1016/j.canlet.2018.10.007
https://doi.org/10.1016/j.canlet.2018.10.007
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1235285


by inhibiting the efflux function of ABC transporters. Front. Pharmacol. 9, 1236. doi:10.
3389/fphar.2018.01236

Kathawala, R. J., Gupta, P., Ashby, C. J., and Chen, Z. S. (2015). The modulation of
ABC transporter-mediated multidrug resistance in cancer: A review of the past decade.
Drug resist. Update 18, 1–17. doi:10.1016/j.drup.2014.11.002

Kaur, G., Gupta, S. K., Singh, P., Ali, V., Kumar, V., and Verma, M. (2020). Drug-
metabolizing enzymes: Role in drug resistance in cancer. Clin. Transl. Oncol. 22,
1667–1680. doi:10.1007/s12094-020-02325-7

Kowal, J., Ni, D., Jackson, S. M., Manolaridis, I., Stahlberg, H., and Locher, K. P.
(2021). Structural basis of drug recognition by the multidrug transporter ABCG2.
J. Mol. Biol. 433, 166980. doi:10.1016/j.jmb.2021.166980

Kukal, S., Guin, D., Rawat, C., Bora, S., Mishra, M. K., Sharma, P., et al. (2021).
Multidrug efflux transporter ABCG2: Expression and regulation. Cell. Mol. Life Sci. 78,
6887–6939. doi:10.1007/s00018-021-03901-y

Laberge, R. M., Ambadipudi, R., and Georges, E. (2014). P-glycoprotein mediates the
collateral sensitivity of multidrug resistant cells to steroid hormones. Biochem. Bioph.
Res. Co. 447, 574–579. doi:10.1016/j.bbrc.2014.04.045

Lara, P. J., Longmate, J., Mack, P. C., Kelly, K., Socinski, M. A., Salgia, R., et al. (2015).
Phase II study of the AKT inhibitor MK-2206 plus erlotinib in patients with advanced
non-small cell lung cancer who previously progressed on erlotinib. Clin. Cancer Res. 21,
4321–4326. doi:10.1158/1078-0432.CCR-14-3281

Li, L. Y., Guan, Y. D., Chen, X. S., Yang, J. M., and Cheng, Y. (2020). DNA repair
pathways in cancer therapy and resistance. Front. Pharmacol. 11, 629266. doi:10.3389/
fphar.2020.629266

Li, W., Zhang, H., Assaraf, Y. G., Zhao, K., Xu, X., Xie, J., et al. (2016). Overcoming ABC
transporter-mediated multidrug resistance: Molecular mechanisms and novel therapeutic
drug strategies. Drug resist. Update 27, 14–29. doi:10.1016/j.drup.2016.05.001

Liu, K., Chen, Y., Shi, X. B., Xing, Z. H., He, Z. J., Wang, S. T., et al. (2022). Inhibiting
the activity of ABCG2 by KU55933 in colorectal cancer. Recent Pat. Anti-Canc 17,
387–395. doi:10.2174/1574892817666220112100036

Liu, L., Zhao, T., Shan, L., Cao, L., Zhu, X., and Xue, Y. (2021). Estradiol regulates
intestinal ABCG2 to promote urate excretion via the PI3K/Akt pathway. Nutr. Metab.
18, 63. doi:10.1186/s12986-021-00583-y

Liu, R., Chen, Y., Liu, G., Li, C., Song, Y., Cao, Z., et al. (2020). PI3K/AKT pathway as a
key link modulates the multidrug resistance of cancers. Cell Death Dis. 11, 797. doi:10.
1038/s41419-020-02998-6

Meng, Y., Wang, H., Li, X., Wu, X., and Sun, H. (2022). Editorial: Immunity in the
development of anti-cancer drug resistance. Front. Pharmacol. 13, 1120037. doi:10.
3389/fphar.2022.1120037

Mo, W., Qi, J., and Zhang, J. T. (2012). Different roles of TM5, TM6, and ECL3 in the
oligomerization and function of human ABCG2. Biochemistry-Us 51, 3634–3641.
doi:10.1021/bi300301a

Mo, W., and Zhang, J. T. (2012). Human ABCG2: Structure, function, and its role in
multidrug resistance. Int. J. Biochem. Mol. Biol. 3, 1–27.

