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Figure 1: Graphical abstract
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ABSTRACT

A current clinical challenge in cancer is multidrug resistance (MDR) mediated by ABC transporters. Breast cancer
resistance protein (BCRP) or ABCG2 transporter is one of the most important ABC transporters implicated in
MDR and the use of inhibitors is a promising approach to overcome the resistance in cancer. This study aimed to
characterize the molecular mechanism of ABCG?2 inhibitors identified by a repurposing drug strategy using anti-
viral, anti-inflammatory and antiparasitic agents. Lopinavir and ivermectin can be considered as pan-inhibitors of
ABC transporters, since both compounds inhibited ABCG2, P-glycoprotein and MRP1. They inhibited ABCG2
activity showing ICso values of 25.5 and 23.4 uM, respectively. These drugs were highly cytotoxic and not trans-
ported by ABCG2. Additionally, these drugs increased the 5D3 antibody binding and did not affect the mRNA
and protein expression levels. Cell-based analysis of the type of inhibition suggested a non-competitive inhibition,
which was further corroborated by in silico approaches of molecular docking and molecular dynamics simulations.
These results showed an overlap of the lopinavir and ivermectin binding sites on ABCG2, mainly interacting with
E446 residue. However, the substrate mitoxantrone occupies a different site, binding to the F436 region, closer to
the L554/L555 plug. In conclusion, these results revealed the mechanistic basis of lopinavir and ivermectin inter-

action with ABCG2.
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INTRODUCTION

Most cancer treatment protocols include
chemotherapy, however, the development of
resistance is responsible for the lower objec-
tive response rate observed with the classical
protocols (Gottesman et al., 2016). The devel-
opment of simultaneous cross-resistance to a
wide of structurally unrelated drugs is called
multidrug resistance (MDR) (Szakécs et al.,
2006). The MDR phenomenon in cancer can
be categorized as intrinsic (pre-existing) or
acquired, triggered by drug exposure
(Gottesman, 2002). Different strategies to
overcome MDR in cancer have been pro-
posed, albeit it remains an important oncolog-
ical challenge, since several cellular mecha-
nisms are involved in MDR, including the in-
activation of the drug, enhanced DNA repair,
mutations or altered expression levels of the
biological target, drug compartmentalization,
altered mitochondria, failure of programmed
cell death and overexpression of ABC trans-
porters (Gottesman et al., 2002; Hall et al.,
2009; Szakacs et al., 2014).

The human genome encodes 48 ABC pro-
teins, most of them transporters that promote
the efflux of substrates mediated by ATP
binding and hydrolysis (Dean et al., 2001).
ABC transporters show important physiolog-
ical functions, pumping xenobiotics out of
cells to protect them from damage, illustrating
their localization in sanctuaries sites in our

body, such as the blood-brain barrier (BBB),
blood-testis barrier and blood-placental bar-
rier (Robey et al., 2018). In cancer cells, three
ABC transporters are considered most rele-
vant, with undoubted association with chemo-
therapeutic treatment failure: P-glycoprotein
(P-gp or MDR1, encoded by ABCBI), multi-
drug resistance-associated protein 1 (MRP1,
encoded by ABCCI) and breast cancer re-
sistance protein (BCRP, encoded by ABCG?2)
(Gottesman et al., 2002; Szakacs et al., 2006).

ABCG?2 was discovered in 1998 by three
independent research groups, receiving dif-
ferent names based on the biological model,
including BCRP, because of its identification
in a breast cancer cell line (Doyle et al., 1998),
MXR from resistance caused by mitoxantrone
(Miyake et al., 1999) and ABCP, due their
presence in placenta (Allikmets et al., 1998).
Today, ABCG?2 has used to unequivocally an-
nounce this transporter. Considering that ef-
flux inhibition consists of the most promising
strategy to overcome MDR mediated by ABC
transporters, more than a hundred ABCG?2 in-
hibitors have already been identified (Zattoni
et al., 2022a). The first described ABCG2 in-
hibitor was the fungal toxin fumitremorgin C
(FTC) (Rabindran et al., 1998). FTC was used
as a scaffold for analogues synthesis like
Ko143, which is considered a ABCG2 refer-
ence inhibitor (Allen et al., 2002). The current
list of ABCG2 inhibitors includes several
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classes of compounds, including chalcones
(Valdameri et al., 2012a), indeno[1,2-b]in-
doles (Kita et al., 2021), stilbenes (Valdameri
et al., 2012c), tetrahydroquinoline/4,5-dihy-
droisoxazole hybrids (Vesga et al., 2021) and
chromones (Valdameri et al., 2012b), that can
be classified as specific toward ABCG2, dual
or pan-inhibitors of ABC transporters (Zat-
toni et al., 2022a).

