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Therapy resistance has long been considered to occur through the selection of pre-existing clones equipped to
survive and quickly regrow, or through the acquisition of mutations during chemotherapy. Here we show that
following in vitro treatment by chemotherapy, epithelial breast cancer cells adopt a transient drug tolerant
phenotype characterized by cell cycle arrest, epithelial-to-mesenchymal transition (EMT) and the reversible
upregulation of the multidrug resistance (MDR) efflux transporter P-glycoprotein (P-gp). The drug tolerant
persister (DTP) state is reversible, as cells eventually resume proliferation, giving rise to a cell population
resembling the initial, drug-naive cell lines. However, recovery after doxorubicin treatment is almost completely
eliminated when DTP cells are cultured in the presence of the P-gp inhibitor Tariquidar. Mechanistically, P-gp
contributes to the survival of DTP cells by removing reactive oxygen species-induced lipid peroxidation products
resulting from doxorubicin exposure. In vivo, prolonged administration of Tariquidar during doxorubicin
treatment holidays resulted in a significant increase of the overall survival of Brcal ~/~;p53~/~ mammary tumor
bearing mice. These results indicate that prolonged administration of a P-gp inhibitor during drug holidays
would likely benefit patients without the risk of aggravated side effects related to the concomitantly adminis-
tered toxic chemotherapy. Effective targeting of DTPs through the inhibition of P-glycoprotein may result in a
paradigm shift, changing the focus from countering drug resistance mechanisms to preventing or delaying
therapy resistance.

Introduction P-glycoprotein (ABCB1/P-gp), which keep cellular levels of chemo-

therapeutic drugs below a cell-killing threshold. Overexpression of P-gp

Therapy resistance remains a major impediment to successful treat-
ment of metastatic cancer. In addition to drug- and target-specific
mechanisms, cancer cells can develop simultaneous resistance to mul-
tiple, structurally unrelated compounds. Acquired multidrug resistance
is associated with the increased expression of drug transporters such as

has been observed in drug-resistant cell lines generated through expo-
sure to increasing concentrations of cytotoxic drugs. P-gp expression is
well-characterized in hematological malignancies, sarcomas, breast
cancer, and other solid cancers and is frequently correlated with poor
clinical response to chemotherapy (Szakacs et al., 2006). The role of
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cellular drug efflux in acquired resistance to chemotherapy was further
demonstrated in a genetically engineered mouse model of hereditary
triple-negative breast cancer (TNBC), which closely mimics many as-
pects of cancer in human patients (Duarte et al., 2018). Like most human
cancers, murine Brcal”;p53”~ tumors show initial sensitivity, but they
invariably acquire resistance to docetaxel, doxorubicin, topotecan, ola-
parib or Doxil (liposomal doxorubicin) treatments, based on the
increased expression of the Abcb1 or Abcg2 genes (Fiiredi et al., 2017a;
Rottenberg and Borst, 2012). TNBC is the most lethal subtype of human
breast cancer, characterized by early relapse and poor overall survival.
In lack of treatment options with targeted and biological agents
commonly used in other breast cancer subtypes, cytotoxic chemo-
therapy remains the only approved treatment of early TNBC, frequently
administered in the neoadjuvant setting. Unfortunately, residual disease
is detected at surgery in about 80 % of the cases, and this insensitivity to
chemotherapy is associated with a higher risk of recurrence, distant
metastasis and death compared to non-TNBC (Liedtke et al., 2008).
Protocols resulting in the highest possible remission rates are still being
determined. In the adjuvant setting, third generation chemotherapy
regimens utilizing dose-dense or metronomic polychemotherapy are
among the most effective tools presently available (Isakoff, 2010). Un-
fortunately, resistance to these therapies emerges quickly, and therefore
effective treatment of TNBC represents an unmet clinical need (Harbeck
et al.,, 2019). While P-gp is commonly overexpressed in TNBC (Zhao
et al, 2020), mechanisms underlying therapy resistance of
triple-negative breast cancer are not known. It is yet unclear whether
chemoresistance in TNBC is linked to genomic and/or nongenomic
mechanisms. Resistance often occurs through the selection of small
pre-existing subpopulations or through the acquisition of mutations
during chemotherapy (Russo et al., 2019). Alternatively, relapse may
depend on a critical subpopulation of drug tolerant persister (DTP) cells,
which undergo reversible phenotypic transitions to replenish the tumor
over and over again, until mechanisms ensuring stable drug resistance
emerge (Borst, 2012). DTP cells underlie minimal residual disease
(MRD), providing a reservoir for chemo-sensitive relapse and the
eventual emergence of heterogeneous drug-resistance mechanisms
(Ramirez et al., 2016). Studies performed on patient derived xenografts
indicated that resistance is mediated by nonselective mechanisms that
confer a reversible chemotherapy-tolerant state. Barcode-mediated
clonal tracking and genomic sequencing of PDX tumors established
from TNBC patients revealed that residual tumors consisting of DTP cells
give rise to sensitive tumors with similar transcriptomes, proteomes, and
histological features to those of untreated tumors (Echeverria et al.,
2019).

Recent studies have clarified the molecular underpinning of DTP
hallmarks that include slow proliferation, phenotypic plasticity, envi-
ronmental adaptation and altered metabolism (reviewed in (Shen et al.,
2020)). In addition to epigenetic reprograming (Liau et al., 2017;
Sharma et al., 2010), dormancy or slow proliferation is attributed to the
concerted downregulation of the Myc, mTOR and various cell-cycle
related pathways as well as the shutdown of protein synthesis, akin to
the transient pause of embryonic development triggered by unfavorable
environmental conditions (Rehman et al., 2021). DTP cells adopt a range
of phenotypes through EMT-related transitions and trans-differentiation
(Shen et al., 2020; Risom et al., 2018). Consistent with their slow pro-
liferation, DTP cells rely on mitochondrial respiration, autophagy and
peroxisomal fatty acid f-oxidation (Roesch et al., 2013). Because of the
increased mitochondrial respiration, DTPs are highly dependent on
anti-oxidative protection provided by the glutathione peroxidase GPX4
and more generally the thioredox detoxifying pathway, controlled by
the master regulator of redox homeostasis NRF2 (Aissa et al., 2021;
Hangauer et al., 2017; Viswanathan et al., 2017). In summary, DTPs
adopt evolutionary conserved programs orchestrating cellular stress
responses that favor cell survival in extreme conditions. In this work our
aim was to assess the relevance of P-gp, which is one of the best char-
acterized effectors of the evolutionary conserved cellular detoxification
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pathway. We show that the transient upregulation of the drug efflux
pump P-gp induced by doxorubicin is needed for the survival of DTP
cells, revealing a vulnerability that can be exploited by a clinically
available transporter inhibitor.