Moinul, M., Amin, S. A., Jha, T., and Gayen, S. (2022). Updated chemical scaffolds of
ABCG2 inhibitors and their structure-inhibition relationships for future development.
Eur. J. Med. Chem. 241, 114628. doi:10.1016/j.ejmech.2022.114628

Mozner, O., Bartos, Z., Zambo, B., Homolya, L., Hegedus, T., and Sarkadi, B. (2019).
Cellular processing of the ABCG2 transporter-potential effects on gout and drug
metabolism. Cells 8, 1215. Cells-Basel. doi:10.3390/cells8101215

Narayanan, S., Fan, Y. F., Gujarati, N. A., Teng, Q. X., Wang, J. Q., Cai, C. Y., et al.
(2021a). VKNG-1 antagonizes ABCG2-mediated multidrug resistance via p-AKT and
bcl-2 pathway in colon cancer: In vitro and in vivo study. Cancers 13, 4675. doi:10.3390/
cancers13184675

Narayanan, S., Gujarati, N. A., Wang, J. Q., Wu, Z. X., Koya, J., Cui, Q., et al. (2021b).
The novel benzamide derivative, VKNG-2, restores the efficacy of chemotherapeutic
drugs in colon cancer cell lines by inhibiting the ABCG2 transporter. Int. J. Mol. Sci. 22,
2463. doi:10.3390/ijms22052463

Ni, Y., Zhou, X., Yang, J., Shi, H., Li, H., Zhao, X., et al. (2021). The role of tumor-
stroma interactions in drug resistance within tumor microenvironment. Front. Cell Dev.
Biol. 9, 637675. doi:10.3389/fcell.2021.637675

Nieth, C., and Lage, H. (2005). Induction of the ABC-transporters Mdr1/P-gp
(Abcb1), mrpl (Abcc1), and bcrp (Abcg2) during establishment of multidrug
resistance following exposure to mitoxantrone. J. Chemother. 17, 215–223. doi:10.
1179/joc.2005.17.2.215

Ojini, I., and Gammie, A. (2015). Rapid identification of chemoresistance
mechanisms using yeast DNA mismatch repair mutants. G3-Genes Genom Genet. 5,
1925–1935. doi:10.1534/g3.115.020560

Oki, Y., Fanale, M., Romaguera, J., Fayad, L., Fowler, N., Copeland, A., et al. (2015).
Phase II study of an AKT inhibitor MK2206 in patients with relapsed or refractory
lymphoma. Brit. J. Haematol. 171, 463–470. doi:10.1111/bjh.13603

Ozvegy, C., Varadi, A., and Sarkadi, B. (2002). Characterization of drug transport,
ATP hydrolysis, and nucleotide trapping by the human ABCG2 multidrug transporter.
Modulation of substrate specificity by a point mutation. J. Biol. Chem. 277,
47980–47990. doi:10.1074/jbc.M207857200

Pena-Solorzano, D., Stark, S. A., Konig, B., Sierra, C. A., and Ochoa-Puentes, C.
(2017). ABCG2/BCRP: Specific and nonspecific modulators. Med. Res. Rev. 37,
987–1050. doi:10.1002/med.21428

Rathore, R., McCallum, J. E., Varghese, E., Florea, A. M., and Busselberg, D. (2017).
Overcoming chemotherapy drug resistance by targeting inhibitors of apoptosis proteins
(IAPs). Apoptosis 22, 898–919. doi:10.1007/s10495-017-1375-1

Robey, R. W., Honjo, Y., van de Laar, A., Miyake, K., Regis, J. T., Litman, T., et al.
(2001). A functional assay for detection of the mitoxantrone resistance protein, MXR
(ABCG2). Biochim. Biophys. Acta 1512, 171–182. doi:10.1016/s0005-2736(01)00308-x

Savaee, M., Bakhshi, A., Yaghoubi, F., Pourrajab, F., and Goodarzvand, C. K. (2022).
Evaluating the effects of separate and concomitant use of MK-2206 and salinomycin on
prostate cancer cell line. Rep. Biochem. Mol. Biol. 11, 157–165. doi:10.52547/rbmb.11.
1.157

Sen, R., Natarajan, K., Bhullar, J., Shukla, S., Fang, H. B., Cai, L., et al. (2012). The
novel BCR-ABL and FLT3 inhibitor ponatinib is a potent inhibitor of the MDR-
associated ATP-binding cassette transporter ABCG2.Mol. Cancer Ther. 11, 2033–2044.
doi:10.1158/1535-7163.MCT-12-0302