Drug repurposing is an interesting and at-
tractive strategy for the rapid identification of
ABCG?2 inhibitors from existing medicines,
that possess distinct molecular targets and
have already been identified safe therapeutic
agents in humans (Shim and Liu, 2014; Zat-
toni et al., 2022a). Several classes of drugs al-
ready were screened as ABCG?2 inhibitors, in-
cluding antibiotics, antifungals, anti-HIV,
calcium channel blockers, glucocorticoids
and tyrosine kinase inhibitors (Boumendjel et
al., 2011; Juvale and Wiese, 2015; Zattoni et
al.,2022a). Among the few potent ABCG2 in-
hibitors that show ICso values in the nanomo-
lar range, some were identified by drug repur-
posing, such as tivozanib, fostamatinib,
ponatinib and febuxostat (Zattoni et al.,
2022a). In this work, we initially tested the
ability of antiviral, anti-inflammatory and an-
tiparasitic drugs that were used to treat
COVID-19 to inhibit ABCG2 transporter.
Lopinavir and ivermectin have been de-
scribed as ABC transporters inhibitors (Bier-
man et al., 2010; Telbisz et al., 2021), but the
mechanism of interaction was not character-
ized, which is important to delineate future
pre-clinical experiments.

MATERIAL AND METHODS

Materials

Mitoxantrone, rhodamine 123, GF120918
(Elacridar), Ko143, hydrocortisone, predniso-
lone, dexamethasone, ivermectin, lopinavir,
hydroxychloroquine, chloroquine and oselta-
mivir and MTT were purchased from Sigma-
Aldrich. Hoechst 33342 and TRIzol were pur-
chased from Invitrogen. All other reagents
were commercial products of the highest
available purity.

Cell cultures

Human HEK293 parental cells (wild-
type) and HEK293 cells stably transfected
with ABCG2 (HEK293-4BCG2), mouse
NIH3T3 parental cells (wild-type) and
NIH3T3 cells stably transfected with P-gp
(NIH3T3-4ABCBI), hamster BHK21 parental
cells (wild-type) and BHK21 cells stably
transfected with MRP1 (HEK293-4BCC1I)
were provided by Dr Attilio Di Pietro (IBCP,
Lyon, France). All cells were maintained in
Dulbecco’s Modified Eagle’s Medium
(DMEM high glucose) supplemented with
10 % fetal bovine serum (FBS), 1 % penicil-
lin/streptomycin, and with 0.75 mg/mL G418
(HEK293-4BCG2), 60 ng/mL colchicine
(NIH3T3-4ABCBI) or 0.1 mg/mL methotrex-
ate (BHK21-4BCCI) at 37 °C in 5 % CO; at-
mosphere.

Inhibition assay

The ability of drugs to inhibit the transport
function of ABC proteins was evaluated using
fluorescent substrates by flow cytometry.
Cells were aliquoted at a density of 1.0 x 10°
cells/tube. Cells were exposed to fluorescent
substrates (Hoechst 33342 at 3 uM, rhoda-
mine 123 at 10 uM, calcein-AM at 0.15 pM
and mitoxantrone from 2.5 to 25 uM) with or
without drugs at different concentrations, and
incubated at 37 °C in 5 % CO; for 45 min. The
cells were centrifuged (2,000 x g for 5 min)
and resuspended with 300 pL of cold phos-
phate buffer saline (PBS) and kept on ice until
flow cytometry analysis. Intracellular sub-
strate fluorescence data were acquired using a
FACS Celesta (equipped with three lasers:
355, 405 and 488 nm) or a FACS Calibur
(equipped with two lasers: 488 and 635 nm)
flow cytometer. At least 10,000 events were
collected, and the median fluorescence inten-
sities were used for the calculations. The inhi-
bition percentage was calculated using paren-
tal cells or a reference inhibitor to achieve
100 % of inhibition. In all experiments, at
least three independent replicates were used
and ICso values were calculated by using
GraphPad prism software version 6.01.
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Cell viability assay

Cells were seeded (2.0 x 10* cells/well)
into a 96 wells plate and incubated for 24 h to
the attachment. The cells viability was evalu-
ated by MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide) assay.
Cells were treated with increasing concentra-
tions of drugs for 72 h. After this period, the
medium was discarded and the cells mono-
layer was washed with PBS (100 uL), fol-
lowed by incubation at 37 °C with MTT solu-
tion (100 pL of solution 0.5 mg/mL in PBS)
for 4 h. Then, the solution was discarded, and
the formazan crystals dissolved with 100 pL
of ethanol/DMSO (1:1). The absorbance was
measured using a microplate reader at 595 nm
(Bio-Rad iMark).

Conformational antibody binding (5D3)
assay

The effect of drugs on the binding of a
conformational antibody was determined by
flow cytometry. HEK293-4BCG?2 cells were
cultivated at 37 °C in 5 % CO; until approxi-
mately 90 % of confluence, then detached and
separated in tubes with 5 x 10° cells/tube.
Cells were centrifuged at 2,000 x g for 5 min
and the supernatant was discarded. The cell
pellet was suspended in PBS (100 pL) con-
taining 40 pg/mL of BSA. Samples were in-
cubated with inhibitors for 10 minutes at
37 °C. After this period, the primary antibody
anti-human ABCG2 clone 5D3 (BD Pharmin-
gen — dilution 1:100) was added to each sam-
ple and incubated for 30 min at 37 °C. Cells
were centrifuged and the supernatant was dis-
carded. Cells were suspended in PBS (100
puL) and the secondary antibody was added
(anti-mouse PE, Abcam — dilution 1:200).
The samples were incubated at 37 °C for 30
min, centrifuged, and the cell pellet was sus-
pended in 300 pL of PBS. Data were recorded
by flow cytometry. At least 10,000 events
were collected.