Materials and methods

Drugs

Cytotoxic drugs doxorubicin (TEVA), Olaparib (Selleckchem) and
cisplatin (Accord Healthcare) were purchased directly from the manu-
facturers. Tariquidar was a kind gift from Susan E. Bates (National
Cancer Institute).

Cell lines

The human breast cancer cell lines MCF7 (estrogen receptor (ER)
positive cell line derived from the pleural effusion of a breast adeno-
carcinoma), T47D (invasive breast carcinoma of no special type), and
MDAMB468 (TNBC), were obtained from the National Cancer Institute’s
Developmental Therapeutics Program (National Institutes of Health).
The A431 cell line was obtained from ATCC. ABCB1 was expressed in
A431 and MCF?7 cells by lentiviral transduction (Cserepes et al., 2020;
Pape et al., 2015). Functional expression of ABCB1 was confirmed by
flow cytometry analysis (Supplementary Figure 12). Extra attention was
paid to preserve sterility of the long-term repopulation assays. The cell
lines were cultured in RPMI media (Life Technologies) supplemented
with 10 % fetal bovine serum, 5 mmol/L glutamine, and 100 units/mL
penicillin and streptomycin (Life Technologies), using disposable sero-
logical pipettes. All cell lines were cultured at 37 °C, 5 % CO2.

In vitro cytotoxicity assay

Viability was assessed by the PrestoBlue® assay (Life Technologies,
USA), according to the manufacturer’s instructions. Briefly, cells were
plated in 96-well plates, treated in the given concentration range with
the indicated compounds for 120 h to determine IC3q values for treat-
ment. Viability of the cells was measured spectrophotometrically using
an Infinite M200 microplate reader (Tecan Life Sciences). Curves were
fitted by Graph Pad Prism 5 software using the sigmoidal dose-response
model. Curve fit statistics were used to determine ICsg and IC3q values.
Differences between the IC values were analyzed by two-sided unpaired
Student’s t test and results were considered statistically significant at a P
value of <0.05 (*) or 0.01 (**).

UO126 treatment

Cells (8 x 10° in the case of MCF7, 10° in the case of MDAMB468 and
T47D) were plated in T25 flasks and were kept in RPMI media (Life
Technologies) supplemented with 10 % fetal bovine serum, 5 mmol/L
glutamine, and 100 units/mL penicillin and streptomycin (Life Tech-
nologies) for 24 h before 15 pM UO126 was added to the cultures. An
hour after adding UO126, half of the flasks received an additional
doxorubicin treatment (MCF7: 220 nM, T47D: 120 nM, MDAMB468: 50
nM). Those cultures which were pretreated with UO126 on day 1,
received a second treatment of 15 pM UO126 on day 3. On day 4 cultures
treated with doxorubicin only, or in combination with UO126 were
collected and 10° cells per condition were stained against ABCB1
(MRK16, Kamiya Biomedical, 1:200) or mouse IgG2a isotype control
(Santa Cruz Biotechnology, sc-3878) with Goat anti-Mouse IgG2a-PE
secondary antibody (ThermoFisher Scientific, P-21139) for flow
cytometry.

Establishment of the G1-mCherry expressing MCF7 cell line

Viral particles were generated in HEK293 cells by co-transfection of
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pRetroX-G1-mCherry-puro (encoding the G1-phase cell cycle indicator
mCherryhCdtl) purchased from Takara (cat#631463), with the helper
plasmids pVSV-G (Clontech) and p-gag-pol-gpt (Markowitz et al., 1988).
Supernatants were used to transduce MCF7 cells grown to 50 % con-
fluency in 6-well plates. Cells were selected with 0.8 pg/mL puromycin
for 10 days, and transgene expression was monitored under an epi-
fluorescent microscope (Nikon Eclipse).

Live-cell microscopy

5 x 10* MCF7-G1-Red cells/well were seeded in 24 well plates 24 h
before treatment. 220 nM doxorubicin (DOX), 130 uM cisplatin (CIS) or
200 uM Olaparib (OLA) were added to the cells for 120 h and live-cell
fluorescent imaging was performed using a JuLl Stage automated mi-
croscope (NanoEntek) inside a standard cell incubator. Images were
taken every 30 min.

CytoTell cell proliferation assay

CytoTell Green (AAT Bioquest) working solution was added to non-
treated or DOX-treated MCF7 cells on day 12 (D5 + 1). After incubating
the cells on 37 °C for 30 min, CytoTell was replaced with culture media.
On D5 + 1 and D5 + 9 cells were collected for flow cytometry analysis.
Fluorescence signal was measured using an Attune NXT flow cytometer,
dead cells were excluded from analysis based on Zombie Violet Viability
Dye (Biolegend).

Immunocytochemistry

Cells (3 x 10* in the case of MCF7 and MDAMB468 or 4 x 10 in the
case of T47D) were plated in 8-well chambers (Eppendorf), 24 h later
treatment was applied and after 24 h (for H2AX staining), five (for H2AX
or ECAD staining), seven (for ABCB1 staining) days or at repopulation
(for ECAD and H2AX staining) cells were fixed with 4 % para-
formaldehyde for 15 min at room temperature. Control/untreated cells
were left to grow for 6 days before fixation. For membrane staining cells
were incubated with WGA-Alexa Fluor 488 (Invitrogen) for 30 min at
37 °C before fixation. Following fixation two washing steps were applied
with Dulbecco’s modified phosphate-buffered saline (DPBS) and cells
were treated with blocking solution (DPBS containing 2 mg/mL BSA, 5
% goat serum and 0.1 % Triton-X 100) for 1 h at 4 °C. The samples were
then incubated for 3 h at 4 °C with anti-ABCB1 antibody (MRK16,
Kamiya Biomedical, 1:200) or anti-E-cadherin antibody (DECMA-1,
Abcam, 1:100) or anti-Vimentin antibody (E-5, Santa Cruz Biotech-
nology, 1:100) in blocking solution. For DNA damage staining anti-
Phospho-Histone H2A.X (3F2, ThermoFisher Scientific, 1:500) was
used in blocking solution for 1 h at 37 °C. Specifically for staining with
the anti-ABCG2 antibody (5D3, BD Pharmingen, 1:200) cells were pre-
treated with 5 pM Ko143 for 5 min at 37 °C and Triton-X 100 was
omitted from the blocking solution. After washing with DPBS, the cells
were incubated for 1 h at 4 °C with Alexa Fluor 488-conjugated goat
anti-mouse IgG antibody (Invitrogen) in case of ABCG2, Vimentin and
H2AX; with Alexa Fluor 488-conjugated goat anti-mouse IgG2a anti-
body in case of ABCB1, and with Alexa Fluor 546 conjugated goat anti-
rat IgG antibody in case of E-cadherin. Secondary antibodies were
diluted in blocking solution (1:250). Nuclei were stained with DAPI
(Invitrogen). The stained samples were examined by a Zeiss LSM 700
confocal laser scanning microscope.

