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Abstract
Background

P-glycoprotein (P-gp), a member of the ATP Binding Cassette B1 subfamily (ABCB1), confers resistance
to clinically relevant anticancer drugs and targeted chemotherapeutics. However, paradoxically P-
glycoprotein overexpressing drug resistant cells are “collaterally sensitive” to non-toxic drugs that
stimulate its ATPase activity.

Methods

Cell viability assays were used to determine the effect of low concentrations of tamoxifen on the
proliferation of multidrug resistant cells (CHORC5 and MDA-Doxo400), expressing P-gp, their parental cell
lines (AuxB1 and MDA-MB-231) or P-gp-CRISPR knockout clones of AuxB1 and CHORC5 cells. Western
blot analysis was used to estimate P-gp expression in different cell lines. Apoptosis of tamoxifen-induced
cell death was estimated by �ow cytometry using Annexin-V-FITC stained cells. Oxidative stress
tamoxifen treated cells was determined by measuring levels of reactive oxygen speci�es and reduced
thiols using cell-permeant 2',7'-dichlorodihydro�uorescein diacetate (H2DCFDA) and 5,5-dithio-bis-(2-
nitrobenzoic acid) DTNB, respectively.

Results

In this report, we show that P-gp-expressing drug resistant cells (CHORC5 and MDA-Doxo400) are
collaterally sensitive to the anti-estrogen tamoxifen or its metabolite (4-hydroxy-tamoxifen). Moreover, P-
gp-knockout clones of CHORC5 cells display complete reversal of collateral sensitivity to tamoxifen. Drug
resistant cells exposed to low concentrations of tamoxifen show signi�cant rise in reactive oxygen
species, drop of reduced cellular thiols and increased apoptosis. Consistent with the latter, CHORC5 cells
expressing high levels of human Bcl-2 (CHORC5-Bcl-2) show signi�cant resistance to tamoxifen. In
addition, the presence of the antioxidant N-acetylcysteine or P-gp ATPase inhibitor, PSC-833, reverse the
collateral sensitivity of resistant cells to tamoxifen. By contrast, the presence of rotenone (speci�c
inhibitor of mitochondria complex I) synergizes with tamoxifen.

Conclusion

This study demonstrates the use of tamoxifen as collateral sensitivity drug that can preferentially target
multidrug resistant cells expressing P-gp at clinically achievable concentrations. Given the widespread
use of tamoxifen in the treatment of estrogen receptor-positive breast cancers, this property of tamoxifen
may have clinical applications in treatment of P-gp-positive drug resistant breast tumors.

Introduction
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Clinical drug resistance, intrinsic or acquired, remains an obstacle in the treatment of cancer patients with
chemotherapeutic drugs 1–3. P-glycoprotein (P-gp or ABCB1), a member of a large family of ATP Binding
Cassette (ABC) transporters, mediates the active e�ux of anticancer drugs 4. P-gp is expressed on the cell
surface in normal tissues and organs, where it mediates the secretion of xenobiotic and normal cell
metabolites 5. Increased P-gp expression in tumors post chemotherapeutic treatment have been shown in
several cancers 6. Moreover, its expression in tumors from breast, neuroblastoma and lung cancers have
been associated with poor prognosis and patient outcome 7,8. Clinical trials using increasingly more
potent and speci�c inhibitors of P-gp drug e�ux function (1st to 3rd generation MDR-reversing drugs)
have been largely unsuccessful due to unacceptable toxicity, when combined with cytotoxic anti-cancer
drugs, likely due to altered drug pharmaco-kinetics 9,10. Consequently, attempts to block P-gp drug e�ux
function in the clinic has been discontinued despite the role of P-gp in tumor response to
chemotherapeutic drugs 7,8.