RT-qPCR
Total RNA was obtained of HEK293-
ABCG?2 cells from tissue flasks-25 cm? (at ap-

proximately 90 % of confluence) after treat-
ment for 72 h with lopinavir (6.25 uM) and
ivermectin (1.56 pM). The total RNA isola-
tion was performed using TRIzol (Invitrogen)
protocol according to the manufacturer’s in-
structions. RNA concentration was quantified
by absorbance using the NanoDrop™ specto-
photometer and the integrity was evaluated by
1 % agarose gel electrophoresis. RNA was
stored at -80 °C. Two micrograms of total
RNA were reverse transcribed using High Ca-
pacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems) according to the manufac-
turer’s instructions, and the resulting cDNA
was stored at -20 °C. Using cDNAs as the
template, quantitative real-time PCR was per-
formed using the SYBR Green PCR Master
Mix (Applied Biosystems) in a 7500™ Real-
Time PCR Detection System (Applied Bio-
systems). A dissociation cycle was performed
after each run to check for non-specific am-
plification or contamination. The mRNA ex-
pression levels were normalized using the
geNorm 3.4 software, and the corresponding
housekeeping gene expression levels. Sets of
specific primers were designed using Primer
designing tool - NCBI and validated through
BLAST and BLAT, and their respective se-
quences are shown in Table 1. Relative ex-
pression levels were estimated using the
method described by Pfaffl (2001).

Western blot

Protein was obtained from HEK293-
ABCG?2 cells from tissue flasks-25 cm? (at ap-
proximately 90 % of confluence) after treat-
ment for 72 h with lopinavir (6.25 pM) and
ivermectin (1.56 uM) using 200 pL of RIPA+
buffer and 2 uL of 0.5 M EDTA pH 8. Protein
quantification was performed by Bradford
and 40 pg was separated by gel electrophore-
sis (8 % polyacrylamide). Proteins were
transferred to a PVDF membrane using a
semi-dry transference system (GE Health-
care). The membrane was cut in two parts
guided by the PageRuler™ Prestained protein
ladder. The upper part of the membrane was
incubated overnight (4 °C) with ABCG2 anti-
body (BXP-21, diluted 1:500) in TBST buffer
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Table 1: Nucleotide sequences of primers used for RT-qPCR

Gene NCBI reference Primer sequence Primer Housekeep-
design ing genes
used by:
PPIA NM_021130.5 F- TAAAGCATACGGGTCCTGGC This Jacob et al.,
R- TGCCATCCAACCACTCAGTC work 2013; Ali et
al., 2015;
Sharan et al.,
2015; Lemma
etal., 2016
RPS13 NM_001017.3 F- CGTCCCCACTTGGTTGAAGT This Jacob et al.,
R- TGAATCTCTCAGGATTACACCGA work 2013; Zhang
etal., 2017)
HPRT1 NM_000194.3 F- CAGGGATTTGAATCATGTTTGTGT This Potashnikova
R-ACTCCAGATGTTTCCAAACTCAAC work et al., 2015;
Lemma et al.,
2016; Saidova
etal., 2018
ABCG2 NM _001257386.2 | F-ATGGTCTGTTGGTCAATCTCAC This -
R - TTATGCTGCAAAGCCGTAAATCC work

(1.5 M NacCl, 0.5 mM Tris and 0.1 % Tween
20) containing 1 % powdered milk. The lower
part of the membrane was incubated over-
night (4 °C) with GAPDH antibody (mAB,
diluted 1:5000) in TBST buffer containing
1 % powdered milk. The membranes were
washed in TBST, and incubated with anti-
mouse IgG HRP antibody, diluted 1:2,000 in
TBST containing 1 % powdered milk at room
temperature for 1 hour. After this incubation,
the membranes are washed with TBST. ECL
Plus kit substrate (GE Healthcare) was added
to the membranes and exposed to a Amer-
sham Hyperfilm (GE Healthcare) for 10 sec-
onds.

Protein selection and preparation for
in silico studies

ABCQG?2 structure with mitoxantrone was
retrieved from Protein Data Bank (PDB),
PDB ID 6VXI, resolution 3.7 A (Orlando and
Liao, 2020). The structure was prepared and
minimized by adding hydrogens, adjusting
protonation states (pH 7.4) of amino acids,
and fixing missing side-chain atoms using
Maestro PrepWizard (version 2021.4). The
missing loops between K46 and E60 (N-ter-
minal domain or NTD), S302-P327 (NTD)
and G354-Y369 (connecting the transmem-
brane bundle and the NTD) were generated

using Prime (Jacobson et al., 2004) and the fi-
nal structure encompassed from A35 to S655.