Western blotting

Cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1
% Nonidet P40, 1 % Na-deoxycholate, 1 mM EDTA, 1 mM NagVOy, 25
mM NaF) supplemented with Complete protease inhibitor cocktail
(Roche). Equal amounts of lysates were analyzed by SDA-PAGE after
total protein quantification by Bradford protein assay (Bio-Rad).
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Proteins were transferred onto PVDF membranes (Immobilon®-P); the
identity of the bands were revealed by phosphoErkl/2, Erkl/2 and
Hsp90 primary antibodies (Cell Signaling Technology) and HRP-coupled
secondary antibodies (Jackson ImmunoResearch). Blots were developed
using Clarity ECL Substrate and Chemidoc Touch device (Bio-Rad) and
analyzed in ImageLab software (Bio-Rad).

RNA isolation and RT-PCR

Cells were collected in TRIzol™ Reagent (Life Technologies). Total
RNA was isolated using Direct-zol® MiniPrep kit (Zymo Research) ac-
cording to the manufacturer’s guidelines. In-column DNAse I treatment
was applied to prevent DNA contamination. cDNA samples were pre-
pared from 1 pg total RNA using the Promega Reverse Transcription
System Kit. The Pre-Developed TagMan® assay Ribosomal Protein
Lateral Stalk Subunit PO (RPLPO, Life Technologies) was used as
endogenous control in real-time qPCR experiments; mRNA levels were
quantified by TagMan® primers. Real-time PCR analyses were carried
out using the StepOne™ Real-Time PCR System (Life Technologies);
mRNA fold changes were determined using the 2722t method. Relative
mRNA levels are presented as mean values + SD of 3 independent
experiments.

In vivo experiments

All animal protocols were approved by the Hungarian Animal Health
and Animal Welfare Directorate according to the EU’s most recent di-
rectives. All surgical procedures were performed according to the
Committee on the Care and Use of Laboratory Animals of the Council on
Animal Care at the Institute of Enzymology, Research Centre for Natural
Sciences in Budapest, Hungary (22.1/2291/3/2010).

Tissue pieces (1-2 mm in diameter) obtained from Breal™” ';p53'/ “and
Brcal”;p53”;Abcbla/b”” FVB mouse mammary tumors (a kind gift
from Sven Rottenberg, NKI) were transplanted orthotopically into the
mammary fat pad of wild type female FVB mice (Harlan) under anes-
thesia (20 mg/kg zolazepam, 12.5 mg/kg xylazine, 3 mg/kg butorpha-
nol, 20 mg/kg tiletamine) (Hamori et al., 2020). The tumor size was
monitored at least 3 times per week by caliper measurements after the
tumors became palpable. Tumor volume was calculated using the V =
(lengthxwidthz)/z formula. When the volume of the tumors reached
~200 mm?, DOX treatment was initiated using the maximum tolerable
dose (MTD, 5 mg/kg iv respectively) alone or in various combinations
with ABCBI1 inhibitor Tariquidar (15 mg/kg iv). Treatments using the
MTD were repeated every 10 days unless the size of the tumors
decreased to 50 % of its original volume. In that case treatment was
repeated when the tumor relapsed to its original size. Animals were
sacrificed when the tumor volume reached ~3000 mm®.

Calcein AM assay

Calcein AM assay was performed to assess P-gp function in cells
isolated from mouse mammary tumors as described before (Fiiredi et al.,
2017b). Briefly, pieces from a freshly removed tumor were transferred to
a 50-mL conical tube containing 20 mL of 200 U/mL type IV collagenase
and 0.6 U/mL dispase (Life Technologies) in completed DMEM and
digested for 2 h at 37 °C with vortexing every 15 min for 1 min. The cell
suspension was filtered through a 70-mm nylon filter insert (BD Bio-
sciences) and centrifuged for 5 min at 300g. The supernatant was
removed, the pellet was dissolved in completed DMEM/F-12 and viable
cell number was determined using a TC-10 cell counter (Bio-Rad). 250,
000 isolated primary tumor or A431 cells were incubated with 0.25
mmol/L calcein AM (Dojindo Molecular Technologies) with or without
10 umol/L verapamil for 10 min at 37 °C. Cells were washed with
ice-cold PBS, and calcein accumulation was measured with a FACS-
CANTO II flow cytometer. Dead cells were excluded based on TO-PRO3
(Life Technologies) positivity.
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Lipid peroxidation imaging Lysis Buffer with BHT. Samples were centrifuged for 10 min at 13.000g
and the supernatant were transferred into a microcentrifuge tube.
Lipid peroxidation in A431 and A431-ABCB1 cells was detected Samples were treated with TBA, incubated for 1 h at 95 °C then fluo-
using the Click-iT Lipid Peroxidation Imaging kit (Thermo Fisher Sci- rescence was measured using 532 nm excitation and 553 nm emission
entific) according to the manufacturer’s guidelines. Briefly, 10° cells using an Enspire multimode plate reader (Perkin Elmer).
were plated on 24-well plates and incubated overnight at 37 °C and 5 %
CO,. Linoleamide alkyne (LAA) reagent was added to the cultures in
complete growth medium and immediately followed by 10 mM AAPH
(2,2'-Azobis(2-methylpropionamidine) dihydrochloride) treatment with
or without 1 pM Tariquidar. After a 24-hour treatment cells were washed
twice with PBS, fixed with 4 % PFA for 15 min, permeabilized with 0.5 %
Triton® X-100 for 10 min and blocked by 1 % BSA-PBS for 30 min at
room temperature. Cells were then incubated with Click-iT reaction
cocktail containing Alexa Fluor 488 for 30 min to detect lipid peroxi-
dation product of LAA, washed with PBS and imaged with JuLlI Stage
automated microscope.