Earlier reports, using drug resistant cells expressing P-gp, were shown to be “hypersensitive or collaterally
sensitive” to calcium channel blockers and other membrane active compounds 11–13. We have recently
shown that the collateral sensitivity of resistant cells to these drugs is dependent on P-gp expression and
activity, whereby stimulation of its ATPase activity triggers a rise in reactive oxygen species (ROS) leading
to heightened oxidative cell death of resistance cells 14–17. Multidrug resistant cells were also shown to
be collaterally sensitive to ROS generating compounds (e.g., NSC-73306) that do not stimulate P-gp
ATPase 18, but trigger oxidative cell death conditional on P-gp expression and basal ATPase activity.
Although P-gp-dependent collateral sensitivity has been described in several tumor cell lines with intrinsic
or acquired MDR phenotype 15,19, certain MDR cell lines do not show P-gp-dependent collateral sensitivity.
To evaluate the prospect of using collateral sensitivity drugs in the treatment of drug resistant cancers, it
was of interest to identify non-toxic and clinically approved drugs that can trigger P-gp-dependent
collateral sensitivity. Based on the working hypothesis of P-gp-dependent collateral sensitivity 14–17, we
examined the ability of tamoxifen as a collateral sensitivity drug for two reasons: a) tamoxifen has been
previously shown to activate P-gp ATPase at clinically achievable concentration 20,21, and b) tamoxifen is
widely used in the treatment of estrogen receptor-positive breast cancer 22. In addition, an earlier study
has shown that tamoxifen acts and an MDR-reversing drug in drug resistant P388/ADR murine leukemia
cells 23, and can induce apoptosis, in both estrogen receptor-α positive and –negative breast cancer cells,
by increasing intracellular ROS levels 24. Hence, tamoxifen combines two favorable properties associated
with compounds that elicit P-gp-dependent collateral sensitivity. In this study, we show that tamoxifen-
induced collateral sensitivity of drug resistant cells is conditional on P-gp expression and ATPase activity.
Moreover, collateral sensitivity to tamoxifen is ROS-mediated and acts synergistically with rotenone (a
ROS generating drug).

Material And Methods
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Materials - Tamoxifen, 4-hydroxy-tamoxifen, Dimethylsulfoxide, 2’,7’-dichloro�uorescin diacetate, 5,5’-
dithio-bis (2-nitrobenzoic acid), colchicine, valspodar (PSC-833) and Tween-20 (P9416) were all
purchased from Sigma Aldrich. Lipofectamine 2000, the microBCA kit and the Pierce™ ECL Western
Blotting Substrate Kit were all products of Thermo Fisher. Propidium iodide and the HRP-conjugated goat
anti-mouse were purchased from Invitrogen, and the IncuCyte® is a product of Essen BioScience.

Tissue culture and cell growth assays - Drug-sensitive (AuxB1, MDA-MB-231), -resistant (CHORC5,
CHORC5/Bcl-2, MDA-Doxo400), and P-gp-knockout (AuxB1ΔP−gp, CHORC5 ΔP−gp−A1, CHORC5 ΔP−gp−A3) cells
were grown in α-minimal essential medium (α-MEM) or Dulbecco’s modi�ed eagle medium, supplemented
with 10% fetal bovine serum (FBS; Gibco, Life technologies) at 37°C in the presence of 5% CO2, without or

with selective concentrations of colchicine or doxorubicin (5 µg/ml for CHORC5 and 400 nM for MDA-
Doxo400 cells; Sigma-Aldrich, Ont., CA). For cell proliferation assays, drug sensitive and resistant cells
were plated in 200 µl α-MEM containing 10% FBS in 48-well plates. Cells were incubated for 24hrs at 37oC
prior to the addition of 200 µl media containing colchicine, tamoxifen, hydrogen peroxide or rotenone
alone and in combinations (Sigma-Aldrich, Ont., CA). Cell colonies were allowed to proliferate for 7–8
days at 37oC without or with drugs prior to the addition of cell-staining dye, methylene blue (0.1–1%
methylene blue in ethanol/H2O). The dye solution was removed, and plates were washed gently in cold
water and air-dried. The dye was extracted from �xed and stained cells with 0.1% SDS/PBS and the
absorbance quanti�ed at 660 nm (Dynatech Laboratories, MR5000). The effects of drugs on cell
proliferation were determined by comparing the absorbance of cells grown in the presence of drugs to
solvent control without added drugs (100% cell survival). All graphs shown represent the mean ± SD of
three independent experiments done in triplicate. To assess the combined effects of different drugs, and
measure potential drug synergy on cell proliferation, the method of Chou-Talay was used 25. Brie�y,
clonogenic cell proliferation assays were set up as described above using tamoxifen, rotenone, tamoxifen
together with varying non-toxic concentrations of rotenone (0.4 nM or 1.3 nM) and rotenone together with
varying non-toxic concentrations of tamoxifen (0.15 µM or 0.4 µM). The measured IC50 values of

tamoxifen or rotenone for AuxB1 or CHORC5 were plotted on a Cartesian plane, and a linear regression
was produced using the two points. The IC50 value of tamoxifen together with 0.4 nM or 1.3 nM of
rotenone and rotenone together with tamoxifen (0.15 µM or 0.4 µM), normalized comparatively using the
solvent control were plotted on the resulting graph for each cell line. Synergy is predicted when the
resulting IC50 values for the combined drugs fall below the line connecting the two IC50 points for each
drug alone on the x- and y-axes.