Molecular docking

Subsequently, the structures had only po-
lar hydrogens maintained and were converted
to pdbqt format using the Autodock Tools
1.5.6 (Morris et al., 2009). The ligand struc-
tures for ivermectin, lopinavir and mitoxan-
trone were downloaded from ZINC Database
(Sterling and Irwin, 2015), taken into the
Avogadro software and subjected to a geom-
etry pre-optimization using the Auto Optimi-
zation tool (MMFF94s force field) (Halgren
and Nachbar, 1996; Halgren, 1999), followed
by visual inspection to ensure that there were
no errors. Using Avogadro, the molecule file
was prepared for a second geometry optimi-
zation in MOPAC2016 (Stewart, 2016), with
the semi-empirical quantum PM7 method. At
the end of this step, the files were converted
to the pdbqt format, also in Autodock Tools,
ensuring that all torsions were set to active.
For docking, the Autodock Vina 1.2.3 (Eber-
hardt et al., 2021) was used, in which a grid
box was delimited, based on the central region
in which the co-crystallized ligand was origi-
nally detected. The mitoxantrone + lopinavir
(MTX + LPV) and mitoxantrone + ivermectin
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(MTX + IVT) docking was performed se-
quentially, using the 6VXI + MTX docked
structure for the inhibitors. The atomic coor-
dinates of the gridbox centroid for all docking
experiments were defined as: X =-0.181; Y =
-0.222; Z=10.571, with a 40 A distance on all
three axes. The exhaustiveness parameter was
set to 75 and the maximum number of results
(poses) to twenty, with a maximum allowed
variation of 2 kcal/mol from the first to the
last conformation. After, the process was per-
formed with all molecules (substrate and in-
hibitors), resulting poses served as a starting
point for molecular dynamics simulations
(MD).

Molecular dynamics simulations

The minimized structures were submitted
to MD simulation for further refinement, us-
ing a previously published protocol (Zattoni
et al., 2022b). Selected docking poses were
further validated by MD simulation, where
ligand stability within the proposed pocket
and its interactions were evaluated. The MD
simulations were carried out using the Des-
mond engine (Bowers et al., 2006) with the
OPLS4 force-field (Lu et al., 2021). The sim-
ulated system encompassed the protein-lig-
and complex, a predefined water model
(TTP3P; Jorgensen et al., 1983) as a solvent,
POPC membranes (automatically positioned
according to the alpha-helices), and counteri-
ons (Na" or CI" adjusted to neutralize the over-
all system charge). The system was treated in
an orthorhombic box with periodic boundary
conditions specifying the shape and the size
of the box as 10x10x13 A distance from the
box edges to any atom of the protein. RESPA
integrator time steps of 2 fs for bonded and
near, and 6 fs for non-bonded terms far were
applied. Short-range coulombic interactions
were performed using a time step of 1 fs and
a cut-off value of 9.0 A, whereas long-range
coulombic interactions were handled using
the Smooth Particle Mesh Ewald (PME)
method (Darden et al., 1993). Standard Des-
mond relaxation protocol was employed.
Simulations were run in the NPT ensemble,
with a temperature of 310 K (Nosé-Hoover

thermostat) and pressure of 1.01325 bar
(Martyna-Tobias-Klein barostat). MD trajec-
tories were visualized, and figures were pro-
duced using PyMOL v.2.5 (Schrodinger
LCC, New York, NY, USA). At least three in-
dependent simulations were performed for
each ligand, being 200 ns for inhibitors and
500 ns for mitoxantrone.

Trajectory analyses and MM/GBSA

Protein-ligand interactions were deter-
mined using the simulation event analysis
pipeline implemented in Maestro (Maestro
v2021.4). Distance calculations were per-
formed employing the Maestro event analysis
tool (Schrodinger, LLC, New York, NY). The
molecular mechanic energies with general-
ized Born and surface area continuum solva-
tion (MM/GBSA) were calculated with Prime
(Jacobson et al., 2004) thermal MM/GBSA
script provided by Schrddinger. Each 5
frame of MD was used for MM/GMBSA cal-
culations. Trajectories were clustered accord-
ing to the ligand’s RMSD values in order to
select relevant conformations for discussion
and figures, using the trj_cluster.py script pro-
vided by Schrodinger. Figures were generated
using PyMOL v2.5 (Schrédinger, LLC, New
York, NY).

RESULTS AND DISCUSSION

Identification of lopinavir and ivermectin
as ABCG?2 inhibitors

In order to identify ABCG2 inhibitors, a
repurposing drug strategy utilizing a cell-
based model was used. All the eight drugs
were selected based on the fact that they were
used as therapeutic alternatives for COVID-
19, regardless their efficacy. Hydrocortisone,
prednisolone, dexamethasone, ivermectin,
lopinavir, hydroxychloroquine, chloroquine
and oseltamivir were tested to inhibit the ac-
tivity of ABCG2 in stably transfected
HEK293-ABCG2 cells overexpressing the
ABCG?2 transporter. This initial screening
was performed by flow cytometry using
Hoechst 33342 as a fluorescent substrate of
ABCG?2, and all drugs were essayed at 10 and
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100 uM. Only lopinavir and ivermectin inhib-
ited ABCG2 activity (Figure 2A). Both drugs
produced a mild inhibition effect at 10 uM,
about 25 %. However, a complete inhibition
(100 %) was observed at 100 uM (Figure 2A
and B). The ABCG?2 inhibition caused by lop-
inavir (Weiss et al., 2007; Bierman et al.,
2010) and ivermectin (Jani et al., 2011) was
already reported, and most recently, this inhi-
bition effect was confirmed, showing ICso
values (compound concentrations giving a

half-maximal inhibition) of ABCG2 inhibi-
tion of 13.1 and 3.1 uM, for lopinavir and
ivermectin, respectively (Telbisz et al., 2021).
Here, we observed ICsg values of inhibition of
23.4 and 25.5 pM for lopinavir and ivermec-
tin, respectively (Figure 2C and D). The dif-
ferences among the ICso values could be asso-
ciated with the substrate used in each study.
Telbisz et al have used PhenGreen (PG)-AM
as substrate of ABCG2 (Telbisz et al., 2021),
while we used Hoechst 33342.