Glutathione peroxidase assay

Glutathione peroxidase activity was measured using the Glutathione
Peroxidase Assay Kit (Sigma) according to the manufacturer’s protocol.
Briefly, untreated and DOX or DOX+TQ treated cells were harvested at
Day 5, homogenized in ice-cold PBS with a Dounce tissue grinder,
centrifuged at 14.000 g for 10 min, and the clear supernatant was snap-
frozen and stored at —-80 °C until further use. 10 pl of the thawed su-
pernatant was mixed with 90 ul Working Reagent and 100 ul Substrate
Solution and immediately measured at 340 nm in absorbance mode with
a EnSpire (Perkin Elmer) multimode plater reader. All experiments were

Malondialdehyde (MDA) assay performed at least 3 times.

The assay was performed according to the manufacturer’s guide- ROS determination using DCFDA
lines. Briefly, A431, A431-B1, MCF7 and MCF7-B1 cells were treated
with 10 mM AAPH for 48 h and 10° cells were homogenized in MDA Generation of reactive oxygen species was quantified by the
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Fig. 1. Repopulation of breast cancer cell cultures from a reservoir of DTP cells following in vitro treatment with doxorubicin (DOX), cisplatin (CIS) or Olaparib
(OLA) (A) Schematic representation of the established in vitro assay designed to study the drug-tolerant persister state. T47D cells were treated with IC39 DOX for 5
days; surviving cells were followed in drug-free medium. Cell numbers were determined using a TC-10 automated cell counter. (B) Immunofluorescence detection of
DNA damage of breast cancer cells treated for 5 days with the IC3o concentrations of the indicated drugs. Nuclei were stained with DAPI (blue); double stranded
breaks were detected by a phospho-H2AX antibody (green). Scale bar: 10 um. (C) Phase contrast images showing morphological changes during the adaptation phase
(5 days after drug treatment). (D) Cell divisions monitored by the CytoTell fluorescent label-dilution assay over 8 days. MCF7 cells were treated with DOX for 5 days;
baseline fluorescence of the persister cells was recorded by flow cytometry one day after the removal of the drug (D5 + 1 DOX, purple). Baseline fluorescence of
untreated cells was recorded at similar confluency (D5 + 1 CTRL, red). Fluorescence of DOX-treated (D5 + 9 DOX, blue) and control (D5 + 9 CTRL, green) cells was
recorded 8 days later. (E) Image-based cell cycle profiling of MCF7 cells expressing the G1-phase indicator mCherry-hCdt1 after treatment with IC3, concentrations of
the indicated drugs for 5 days. The proportion of cells in G1 phase was determined by video microscopy (see Supplementary Fig. 2 and Supplementary Video 1 for
more details). (F) Repopulation time of breast cancer cells after treatment with IC3o concentrations of DOX, OLA or CIS.
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Dichlorodihydrofluorescein diacetate (DCFDA) assay, using the Cellular
ROS Assay Kit (Abcam). Briefly, 10° cells were treated with either DOX
or DOX+TQ for 5 days and further cultured for 2 additional days in drug-
free medium. Both 5- and 7-day samples were investigated by staining
cells with 20 uM DCFDA for 4 h in a 37 °C water bath (Pape et al., 2021).
Samples were analyzed by an Attune flow cytometer. As a positive
control, cells were treated with 50 uM tert-butyl hydrogen peroxide
(t-BHP) for 3.5 h after DCFDA staining. Untreated cells served as nega-
tive controls.

Results
Establishment of an in vitro assay to study drug-induced persister cells

To model acute drug response and to generate DTP cells, we estab-
lished an in vitro assay using three human epithelial breast cancer cell
lines. MCF7, T47D and MDAMB468 cells were treated with doxorubicin
(DOX), cisplatin (CIS) or Olaparib (OLA). To simulate high-dose
chemotherapy, the protocol consisted of a single, high-dose (IC3p)
treatment lasting for 5 days, which killed the majority of cells (Fig. 1A,
Supplementary Fig. 1A,B). Following the addition of drugs, three phases
were distinguished based on microscopic imaging. Within the first 2
days of treatment, cells showed significant DNA damage, which was
accompanied by massive cell death, a loss of epithelial cobblestone-
morphology, and the appearance of individual spindle-shaped cells
(adaptation phase, Fig. 1B,C). Following drug removal, the medium was
replaced weekly to monitor surviving cells in the persister phase. Live
cell video microscopy revealed that cells progressively accumulated in
G1 phase, resulting in complete growth arrest (Fig. 1 D,E Supplementary
Fig. 2, Supplementary video 1). DTP cells remained quiescent for several

MDAMB468

MDAMB468

MDAMB468 MCF7 T47D

DOX | OLA CIs | DOX | OLA CIS | DOX | OLA cis
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Weak upregulation (1.6-2.5)
Medium upregulation (2.5-5)
Strong upregulation (2.5-5)
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weeks, until some of the dormant cells suddenly reentered the cell cycle
to give rise to new cell clones (“clonal expansion”). Because of the
extremely long persister phase, repopulation of the flasks from the DTP
cells occurred in 1-2 months (Fig. 1F).