CRISPR/Cas9 knockout of P-gp in CHO cell lines - eSpCas9(1.1) was a gift from Feng Zhang (Addgene
plasmid #71814; http://n2t.net/addgene:71814 ;RRID :Addgene_71814). The following guide-RNA
sequences were designed against TMD1 of Cricetulus griseus P-gp, forward 5’-
CACCGCTTATAGTTGCCTACATTC-3’ and reverse 5’-AAACGAATGTAGGCAACTATAA- GC-3’ primers. The
constructs were transformed into TOP10 cells, and empty plasmid or plasmid containing the guide-RNA
was isolated and transiently transfected into the AuxB1 or CHORC5 cells using the Lipofectamine 2000 kit
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(Invitrogen). Populations of the transfected cells were grown, and knockout clones were isolated via serial
dilution method. The absence of P-gp was veri�ed by Western blot using P-gp-speci�c monoclonal
antibody, C219 mAb 26.

Apoptosis assays - For annexin-V staining of apoptotic cells, drug sensitive and resistant cells (AuxB1
and CHORC5, respectively) were seeded in six-well plates at 1–2 x 105 per well and incubated for 24hrs
prior to the addition of tamoxifen for 24hrs. Cells (1x106) were lifted and washed with cold PBS and
resuspended in 100 µl binding buffer according to the manufacturer’s protocol (BD, FITC Annexin V
Apoptosis Detection kit I). Brie�y, apoptotic cells stained with the addition of Annexin-V-FITC solution (5
µl) and propidium iodide (5µl), allowed to incubate for 15 minutes in the dark, then diluted with 400 µl of
binding buffer prior to analysis by �ow cytometry (BD FACSDiva). Percent apoptosis was determined by
measuring the relative �uorescence in drug treated versus control untreated cells. For Hoechst dye
staining of apoptotic cells, AuxB1 and CHORC5 cells were incubated without and with 5 µM tamoxifen for
24hr. Hoechst 33258 dye (1 µg/mL) was added for 10-min at 37°C prior to observing cells under UV light
to assess the percent of apoptotic cell. Photographs were taken at 2000X magni�cation (Nikon, Eclipse
TE200, Quebec, Canada).

ROS measurements - AuxB1 and CHORC5 cells were seeded at a density of 50,000 cells/well in a clear-
bottomed black-well plate and allowed to adhere for 24hrs, after which the media was removed, and cells
incubated with 100 µM H2DCFDA for 45 minutes at 37oC. Wells were washed with sterile cold HBSS,
followed by the addition of 100 µl of �uorobrite DMEM + 8% FBS to each well. Tamoxifen (1 µM and 5
µM) were added and allowed to incubate for another 24hrs, after which the �uorescence signals were
measured at 485ex, 527em using in the H4 Synergy plate reader (BioTek Inc., USA). The �uorescence
signals from cells treated with tamoxifen relative to solvent control were plotted using GraphPad Prism
(GraphPad Software, version 8.0.1).

Measurement of total reduced thiols - Cells (AuxB1 and CHORC5) were seeded at 100,000 cells/well in 48-
well plate and allowed to adhere for 24hrs, after which increasing doses of tamoxifen were added.
Following another 48-hour incubation, the media was removed and 250 µl of RIPA buffer (50 mM Tris,
150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, pH 8) was added to each well. Plates
were mixed for 20 minutes and 50 µl of each sample was removed for protein measurement using micro
BCA protein assay (ThermoFisher Scienti�c Inc. USA). To the remaining samples, 50 µl of 50 mM DTNB
(5,5-dithio-bis-(2-nitrobenzoic acid) or Ellman's Reagent) was added and incubated for 30 minutes. The
tissue culture plates were scanned at 412nm on Synergy H4™ Hybrid Multi-Mode Microplate reader
(Biotek Inc. USA). Analysis was done comparing the absorbance of each sample to the total amount of
protein in the sample, yielding the relative amount of sulfhydro moieties compared to solvent control. The
data were analyzed and the total amount of sulfhydro groups compared to their respective solvent
control were plotted using GraphPad Prism (GraphPad Software, version 8.0.1).
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Protein extraction and immuno-detection - Total cell lysates (20 µg) from drug-sensitive and -resistant
cells were resolved on 6% SDS-PAGE and transferred onto PVDF membrane. The membrane was blocked
in milk in phosphate buffered saline (PBS) at 5% (w/v) and probed with P-gp speci�c mAb (0.1 µg/ml of
C219 mAb) or anti-Bcl-2 (0.5 µg/ml; BioLegend, San Diego, USA) in 5% milk/PBS, followed by several
washes in PBS and incubation with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
(1:5000 v/v, BioRad, Ont., CA). The reactive signals were visualized using Western Breeze
Chemiluminescent Kit and captured using ECL-imager from Thermo-Fisher Scienti�c. Tubulin expression
was detected on the same PVDF membrane using anti-α-tubulin speci�c monoclonal antibody (1 µg/ml
Sigma-Aldrich, Ont., CA), followed by HRP-conjugated goat anti-mouse IgG (1:5000 (v/v), BioRad, Ont.,
CA).