(A) (B)
Oseltamivir- — 10 ‘ M
_ mm 100 | ¥
Chloroquine-
Hydroxychloroquine-|
pronenroqune) w N
. . A
Lopinavir- ’
Ivermectin- LPV \
Dexamethasone-
IVT
Prednisolone-
Hydrocortisone- , "~ Ko143
-25 0 25 50 75 100 0% 100 10?1 1ot 1o
ABCG2 Inhibition (%J) UV 450-50-A
(C) (D)
150 125
2 125- £ 1001
c
5 1004 i -g 75
5 - S
= s =
E £ 50
o 504 o
Q
8 25 Q259
2 ) IC50=23.4+68 | < . IC50 =255 £ 6.2

0 25 50 75 100 125 150 175 200
[Lopinavir] (uM)

0 25 50 75 100 125 150 175 200
[lvermectin] (uM)

Figure 2: ABCG2 inhibition by flow cytometry. (A) Screening of drugs: hydrocortisone, prednisolone,
dexamethasone, ivermectin, lopinavir, hydroxychloroquine, chloroquine and oseltamivir as ABCG2 in-
hibitors. Drugs were tested at 10 and 100 yM on HEK293-ABCG?2 cells by flow cytometry using Hoechst
33342 as substrate at 3 yM. Ko143 at 1 uM was used as reference inhibitor (100 % of inhibition). Data
represent the mean + SD of at least three independent experiments. (B) Representative histograms of
different conditions, including control (Ctrl) with Hoechst 33342 (3 pM) alone and together with lopinavir
(100 pM), ivermectin (100 pM) and Ko143 (1 uM). (C) Lopinavir and (D) ivermectin ICso curves of ABCG2
inhibition. Data represent the mean + SD of at least three independent experiments.
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We also investigated the inhibition effect
of these eight drugs on P-gp and MRP1 using
stably transfected NIH3T3-4ABCBI cells
overexpressing P-gp and BHK21-4BCCI
cells overexpressing MRP1, respectively. In
this case, rhodamine 123 was used as sub-
strate of P-gp and calcein-AM was used as
substrate of MRP1. Lopinavir and ivermectin
acted as P-gp (see supplementary information
Figure 1) and MRPI (see supplementary in-
formation Figure 2) inhibitors. The inhibition
at 10 uM was higher for P-gp than for MRP1.
Interestingly, the inhibition caused for both
drugs at 10 pM on MRP1 was similar to the
observed toward ABCG2 (~ 25 %). Both
drugs completely inhibited P-gp and MRP1 at
100 uM. Using calcein-AM (Telbisz et al.,
2021) or doxorubicin (Bierman et al., 2010)
as substrate, ivermectin and lopinavir were
also able to inhibit P-gp and MRP1. It was re-
cently described that hydroxychloroquine at
concentrations higher than 10 uM inhibits the
P-gp activity, without effect on ABCG2 activ-
ity (Weiss et al., 2020). Here, we observed
that both chloroquine and hydroxychloro-
quine inhibited the P-gp activity at 100 uM
(see supplementary information Figure 1)
without effect on ABCG2 (Figure 2A). In
general terms, despite the search for specific
inhibitors, the identification of dual- and pan-
inhibitors is attractive (Zattoni et al., 2022a).
In fact, the clinic trials failure of specific P-gp
inhibitors was partially attributed to the over-
lap of transported substrates among the ABC
transporters (Tamaki et al., 2011; Robey et
al., 2018). Taken together, we confirmed that
lopinavir and ivermectin act as pan-inhibitors
of ABC transporters at 100 uM (Figure 2A,
see supplementary information Figures 1 and
2).

High cytotoxicity and absence of ABCG2-
mediated transport of lopinavir and
ivermectin

To further investigate the interaction of
the eight drugs with ABCG?2, a cell viability
assay was performed using HEK293 cells and
transfected cells overexpressing ABCG2
(HEK292-4BCG?2). Many classes of ABCG2

inhibitors also are recognized as ABCG2 sub-
strates, and this effect can be initially investi-
gated by a cell viability assay (Zattoni et al.,
2022a). However, this approach is only useful
for cytotoxic drugs. A lower cytotoxic effect
triggered by drugs on cells overexpressing the
ABC transporter than on the parental cell line
suggests a transport. Since SN38 (the active
metabolite of irinotecan) is a substrate of
ABCG?2, this drug was used as control. As
shown in Figure 3, SN38 was transported by
ABCG?2, showing a lower cytotoxic effect on
cells overexpressing ABCG2. All drugs de-
creased the cell viability after 72 hours of ex-
posure. Some of these drugs, such as oselta-
mivir showed a very low cytotoxic effect, de-
creasing the cell viability only in concentra-
tions higher than 200 uM (Figure 3H). In
sharp contrast, lopinavir and ivermectin were
highly cytotoxic, decreasing the cell viability
at 12 and 3 uM, respectively (Figure 3D and
E). Interestingly, the two drugs that inhibited
ABCG?2 transport activity also were the most
cytotoxic agents.