Short-term, high-dose drug exposure leads to EMT-like changes and the
expression of P-glycoprotein in a subpopulation of human breast cancer
cells

Since changes occurring during the adaptation phase may contribute
to long-term survival, we further characterized the emerging pheno-
types. In all treatment groups, surviving cells exhibited significant
morphological changes reminiscent of epithelial-mesenchymal transi-
tion (EMT). Disintegration of the tight epithelial colonies was accom-
panied by the internalization of E-cadherin (Fig. 2A) and a differential
expression of EMT transcription factors (Fig. 2B, Supplementary Fig. 3).
Treatment with DOX resulted in the upregulation of EMT transcription
factors including SNAIL1, SNAIL2, TWIST and ZEB, as well as the
increased mRNA expression of Vimentin and N-cadherin (CDH2).
Similarly, treatment with OLA and CIS resulted in the upregulation of
EMT transcription factors, but the extent and pattern of the changes was
cell-line dependent. Long-term selection of cells in chemotherapeutics
that are effluxed by MDR pumps almost invariably leads to the over-
expression of ABCB1/P-gp or ABCG2 (Szakacs et al., 2006). To charac-
terize the expression of the transporters, persister cells were analyzed by
immunostainings (Fig. 2C, Supplementary Fig. 4). While the expression
of ABCB1 was undetectable in treatment-naive cells, treatment with
DOX or OLA resulted in the upregulation of P-gp in a small subpopula-
tion of persister cells. In contrast, CIS, which is not recognized by the
transporter, failed to induce the expression of P-gp (Fig. 2C). Addition of
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Fig. 2. Chemotherapy induces EMT and ERK-dependent upregulation of P-gp. (A) Immunofluorescent staining of breast cancer cells showing the internalization of E-
cadherin (red) from the cell membrane (green) during the adaptation phase. Images were taken after 5 days of treatment with the indicated drugs; nuclei were
stained with DAPI (blue). Scale bar: 10 um. (B) Heat map showing the fold change of master EMT regulator genes 5 days after drug treatment. (C) Immunofluo-
rescence images showing ABCB1/P-gp expression (green) 7 days after treatment with the indicated drugs. Nuclei were stained with DAPI (blue). Scale bar: 50 pm. (D)
Western blot analysis of ERK1/2 activity in all cell lines after 4 days of DOX treatment in the presence or absence of the MEK inhibitor UO126. Hsp90 was used as
loading control (E) Percentage of P-gp positive cells revealed by flow cytometry after 4 days of DOX treatment in the presence or absence of UO126.
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the MAPK/ERK inhibitor U0126 significantly decreased the ratio of P-gp
positive cells, confirming the link of Mitogen-Activated Protein Kinase
pathways in the doxorubicin-induced upregulation of P-gp (Shukla
et al., 2010) (Fig. 2D,E and Supplementary Fig. 5), while OLA did not
induce the activation of the ERK pathway (Supplementary Fig. 6).

Awakening of drug tolerant persister cells gives rise to cells resembling the
drug-naive phenotype

Following several weeks of persistence, flasks became rapidly repo-
pulated with the re-awakening of dormant cells. In contrast to the
extensive phenotypic changes observed in the adaptation and persister
phase, reemerging cells showed the initial epithelial phenotype
observed prior to the treatment (Fig. 3A). Significantly, the surge of P-gp
expression observed in a subset of DTP cells also proved to be transient
and reversible, as P-gp expression could no longer be detected in the
repopulated cells (Fig. 3B). Accordingly, repopulating cells were just as
sensitive to the applied chemotherapeutics as their treatment-naive
counterparts, proving that the survival of the populations was not
mediated by the selection of preexisting resistant cells (Fig. 3C).
Following the uniform H2AX-positivity of drug treated cells, the repo-
pulating clones did not exhibit any sign of DNA damage (Fig. 3D). Taken
together, results obtained in the in vitro repopulation assay suggested
that relapse after the toxic treatment is dependent on the survival of DTP
cells that acquire transient phenotypes, and the awakening of dormant
cells requires the efficient repair of the DNA.

MDAMB468
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Transient expression of P-gp promotes the survival of DTPs in DOX-treated
cells

Since P-glycoprotein was no longer detected in repopulating cells, we
wanted to evaluate the relevance of the transient surge of P-gp expres-
sion in the long-term survival of DTP cells. We therefore repeated the in
vitro repopulation assay in various combinations involving the specific
P-gp inhibitor Tariquidar (TQ), which is devoid of any effect on un-
treated cells. The long-term effect of TQ on drug-treated cells was
analyzed based on the repopulation times of replicate assays (Fig. 4A).
Consistent with the lack of P-gp expression in treatment-naive cells,
addition of TQ to the 5-day treatment protocols (DT) did not change the
average length of the persister phase, and did not influence survival in
short-term cytotoxicity assays (Supplementary Fig. 7). However, when
TQ was maintained after the removal of DOX (DT-T-T), repopulation
was significantly hindered. Surprisingly, when TQ was only added after
the removal of DOX (D-T-T), repopulation was eliminated in 3 of the 4
replicates (Fig. 4A). In the case of Olaparib and cisplatin, no significant
differences were found among the conditions. Together, these data show
that in the context of DOX treatment, the function of transiently
expressed P-gp is critical for the survival and/or the awakening of DTP
cells. Although TQ proved effective even after DOX had been removed, it
seemed plausible that inhibition of P-gp could influence the accumula-
tion of residual DOX that remained associated with the cells. Indeed,
flow cytometry analyses confirmed that all cells treated with doxoru-
bicin exhibited higher fluorescence emitted by the drug, which was
maintained in the surviving cells even after the removal of the drug.
However, addition of TQ during or after DOX treatment did not change
P-gp expression (Supplementary Fig. 8) or DOX fluorescence of the cells
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Fig. 3. Drug-tolerant persister cells exhibit transient phenotypes (A) Immunofluorescent staining of breast cancer cells showing localization of E-cadherin (red) in
drug-naive (top), DTP (at day 5, D5) and repopulated cells (Repop). E-cadherin internalization and the EMT-like morphology observed in DTPs is fully reversed in
repopulated cells. Scale bar: 20 um. (B) Percentage of P-gp positive cells in drug naive, DTP and repopulated breast cancer cell cultures. DOX/OLA-induced
expression of P-gp in a subset (4-8 %) of DTP cells is completely reversed in the relapsing cell population. (C) Average ICso values showing the in vitro sensi-
tivity of treatment-naive, CTRL) and repopulated (“Repop”) cells to the applied treatments. (D) Heat map showing the number of H2AX-positive foci per nucleus in
drug naive (CTRL 24 h), DTP (DOX/OLA/CIS 24 h) and repopulated (DOX/OLA/CIS Repop) breast cancer cell cultures. Cells show extensive DNA damage 24 h after
drug treatment, whereas repopulating cells are indistinguishable from samples before treatment. DNA damage was quantified by CellProfiler, counting H2AX-positive
foci in confocal microscopy images. The color gradient represents the number of cells detected.
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Fig. 4. Transient induction of P-gp by DOX is crucial for the long-term survival of drug-treated cells. (A) Curves showing the time required for cultures to repopulate
after different combination treatment protocols. DOX/OLA/CIS: drug treatment for 5 days, followed by the exchange of medium; DT: Tariquidar (TQ) added with the
applied drug for 5 days; DT-T-T: TQ added with the applied drug for 5 days, followed by two additional 3-day-long TQ treatments; D-T-T: drug treatment for 5 days,
followed by two additional 3-day-long TQ treatments. (B) Percentage of DOX-positive cells determined by flow cytometry in cells before treatment (CTRL), during
DOX treatment (day 3), and 2 days after removing DOX (day 7). (C) Simultaneous analysis of DOX content and ABCB1/P-gp expression levels by FACS before (Day 0)
and after 7 days of treatment with DOX. P-gp positive cells appearing at day 7 are confined to the upper right quadrant, indicating that they do not have reduced DOX
levels. (D) Quadrant statistics based on DOX content and P-gp expression of triplicate samples, as determined by FACS. Baseline levels represent treatment-naive cells
(day 0). Following treatment with DOX for 7 days (Day 1-7), the medium was exchanged and cells were further monitored without the drug (day 9 and 11). P-gp