Shi, Z., Peng, X. X., Kim, I.W., Shukla, S., Si, Q. S., Robey, R.W., et al. (2007). Erlotinib
(Tarceva, OSI-774) antagonizes ATP-binding cassette subfamily B member 1 and ATP-
binding cassette subfamily G member 2-mediated drug resistance. Cancer Res. 67,
11012–11020. doi:10.1158/0008-5472.CAN-07-2686

Stottrup, C., Tsang, T., and Chin, Y. R. (2016). Upregulation of AKT3 confers
resistance to the AKT inhibitor MK2206 in breast cancer. Mol. Cancer Ther. 15,
1964–1974. doi:10.1158/1535-7163.MCT-15-0748

Stover, E. H., Xiong, N., Myers, A. P., Tayob, N., Engvold, V., Polak, M., et al. (2022).
A phase II study of MK-2206, an AKT inhibitor, in uterine serous carcinoma. Gynecol.
Oncol. Rep. 40, 100974. doi:10.1016/j.gore.2022.100974

Sucha, S., Sorf, A., Svoren, M., Vagiannis, D., Ahmed, F., Visek, B., et al. (2022).
ABCB1 as a potential beneficial target of midostaurin in acute myeloid leukemia.
Biomed. Pharmacother. 150, 112962. doi:10.1016/j.biopha.2022.112962

Toyoda, Y., Takada, T., and Suzuki, H. (2019). Inhibitors of human ABCG2: From
technical background to recent updates with clinical implications. Front. Pharmacol. 10,
208. doi:10.3389/fphar.2019.00208

Vasan, N., Baselga, J., and Hyman, D. M. (2019). A view on drug resistance in cancer.
Nature 575, 299–309. doi:10.1038/s41586-019-1730-1

Wang J Q, J. Q., Wang, B., Lei, Z. N., Teng, Q. X., Li, J. Y., Zhang, W., et al. (2019).
Derivative of 5-cyano-6-phenylpyrimidin antagonizes ABCB1- and ABCG2-
mediated multidrug resistance. Eur. J. Pharmacol. 863, 172611. doi:10.1016/j.
ejphar.2019.172611

Wang, J. Q., Li, J. Y., Teng, Q. X., Lei, Z. N., Ji, N., Cui, Q., et al. (2020a). Venetoclax, a
BCL-2 inhibitor, enhances the efficacy of chemotherapeutic agents in wild-type
ABCG2-overexpression-mediated MDR cancer cells. Cancers 12, 466. doi:10.3390/
cancers12020466

Wang, J. Q., Teng, Q. X., Lei, Z. N., Ji, N., Cui, Q., Fu, H., et al. (2020b). Reversal of
cancer multidrug resistance (MDR) mediated by ATP-binding cassette transporter G2
(ABCG2) by AZ-628, a RAF kinase inhibitor. Front. Cell Dev. Biol. 8, 601400. doi:10.
3389/fcell.2020.601400

Wang, J. Q., Wu, Z. X., Yang, Y., Teng, Q. X., Li, Y. D., Lei, Z. N., et al. (2021a). ATP-
binding cassette (ABC) transporters in cancer: A review of recent updates. J. Evid-Based
Med. 14, 232–256. doi:10.1111/jebm.12434

Wang, J. Q., Yang, Y., Cai, C. Y., Teng, Q. X., Cui, Q., Lin, J., et al. (2021b). Multidrug
resistance proteins (MRPs): Structure, function and the overcoming of cancer multidrug
resistance. Drug resist. Update. 54, 100743. doi:10.1016/j.drup.2021.100743

Wang, J., Wang, J. Q., Cai, C. Y., Cui, Q., Yang, Y., Wu, Z. X., et al. (2020c). Reversal
effect of ALK inhibitor NVP-TAE684 on ABCG2-overexpressing cancer cells. Front.
Oncol. 10, 228. doi:10.3389/fonc.2020.00228

Wang, L., Lin, N., and Li, Y. (2019). The PI3K/AKT signaling pathway regulates
ABCG2 expression and confers resistance to chemotherapy in human multiple
myeloma. Oncol. Rep. 41, 1678–1690. doi:10.3892/or.2019.6968

Wang, Z., Luo, G., and Qiu, Z. (2020d). Akt inhibitor MK-2206 reduces pancreatic
cancer cell viability and increases the efficacy of gemcitabine.Oncol. Lett. 19, 1999–2004.
doi:10.3892/ol.2020.11300