The cytotoxic effect is an important pa-
rameter to be considered during the identifi-
cation of ABCG?2 inhibitors since many po-
tent inhibitors did not follow pre-clinical stud-
ies due to their high intrinsic cytotoxicity
(Boumendjel et al., 2011; Zattoni et al.,
2022a). To correlate the inhibition potency
and cytotoxicity, the inhibitors were com-
pared based on their therapeutic rate
(IGs0/1Cs0), where the 1Gso value is the con-
centration that decreases 50 % cell viability.
In this way, compounds that present a high
therapeutic rate (TR), such as chromone 6g
(MBL-II-141), that showed a TR of 2000
(Valdameri et al., 2012b), are considered
promising to be explored in pre-clinical mod-
els and clinical trials studies (Zattoni et al.,
2022a). Here, the calculated TR for lopinavir
and ivermectin were 0.64 and 0.26, respec-
tively (see supplementary information Table
1). These very low TR values indicate that
both compounds were highly cytotoxic and
probably the ABCG?2 inhibition effect might
not be validated in animal models. However,
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considering a drug repurposing strategy, an-
other parameter that should be considered is
the drug plasma concentration. The highest
plasma concentrations described for lopinavir
and ivermectin were 15 uM (https://www.ac-
cessdata.fda.gov/drugsatfda_docs/la-
bel/2007/021226s0181bl.pdf) and 53 nM
(https://www.accessdata.fda.gov/drugsatfda
docs/l1abel/2009/050742s0261bl.pdf), respec-
tively. Thus, the clinical use of ivermectin as
an ABCQG2 inhibitor is impracticable, how-
ever, the ICso value of ABCG2 inhibition of

lopinavir is in the same order magnitude of
the plasma concentrations (uM range). Con-
sidering that the most promising ABCG?2 in-
hibitor identified by the drug repurposing
strategy is the febuxostat (Miyata et al., 2016;
Toyoda et al., 2019), showing a ICso of 27 nM
and plasma concentration of 90 nM, its use in
clinical dose possibly inhibits ABCG2
(Toyoda et al., 2019). In accordance, we
found that ABCG2 is possibly inhibited by
lopinavir in clinical dose.
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Figure 3: Cytotoxicity and absence of transport mediated by ABCG2 transporter. MTT cell viability as-
say was performed on HEK293 cells (WT) in red and HEK293-ABCG2 cells (ABCG2) in blue after 72
hours of treatment with (A) hydrocortisone, (B) prednisolone, (C) dexamethasone, (D) lopinavir, (E)
vermectin, (F) hydroxychloroquine, (G) chloroquine, (H) oseltamivir, and (1) SN38. Drugs were tested at
different concentrations, as indicated in the graphs and the data represent the mean = SD of at least
three independent experiments. Cells treated with the vehicle (DMSO or H20) were considered 100 %

of viable cells.
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Regarding the cytotoxic profile of the
eight drugs comparing both cell lines,
HEK?293 and HEK293-4BCG2, no difference
was evidenced (Figure 3). These results sug-
gest that none of these drugs are recognized
as substrates of ABCG?2 transporter. Our data
further confirmed that hydroxychloroquine
and lopinavir are not substrate for ABCG2
(Agarwal et al., 2007; Bierman et al., 2010;
Weiss et al., 2020). The absence of transport
mediated by the target transporter is a desira-
ble feature of inhibitors, which shows that
lopinavir and ivermectin chemical structures
promising scaffolds for the rational design of
more potent ABCG2 inhibitors.

Although the efflux mediated by P-gp of
hydrocortisone (Nakayama et al. 1999), hy-
droxychloroquine (Weiss et al., 2020), lopina-
vir (Agarwal et al.,, 2007), dexamethasone
(Ueda et al., 1992), oseltamivir (Morimoto et
al., 2008), prednisolone (Karssen et al., 2002)
and ivermectin (Didier and Loor 1995) has
been described, we decided to evaluate the
transport of all drugs by the MTT-based cell
viability assay using parental and a cell line
overexpressing P-gp. Ivermectin, dexame-
thasone and oseltamivir behaved as P-gp sub-
strates, whereas hydrocortisone, predniso-
lone, lopinavir, hydroxychloroquine and
chloroquine did not (see supplementary infor-
mation Figure 3). Using the same approach
for MRP1, we found that oseltamivir was the
only drug not recognized as substrate. Lop-
inavir could be considered as strong substrate,
whereas ivermectin could be considered as
weak  substrate  (see  supplementary
information Figure 4). Ivermectin, chloro-
quine and dexamethasone have already been
described as MRP1 substrates (Vezmar and
Georges, 1998; Ardelli, 2013; Aberuyi et al.,
2021; Rendic, 2021), while prednisolone and
lopinavir have been described as non-
substrates (Webster and Carlstedt-Duke,
2002; Bierman et al., 2010). In summary, our
data confirmed that many drugs that were
used for COVID-19 interact with the main
ABC transporters involved in MDR, being in-
hibitors or substrates, and in some cases, the

inhibitor is also transported, such as ivermec-
tin on P-gp.