expressing cells appearing at day 7 remain DOX-positive.

(Fig. 4B), and the subpopulation of DOX-treated cells expressing P-gp
did not show reduced DOX fluorescence (Fig. 4C,D). Together, these
results indicate that the residual DOX in DTP cells is not amenable to P-
gp mediated efflux.

Removal of toxic lipid peroxidation products by P-gp contributes to the
survival of DTPs

The role of free radicals and lipid peroxidation in the cytotoxicity of
DOX is well documented (Myers et al., 1977; Nabil Benchekroun and
Robert, 1992). Indeed, DOX-treatment induced the formation of reactive
oxygen species (ROS), which was however not influenced by TQ, indi-
cating that the drug-induced P-gp expression does not attenuate doxo-
rubicin’s primary toxicity (Fig. 5A, Supplementary Fig. 9), while OLA
failed to induce ROS accumulation (Supplementary Fig. 10). Hangauer
and colleagues have shown that the survival of DTPs is dependent on the
lipid hydroperoxidase GPX4, which plays a crucial role in the neutrali-
zation of toxic lipid peroxidation (LP) byproducts resulting from toxic
chemotherapy (Hangauer et al., 2017). In agreement with these results,
DOX-tolerant persister cells showed significantly increased GPX activity,
which was not influenced by the addition of TQ (Fig. 5B). Given the
protective role of P-gp in DTPs revealed by our experiments, we wanted
to test whether P-gp can mitigate the lethal effect of ROS-induced LP and
thus contribute to the long-term survival and eventual relapse of cancer
cells. As expected, treatment with 10 mM of the LP-inducing compound

AAPH resulted in an increase in the cellular concentration of malon-
dialdehyde (MDA), a toxic byproduct of lipid peroxidation. Interest-
ingly, increase of AAPH-induced MDA levels was significantly mitigated
by P-gp in MCF7-B1 (Supplementary Fig. 11) and A431-B1 cells (Fig. 5C)
overexpressing the transporter. Additionally, a 48-hour treatment with
10 mM AAPH completely eliminated parental cells, whereas the P-gp
expressing derivative was able to recover after the removal of AAPH,
eventually repopulating the flask following a brief persister phase.
Co-treatment with TQ prevented the survival of persisters and the
repopulation of the culture (Fig. 5D). As expression of P-gp (Supple-
mentary Fig. 12) or the presence of TQ (Supplementary Fig. 13) did not
influence the sensitivity of MCF7 and A431 cells towards the
LP-inducing compound AAPH, it could be excluded that these results
were a consequence of the efflux of AAPH by P-gp. Quantification of
lipid peroxidation byproducts (Fig. 5E) indicated that unless treated by
TQ, P-gp overexpressing cells survive AAPH treatment by removing lipid
peroxidation-derived toxic byproducts (Supplementary Fig. 14).

Prolonged administration of Tariquidar in drug-sensitive Brcal” ;p53”"
mouse mammary tumors increases response to doxorubicin treatment

Our results obtained in the in vitro repopulation assay suggested that
inhibition of P-gp in DTP cells can influence the outcome of DOX
treatment prior to the development of resistance. To test the strategy of
prolonged P-gp inhibition during the persister phase, Brcal ~/~;p53~/~
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Fig. 5. Expression of P-gp contributes to long-term survival by clearing the cells of toxic lipid peroxidation products (A) ROS accumulation in MCF7 and T47D cells
after 5 days of DOX treatment in the presence (DT) or absence (D) of Tariquidar. Control (CTRL): DCFDA fluorescence of untreated cells. (B) Glutathione peroxidase
(GPX) activity in MCF7 and T47D cells after 5 days of DOX treatment in the presence (DT) or absence (D) of Tariquidar. (C) Malondialdehyde (MDA) concentrations
in parental and ABCB1-expressing A431 cells with or without 10 mM AAPH treatment. (D) Repopulation assay of untreated (blue) and AAPH treated cells with and
without TQ. Cells were treated with 10 mM AAPH for 48 h (arrow). Following the removal of AAPH, A431 (light green) or A431-Blcells were allowed to recover in
the absence (dark green) or presence (red) of TQ.) (E) Extent of lipid peroxidation measured with the Click-iT Lipid Peroxidation Imaging kit (Thermo) at 24 h after

10 mM AAPH treatment.

mammary tumor bearing mice were treated with different combinations
of doxorubicin and Tariquidar (Fig. 6A, Supplementary Fig. 15).
Whereas saline- or TQ-treated mice had to be sacrificed within 20 days
of tumor engraftment, treatment with the maximum tolerated dose
(MTD) of doxorubicin increased the median survival of mice to 73 days.
Addition of TQ 30 min prior DOX treatment (TD) or repeated adminis-
trations of TQ during doxorubicin drug holidays (D-T-T) resulted in a
similar and significant increase in the relapse-free survival (Fig. 6B),
without any effect on the overall survival of mice (Fig. 6C). Strikingly, a
combined administration scheme of TQ 30 min after DOX treatment and
then continued during DOX drug holidays (DT-T-T) resulted in a further
increase of therapeutic efficiency, significantly prolonging relapse-free
and overall survival. Analysis of doxorubicin pharmacokinetics indi-
cated that the administration of Tariquidar following chemotherapy
does not result in increased doxorubicin accumulation in the heart and
liver (Supplementary Fig. 16). Importantly, treatment-naive tumor
pieces do not express P-gp (Fig. 6D), showing that TQ does not improve
the efficiency of treatment by inhibiting the efflux of DOX from preex-
isting MDR cells. Yet the effect was P-gp dependent, as tumors lacking
the Abcbla and Abcb1b genes did not benefit from the addition of TQ to
DOX treatment (Fig. 6E).