Wei, L. Y., Wu, Z. X., Yang, Y., Zhao, M., Ma, X. Y., Li, J. S., et al. (2020).
Overexpression of ABCG2 confers resistance to pevonedistat, an NAE inhibitor.
Exp. Cell Res. 388, 111858. doi:10.1016/j.yexcr.2020.111858

Wu, Z. X., Teng, Q. X., Yang, Y., Acharekar, N., Wang, J. Q., He, M., et al. (2022). MET
inhibitor tepotinib antagonizes multidrug resistance mediated by ABCG2 transporter: In
vitro and in vivo study. Acta Pharm. Sin. B 12, 2609–2618. doi:10.1016/j.apsb.2021.12.018

Xing, Y., Lin, N. U., Maurer, M. A., Chen, H., Mahvash, A., Sahin, A., et al. (2019).
Phase II trial of AKT inhibitor MK-2206 in patients with advanced breast cancer who
have tumors with PIK3CA or AKT mutations, and/or PTEN loss/PTEN mutation.
Breast Cancer Res. 21, 78. doi:10.1186/s13058-019-1154-8

Yang, Y., Ji, N., Cai, C. Y., Wang, J. Q., Lei, Z. N., Teng, Q. X., et al. (2020a).
Modulating the function of ABCB1: In vitro and in vivo characterization of
sitravatinib, a tyrosine kinase inhibitor. Cancer Commun. 40, 285–300. doi:10.
1002/cac2.12040

Frontiers in Pharmacology frontiersin.org11

Gao et al. 10.3389/fphar.2023.1235285

https://doi.org/10.3389/fphar.2018.01236
https://doi.org/10.3389/fphar.2018.01236
https://doi.org/10.1016/j.drup.2014.11.002
https://doi.org/10.1007/s12094-020-02325-7
https://doi.org/10.1016/j.jmb.2021.166980
https://doi.org/10.1007/s00018-021-03901-y
https://doi.org/10.1016/j.bbrc.2014.04.045
https://doi.org/10.1158/1078-0432.CCR-14-3281
https://doi.org/10.3389/fphar.2020.629266
https://doi.org/10.3389/fphar.2020.629266
https://doi.org/10.1016/j.drup.2016.05.001
https://doi.org/10.2174/1574892817666220112100036
https://doi.org/10.1186/s12986-021-00583-y
https://doi.org/10.1038/s41419-020-02998-6
https://doi.org/10.1038/s41419-020-02998-6
https://doi.org/10.3389/fphar.2022.1120037
https://doi.org/10.3389/fphar.2022.1120037
https://doi.org/10.1021/bi300301a
https://doi.org/10.1016/j.ejmech.2022.114628
https://doi.org/10.3390/cells8101215
https://doi.org/10.3390/cancers13184675
https://doi.org/10.3390/cancers13184675
https://doi.org/10.3390/ijms22052463
https://doi.org/10.3389/fcell.2021.637675
https://doi.org/10.1179/joc.2005.17.2.215
https://doi.org/10.1179/joc.2005.17.2.215
https://doi.org/10.1534/g3.115.020560
https://doi.org/10.1111/bjh.13603
https://doi.org/10.1074/jbc.M207857200
https://doi.org/10.1002/med.21428
https://doi.org/10.1007/s10495-017-1375-1
https://doi.org/10.1016/s0005-2736(01)00308-x
https://doi.org/10.52547/rbmb.11.1.157
https://doi.org/10.52547/rbmb.11.1.157
https://doi.org/10.1158/1535-7163.MCT-12-0302
https://doi.org/10.1158/0008-5472.CAN-07-2686
https://doi.org/10.1158/1535-7163.MCT-15-0748
https://doi.org/10.1016/j.gore.2022.100974
https://doi.org/10.1016/j.biopha.2022.112962
https://doi.org/10.3389/fphar.2019.00208
https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.1016/j.ejphar.2019.172611
https://doi.org/10.1016/j.ejphar.2019.172611
https://doi.org/10.3390/cancers12020466
https://doi.org/10.3390/cancers12020466
https://doi.org/10.3389/fcell.2020.601400
https://doi.org/10.3389/fcell.2020.601400
https://doi.org/10.1111/jebm.12434
https://doi.org/10.1016/j.drup.2021.100743
https://doi.org/10.3389/fonc.2020.00228
https://doi.org/10.3892/or.2019.6968
https://doi.org/10.3892/ol.2020.11300
https://doi.org/10.1016/j.yexcr.2020.111858
https://doi.org/10.1016/j.apsb.2021.12.018
https://doi.org/10.1186/s13058-019-1154-8
https://doi.org/10.1002/cac2.12040
https://doi.org/10.1002/cac2.12040
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1235285