Mechanism of ABCG?2 inhibition exploited
by in vitro approaches

Since lopinavir and ivermectin inhibited
ABGC2, and the ICso value of ABCG?2 inhi-
bition caused by lopinavir is in the same order
of magnitude of the plasma concentration, the
molecular mechanism of inhibition was stud-
ied. The interaction of drugs with ABC trans-
porters can be studied by different in vitro ap-
proaches, including the use of conformational
antibodies (Zattoni et al., 2022a). In the case
of ABCG?2 transporter, the antibody called
clone 5D3 recognizes an extracellular epitope
of the protein (Taylor et al., 2017). In general,
ABCG2 inhibitors induce a conformational
change that increases the 5D3 binding, in con-
trast to ABCG2 substrates, which do not trig-
ger this “5D3 shift” (Telbisz et al., 2012; Zat-
toni et al., 2022a). Lopinavir and ivermectin
induced an increase in 5D3 binding, such as
the ABCG2 reference inhibitor Ko143 (Fig-
ure 4A). As shown by the histograms, the 5D3
shift is more pronounced for lopinavir and
ivermectin than Ko143 (Figure 4B). This re-
sult agrees with our previous data that demon-
strated that lopinavir and ivermectin are non-
transported inhibitors of ABCG2 (Figures 2
and 3).

Drugs that inhibit the transport activity of
ABC transporters are called functional inhib-
itors. This inhibition effect is settled on the di-
rect binding of ligands in a druggable binding
pocket of these transporters, commonly lo-
cated at transmembrane domains (Kowal et
al., 2021; Zattoni et al., 2022a). However,
drugs targeting transcriptional or posttransla-
tional protein levels have been described as
promising to overcome the MDR phenotype.
Drugs that trigger this effect are considered
modulators, to differentiate functional inhibi-
tors. In addition, a dual effect, direct transport
inhibition and decreased protein levels are ad-
vantageous but poorly observed (Zattoni et
al., 2022a). Here, the effect of lopinavir and
ivermectin on ABCG2 was tested at transcrip-
tional and translational levels, by qPCR and
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western blot, respectively. Considering a half-
life of approximately 60 hours for ABCG2 in
different cell lines (Imai et al., 2009; Peng et
al., 2010), both assays were performed after
72 hours of drug exposure. In addition, to
avoid a bias associated with the cytotoxicity
effect, the highest drug concentration that
does not decrease the cell viability was used
to treat the cells. In this case, 6.25 and 1.56
uM for lopinavir and ivermectin, respectively
(Figure 3D and E). As shown in Figure 4C,
lopinavir and ivermectin did not modulate the
mRNA expression levels of ABCG2. The
western blot results also revealed an absence
of effect of both drugs on protein expression
levels (Figure 4D). Together, these data con-
firm that lopinavir and ivermectin are not
modulators of ABCG2 expression levels and
should be classified as functional inhibitors of
ABCG2.

To get insights into the biochemical
mechanism of ABCG2 inhibition, the type of
inhibition caused by ivermectin and lopinavir
was investigated by varying the concentra-
tions of the inhibitor and the substrate mito-
xantrone. This ABCG2 substrate was used in-
stead of Hoechst 33342 because only with mi-
toxantrone a saturation curve was achieved
(Figure 5A and C). Both drugs caused a non-
competitive inhibition since an increase of
Vmax with no effect on Ky value was observed
(Figure 5B and D). The ABCG2 noncompeti-
tive inhibition was already reported by some
compounds, such as stilbene derivatives (Val-
dameri et al., 2012¢). Recently, an uncompet-
itive and mixed-type of inhibition were also
described for indenoindole (Guragossian et
al., 2021) and porphyrins, respectively (Zat-
toni et al., 2022b).
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Figure 4: ABCG2 inhibition by flow cytometry. (A) Conformational 5D3 antibody binding. The data was
normalized by the untreated control. *Significant difference (p > 0.05) according to Kruskal-Wallis test
comparing the different groups (Ctrl, Ko143, LPV and IVT). (B) Representative histograms of “5D3 shift”
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Molecular docking and dynamic
simulations

In order to gain further insights into the
noncompetitive inhibition caused by lop-
inavir and ivermectin, in silico analyses were
performed using molecular docking, molecu-
lar dynamics and MM/GBSA free binding en-
ergy calculations. Initially, molecular dock-
ing analysis showed a compatibility of the
binding of inhibitors lopinavir and ivermectin
in presence of the substrate mitoxantrone, re-
vealing multiple conformations of each ligand
co-occupying the drug binding cavity (DBC).
The results suggested that the large DBC, lo-

cated between both subunits of transmem-
brane helices, can accommodate one mole-
cule of mitoxantrone and one molecule of
each inhibitor simultaneously (Figure 6).
Analysis of the docked complex showed that
mitoxantrone occupied an “upper” position,
closer to the L554/L555 plug, but ivermectin
and lopinavir occupied a “below” position,
closer of the cytoplasmic side (Figure 6).