Discussion

Commonly used in vitro models of resistance rely on sequential drug
treatments with increasing drug concentrations. Typically, such models
reveal aberrations of the drug target pathways that confer advantage
under the selective pressure of chemotherapy (Venkatesan et al., 2017),
considered to occur through genetic selection of rare pre-existing clones
equipped to survive and quickly re-grow, or through a therapy-induced
increase in mutation rates (Russo et al., 2019). Recent focus on studying
resistance mechanisms has shifted from characterizing acquired resis-
tance to the study of resistance evolution, intratumoral heterogeneity,
clonal and phenotypical selection during therapy (Zhao et al., 2016). In
a seminal paper, Sharma and colleagues found that a subpopulation of
cancer cells can maintain viability under conditions where the majority
of the cancer is rapidly killed by the therapy (Sharma et al., 2010).
Persistence of drug tolerant cells is not linked to genetic heterogeneity or
de novo mutations. Rather, escape from drug-induced cell death and the
awakening of dormant DTPs are governed by non-genetic mechanisms
and adaptive phenotypes.

Here our aim was to characterize and evaluate transient phenotypes
during acute chemotherapy response and long-term survival of 3 breast
cancer cell lines with variable receptor status. Following a 5-day treat-
ment with lethal concentrations of chemotherapeutic agents that
resulted in overwhelming DNA damage across the cells (Figs. 1B, 3D),
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Fig. 6. Prolonged P-gp inhibition during doxorubicin treatment holidays increases relapse-free and overall survival in a clinically relevant mouse model of breast
cancer. (A) Schematic representation of the different treatment strategies. At each treatment cycle, mice were treated with the maximum tolerated dose of doxo-
rubicin without (DOX) or with (TD) the P-gp inhibitor TQ (TQ was administered 30 min prior to DOX). In the third group, TQ was administered 30 min after DOX
and was maintained at each treatment cycle with daily injections for additional 5 days (DT-T-T). In the fourth group, DOX was administered as a monotherapy,
followed at each treatment cycle with daily injections of TQ for 5 days (D-T-T). Treatment cycles were repeated when the tumors reached their initial volume. (B)
Relapse-free survival of treatment groups. (C) Overall survival of treatment groups. (D) Drug-naive tumors lack Abcbla revealed by the calcein assay. Verapamil (red)
has no effect on the accumulation of calcein (blue), suggesting lack of efflux mediated by P-gp. (E) Relapse-free and overall survival of mice bearing Abcb1-KO tumors

treated with either the DOX or DT-T-T protocol.

DTP cells appeared with characteristic hallmarks (Shen et al., 2020).
DTP cells remained dormant for 3-4 weeks (Fig. 1F), showing
wide-ranging phenotypic changes including EMT (Fig. 2). Consistent
with previous observations of reversible drug tolerance, repopulating
cells regained the phenotype and drug sensitivity of treatment-naive
cells (Fig. 3C). Similar results have been reported earlier, confirming the
induced expression of P-gp in early drug resistance phenotype
(Chaudhary and Roninson, 1993; Pisco et al., 2013). P-gp expression in
MDR cells is attributed to the selection of pre-existing multi-
drug-resistant cells, or the acquisition of complex genomic rearrange-
ments of the MDR1 regulatory region (Mickley et al., 1997). In DTP cells,
P-gp expression is induced by short term exposure to chemotherapeutic
compounds, as part of the general cellular response triggered by cellular
damage. A common trait of the applied chemotherapeutic agents is that
they act as intracellular poisons, targeting dividing cells. However,
transient upregulation of P-gp was detected only after treatment with
doxorubicin and Olaparib, while cisplatin had no effect. The induction
of detoxifying pathways is orchestrated by nuclear receptors and tran-
scription factors that recognize xenobiotics and their metabolites as li-
gands (Chen et al., 2012). These regulatory processes converge to select
for the most efficient set of proteins to protect the cells (Toth et al.,
2015). In that frame, lack of P-gp induction following cisplatin

treatment can be explained by the fact that Olaparib (Lawlor et al.,
2014) and doxorubicin are P-gp substrates, while cisplatin is not
recognized by the ABCB1 pump (Szakacs et al., 2004). Chemotherapy
often produces cellular ROS, which in turn activates the collaboration of
antioxidant factors with drug transporters (Liu et al., 2020; Mirzaei
et al., 2022). The promoter of the ABCB1/P-glycoprotein gene contains
several binding sites for transcription factors that respond to oxidative
stress, hypoxia, xenobiotics and drugs (Scotto, 2003). It is also well
established that EMT transcription factors and ERK phosphorylation can
upregulate the expression of MDR transporters (Li et al., 2009; Saxena
et al.,, 2011; Wang et al., 2014). In particular, the ERK-inhibitor U0126
was shown to fully reverse MDR by promoting the degradation of P-gp,
without any effect on its biosynthesis (Katayama et al., 2007). By
inhibiting the ERK pathway we efficiently prevented the
doxorubicin-induced surge of P-gp expression, proving the link between
ERK activation and P-gp expression in DTP cells (Fig. 2E).
Conventional wisdom would suggest that P-gp is upregulated to rid
cells of drugs. Extended inhibition of P-gp in MDR cells beyond the
removal of the drug from the culture medium was shown to significantly
increase the effectiveness of the therapy (Nanayakkara et al., 2019).
However, our results indicate that the benefit of P-gp expression in drug
tolerant persister cells is not linked to drug efflux, as cells expressing
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P-gp did not show decreased doxorubicin content (Fig. 4B), and the
addition of TQ during or after DOX treatment did not change cellular
fluorescence (Fig. 4C,D). Recent studies have revealed redox signaling as
a major regulator of DTP cells (Oren et al., 2021; Zhang et al., 2023).
Importantly, pharmacological inhibition of NRF2 or GPX4 was shown to
prevent reactivation of dormant cells, indicating that the adaptive
antioxidant response of DTP cells is a targetable trait (Fox et al., 2020;
Wang et al., 2023). Based on reports suggesting that (i) P-gp can
transport highly toxic oxidized lipids (Helvoort et al., 1996; Masuda
et al., 2008); and (ii) the therapy resistant state is dependent on the lipid
peroxidase pathway (Viswanathan et al., 2017), we hypothesized that
P-gp promotes survival by clearing DTP cells of oxidatively fragmented
membrane phospholipids. Indeed, P-gp expressing cells proved to be
resistant to lipid peroxidation, and were sensitized to oxidizing agents
by the P-gp inhibitor Tariquidar (Fig. 5). Although P-gp was also
induced by a short-term treatment with Olaparib, addition of Tariquidar
did not have any effect. Similarly, inhibition of P-gp in
paclitaxel-induced persister cells did not translate into inhibition of
secondary resistance to EGFR-TKIs (Aldonza et al., 2020). However,
since PARP-inhibition is associated with the decrease, rather than the
increase of ROS (Ahmad et al., 2019; Jagtap and Szabo, 2005) (Sup-
plementary Fig. 10), inhibition of P-gp function is not expected to have
any influence on the survival of Olaparib-induced DTP cells.