Yang, Y., Ji, N., Teng, Q. X., Cai, C. Y., Wang, J. Q., Wu, Z. X., et al. (2020b).
Sitravatinib, a tyrosine kinase inhibitor, inhibits the transport function of ABCG2 and
restores sensitivity to chemotherapy-resistant cancer cells in vitro. Front. Oncol. 10, 700.
doi:10.3389/fonc.2020.00700

Zhang, G. N., Zhang, Y. K., Wang, Y. J., GuptaAshby, P.,C. R., Jr., Alqahtani, S.,
Deng, T., et al. (2018a). Epidermal growth factor receptor (EGFR) inhibitor
PD153035 reverses ABCG2-mediated multidrug resistance in non-small cell
lung cancer: In vitro and in vivo. Cancer Lett. 424, 19–29. doi:10.1016/j.canlet.
2018.02.040

Zhang, M., Chen, X. Y., Dong, X. D., Wang, J. Q., Feng, W., Teng, Q. X., et al. (2020).
NVP-CGM097, an HDM2 inhibitor, antagonizes ATP-binding cassette subfamily B

member 1-mediated drug resistance. Front. Oncol. 10, 1219. doi:10.3389/fonc.2020.
01219

Zhang, W., Fan, Y. F., Cai, C. Y., Wang, J. Q., Teng, Q. X., Lei, Z. N., et al. (2018b).
Olmutinib (BI1482694/hm61713), a novel epidermal growth factor receptor tyrosine
kinase inhibitor, reverses ABCG2-mediated multidrug resistance in cancer cells. Front.
Pharmacol. 9, 1097. doi:10.3389/fphar.2018.01097

Zhang, Y. K., Wang, Y. J., Lei, Z. N., Zhang, G. N., Zhang, X. Y., Wang, D. S., et al.
(2019). Regorafenib antagonizes BCRP-mediated multidrug resistance in colon cancer.
Cancer Lett. 442, 104–112. doi:10.1016/j.canlet.2018.10.032

Zhitomirsky, B., and Assaraf, Y. G. (2016). Lysosomes as mediators of drug resistance
in cancer. Drug resist. Update 24, 23–33. doi:10.1016/j.drup.2015.11.004

Frontiers in Pharmacology frontiersin.org12

Gao et al. 10.3389/fphar.2023.1235285

https://doi.org/10.3389/fonc.2020.00700
https://doi.org/10.1016/j.canlet.2018.02.040
https://doi.org/10.1016/j.canlet.2018.02.040
https://doi.org/10.3389/fonc.2020.01219
https://doi.org/10.3389/fonc.2020.01219
https://doi.org/10.3389/fphar.2018.01097
https://doi.org/10.1016/j.canlet.2018.10.032
https://doi.org/10.1016/j.drup.2015.11.004
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1235285

	The AKT inhibitor, MK-2206, attenuates ABCG2-mediated drug resistance in lung and colon cancer cells
	Introduction
	Materials and methods
	Cell viability assay
	Western blot assay
	Immunofluorescence assay
	ATPase assay
	Molecular docking of MK-2206 with human ABCG2 model
	Statistics

	Results
	MK-2206 increases the efficacy of mitoxantrone, SN-38 and topotecan in H460/MX20 and S1-M1-80 cancer cells overexpressing t ...
	The effect of MK-2206 on the efficacy of mitoxantrone in the parental and MDR cancer cell lines
	The effect of MK-2206 on the efficacy of SN-38 in the parental and MDR cancer cell lines
	The effect of MK-2206 on the efficacy of topotecan in the parental and MDR cancer cell lines.

	The effect of MK-2206 on the expression level of the ABCG2 protein in H460/MX20 cancer cells
	MK-2206 did not alter the localization of the ABCG2 protein on the cancer cell membrane
	MK-2206 stimulated basal ABCG2 ATPase activity
	MK-2206 interacts with the ABCG2 transporter as determined by docking analysis

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