To further investigate the stability of the
complex ligands-ABCG?2 and specific types
of interaction and other potential binding
modes, molecular dynamics (MD) simula-
tions were performed. The results were simi-
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lar to those observed by docking (see supple-
mentary information Figure 5). Mitoxantrone
acted similarly in the presence or absence of
an inhibitor, basically conserving the high fre-
quency of F439/N436 interactions. The bind-
ing free energies (AGoind) estimated revealed
that the binding of ivermectin or lopinavir
does not significantly alter the mitoxantrone
binding affinity (Figure 6A). Docking results
initially showed that the most common inter-
action between ABCG?2 transporter and mito-
xantrone involves a m-stacking with F439
(Figure 6). MD results confirmed this obser-
vation and mitoxantrone binding was mainly
favored by m-stacking interactions between
the anthracenedione core of mitoxantrone and

-100 4

-2004

AG gy (MM/GBSA)

F439, as well by H-bonds with N436 from
both subunits. The lack of interactions be-
tween mitoxantrone and ivermectin revealed
by docking results was further elucidated by
MD, which showed frequent water-mediated
H-bonds present between the tetrahydropyran
moiety of ivermectin and E446 (Figure 6B
and C). This amino acid residue also inter-
acted with lopinavir, indicating an important
role in the stabilization of these inhibitors in-
side the drug pocket in presence of mitoxan-
trone. Together, these results suggest an ab-
sence of overlap between inhibitors and mito-
xantrone, providing a plausible explanation
for the noncompetitive inhibition.
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Figure 6: Molecular docking and molecular dynamics simulations. (A) The violin plot shows calculated
binding affinity (kcal/mol) of MTX and MTX (+ inhibitor) complexes. (B) Bar chart, with interaction fre-
quency (fraction of simulation time) between important residues and each molecule. (C and D) Sticks
representation of three most prevalent populations of IVT (shades of orange), LPV (shades of yellow)
and MTX (shades of blue). Residues with frequent interactions are indicated with arrows. Oxygen and
nitrogen atoms are colored red and blue, respectively, and non-polar hydrogens are omitted. In the
center: Surface representation of 6VXI and ligands in State 1, indicating the DBC, delimited by the
leucine 554/555 plug (colored in pale green). MTX is mitoxantrone; LPV is lopinavir and IVT is ivermec-

tin.
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Furthermore, analysis of root-mean-
square deviation (RMSD) values via a clus-
tering algorithm showed three states in prox-
imity for each inhibitor, indicating a low var-
iation in terms of mobility inside the drug-
binding pocket of ABCG2 (Figure 6C and D).
These data suggest that binding of a second
molecule, in this case, an inhibitor, cannot
displace mitoxantrone from the DBC. In ac-
cordance, previous works of MD simulations
using cryo-EM obtained structures strongly
suggests that ligands can alter the protein con-
formation, allowing a simultaneous binding
of substrates and inhibitors (Nagy et al., 2020;
Yu et al., 2021).

Previous reports suggest that F439 is crit-
ical for the binding and stabilization of sub-
strates by clamping the molecule inside the
cavity (Gose et al., 2020), and mutations at
position 439 severely impair Hoechst 33342
and pheophorbide a (Gose et al., 2020). Inter-
estingly, the importance of N436 appears to
be more specific and dependent on the mole-
cule (Gose et al., 2020; Kowal et al., 2021), is
indispensable for mitoxantrone transport
(Guragossian et al., 2021). The importance of
E446 for ABCG2 function was also con-
firmed by mutagenesis studies (Khun-
weeraphong et al., 2017; Szolldsi et al., 2019).
Our data suggest that mitoxantrone binds to
the F436 region, while the inhibitors were
trapped between E446 residues, blocking the
proximity of transmembrane domains needed
for the catalytic cycle of transport mediated
by ABCQG2. This spatial configuration allows
these inhibitors to act as a wedge, preventing
the approach of transmembrane helixes nec-
essary to attain turnover conformations that
potentially precede substrate efflux to the ex-
tracellular space (Yu et al., 2021), but not
avoiding substrate accommodation inside the
DBC. However, a complete understanding of
the catalytic cycle and drug dislocation from
cavity 1 (drug binding pocket) to cavity 2
(above the L555), as well as the conforma-
tional changes induced by these inhibitors re-
quire additional studies.

CONCLUSION

Our results confirmed that lopinavir and
ivermectin are functional inhibitors of
ABCG2, P-gp and MRP1. Here, for the first
time, we characterize the molecular mecha-
nism of ABCG?2 inhibition by lopinavir and
ivermectin using cell-based and in silico ap-
proaches. Both drugs were not recognized as
substrates and did not affect the mRNA and
protein expression levels. In addition, lop-
inavir and ivermectin increased the binding of
antibody 5D3, such as the reference inhibitor
Ko143. Both compounds caused a noncom-
petitive inhibition, binding in a different site
than mitoxantrone, as also confirmed by mo-
lecular docking, dynamic simulations fol-
lowed by free energy calculations. Thus, the
data shows that lopinavir is a potent ABCG2
inhibitor at maximum plasma concentrations
and both lopinavir and ivermectin can be used
as scaffolds for the design more powerful
ABCG?2 inhibitors.
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