Inhibiting drug efflux has been long hypothesized as a means to
improve treatment outcome of multidrug resistant cancer. Unfortu-
nately, clinical trials conducted with third-generation inhibitors such as
Tariquidar have failed to demonstrate benefit (Cripe et al., 2010). The
disappointing results led to the discontinuation of the development of
inhibitors, even though recent studies have provided further evidence in
support of the relevance of ABC transporters in the clinical drug resis-
tance of at least a subset of cancers (Robey et al., 2018). In the trials,
inhibitors were typically administered an hour before the start of
chemotherapy to reach maximum inhibitory effect preventing the
cellular efflux of the anticancer drugs (Cripe et al., 2010; Fox et al.,
2015). Unfortunately, this protocol significantly increased the toxic side
effect of the concomitantly administered chemotherapy due to the in-
hibition of P-gp activity in pharmacological barriers such as the
blood-brain-barrier. The K14cre;Breal™F;p53"F mouse model of hered-
itary breast cancer has been successfully used to study mechanisms of
acquired resistance (Rottenberg and Borst, 2012). Orthotopically
transplanted Brca/p53-deficient tumors develop mammary adenocar-
cinomas that retain histomorphological features, molecular character-
istics and the drug sensitivity profile of the original model (Rottenberg
et al., 2007). As treatment-naive tumors do not express P-glycoprotein
(Fig. 6D), they initially respond to treatment with the maximal tolerated
dose of doxorubicin. However, after multiple treatment cycles, the tu-
mors always acquire resistance based on the increased expression of
Abcbl (Rottenberg et al., 2007). In the same model, administration of
Tariquidar 30 min prior to chemotherapy was shown to resensitize
multidrug resistant tumors, while Tariquidar alone had no effect on
tumor growth (Rottenberg et al., 2008). Our in vitro experiments indi-
cating that inhibition of P-gp function following the removal of doxo-
rubicin can prevent the long-term survival of DTP cells (Fig. 4),
prompted us to test a new therapeutic protocol, in which Tariquidar is
administered prior to the onset of MDR. Our earlier results indicated the
rapid decay of doxorubicin plasma levels (doxorubicin levels cannot be
detected 3 h after intravenous injection (Fiiredi et al., 2017a; Kannan
et al., 2020), which allowed us to administer Tariquidar without the risk
of potentially toxic pharmacodynamic interactions with doxorubicin
(Supplementary Fig. 16). Administration of Tariquidar during doxoru-
bicin treatment holidays resulted in a significant increase in the overall
survival of mice (Fig. 6). To test whether the effect of Tariquidar is
indeed linked to the inhibition of P-gp function, we repeated the ex-
periments with P-gp deficient tumors. P-gp—deficient mice carrying
spontaneous mammary tumors cannot be treated with the MTD of
doxorubicin because P-gp contributes to the protection of
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pharmacological sanctuaries (Schinkel et al., 1994). However, the tu-
moral role of P-gp can be studied by engrafting wild-type mice with
Brcal ™' ~;p53~/7;Abcbla/b™’~ tumors, as lack of P-gp does not affect the
latency or morphology of the tumors. Similarly to published results
(Rottenberg et al., 2012), P-gp deficient tumors were hypersensitive to
doxorubicin treatment, even if tumors eventually acquired resistance.
Significantly, administration of Tariquidar did not have any effect,
providing strong evidence that the prolonged survival of P-gp proficient
tumors treated by the preemptive Tariquidar protocol is due to the in-
hibition of P-glycoprotein function.

Taken together, these results demonstrate that P-gp inhibitors can
have a beneficial effect before the onset of doxorubicin resistance, via a
mechanism unrelated to the inhibition of drug efflux. While P-gp in-
hibitors such as Tariquidar or Zosuquidar did not provide clinical benefit
due to enhanced toxicity of coadministered anticancer drug(s), third-
generation inhibitors devoid of intrinsic pharmacological activity have
successfully passed early-phase trials, providing ample evidence of their
clinical safety. Although a multitude of potential therapeutic approaches
to target cancer persistence have been postulated, as yet none has been
successfully translated into clinical use (Shen et al., 2020; Fong et al.
2021). The Brca/p53-deficient mammary tumor model recapitulates
several key features of human BRCA1l-associated breast cancer, and is
therefore considered to be a good predictor for clinical responses of
BRCA1-deficient cancers (Liu et al., 2007). Based on the results pre-
sented in this manuscript we suggest that a new therapeutic regimen,
comprising of the prolonged administration of a P-gp inhibitor during
drug holidays would likely benefit patients without the risk of aggra-
vated side effects related to the concomitantly administered toxic
chemotherapy. Understanding which tumor subtypes have a propensity
for cell-state plasticity, whether specific therapeutics trigger DTP tran-
sitions, and what targetable epigenomic processes underlie these tran-
sitions will be critical steps to improving management of heterogeneous
breast tumors (Risom et al., 2018; Musyuni et al., 2022). Effective tar-
geting of DTPs will result in a paradigm shift, changing the focus from
countering drug resistance mechanisms to preventing or delaying ther-
apy resistance, leading to improved treatments of patients.
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