In vitro isobologram analysis - The effects of tamoxifen alone and in combination with rotenone on the
proliferation of drug-sensitive (AuxB1 and MDA-MD-231) and –resistant (CHORC5 and MDA-Doxo400)
cells were assessed using the modi�ed �xed-ratio isobologram analysis protocol. This method is usually
adopted to measure the degree of chemo-sensitization of a given compound and to detect if the effect
between two drugs is synergistic, additive, or antagonistic 27. A stock of tamoxifen and rotenone
combination was prepared in �xed-concentration ratios. Drug-sensitive and resistant cells were incubated
with the above drug combination for 72h, and a nonlinear regression curve was used to determine the
IC50 values for each drug alone and in combination. Fractional inhibitory concentrations (FICs) were then

calculated using the equations below, as previously described 28,29.

The isobologram curves were constructed by plotting FICtam vs FICrotenone. The drug combination effect
was assessed from the graphs but also by calculation. A straight diagonal line or FICindex=1 indicates a
clear additive effect between the two drugs, while a concave curve below the diagonal of the graph
denotes a synergistic effect between the drugs. In addition, the synergy may be strong or moderate when
the means of FICindex values are respectively below 0.5 or between 0.5 and 1. A convex curve above the
diagonal indicates an antagonistic effect and demonstrates an absence of synergy with the FICindex> 4.

An FICindex between 1 and 4.0 is de�ned as no interaction 30.

Statistical analysis - All graphs and statistics were performed using GraphPad prism version 6. Statistics
represent the student t and one-way ANOVA test.

Results
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P-glycoprotein expression and collateral sensitivity to tamoxifen - The impact of P-gp expression on the
collateral sensitivity of Chinese hamster cells to tamoxifen was assessed using drug-sensitive, drug-
resistant cells and their respective P-gp-knockout cells. Figure 1A shows the results of a Western blot
probed with P-gp-speci�c monoclonal antibody (C219) revealing the relative expression of P-gp in total
cell extracts from drug sensitive Chinese hamster ovary cells (AuxB1), AuxB1 colchicine-selected drug
resistant cells (CHORC5), P-gp-knockout drug sensitive cells (AuxB1ΔP−gp) and P-gp-knockout drug
resistant cells (CHORC5 ΔP−gp−A1, and CHORC5 ΔP−gp−A3). CHORC5 drug resistant cells show high P-gp
expression relative to drug sensitive AuxB1, or P-gp-knockout cells (AuxB1ΔP−gp, CHORC5 ΔP−gp−A1, and
CHORC5 ΔP−gp−A3). Figure 1B shows cell proliferation graphs for the above cell lines grown in culture
without and with increasing concentrations of colchicine (0–10 µM) or tamoxifen (0–50 µM),
respectively. The results of Fig. 1B show the drug selected CHORC5 cells to be highly resistant to
colchicine and collaterally sensitive to tamoxifen, relative to their parental drug sensitive AuxB1 cells. By
contrast, P-gp-knockout cells (AuxB1ΔP−gp, CHORC5 ΔP−gp−A1, and CHORC5 ΔP−gp−A3) were highly sensitive
to colchicine and resistant to tamoxifen (Fig. 1B). These results demonstrate the dominant role of P-gp in
drug resistance and collateral sensitivity phenotypes of Chinese hamster tumor cells. To determine if P-gp
expression levels predicts the degree of collateral sensitivity to tamoxifen, and the role of P-gp ATPase
activity, two drug resistant cell lines (e.g., CHORC5 and MDA-Doxo400) expressing different levels of P-gp
were allowed to proliferate in the presence of increasing concentrations of tamoxifen, without or with
speci�c inhibitor of P-gp-ATPase activity (PSC-833; 31). Figure 2A shows the relative P-gp protein
expression in CHORC5 and MDA-Doxo400 cells, relative to their respective parental drug sensitive cells
(e.g., AuxB1 and MDA-MB-231). CHORC5 cells show signi�cantly higher levels of P-gp expression
(Fig. 2A). It is important to note that both human and hamster P-gp contain the same epitope sequence
for C219 mAb 26, hence differences in antibody antigen binding is not responsible for differences in P-gp
signal in the two cell lines. Figure 2B shows the proliferation of drug sensitive and resistant cells in the
presence of increasing concentrations of tamoxifen. Although, both CHORC5 and MDA-Doxo400 are more
sensitive to tamoxifen than their respective parental drug sensitive cells (AuxB1 and MDA-MB-231),
CHORC5 cells are more sensitive to tamoxifen than MDA-Doxo400 (IC50 values of 0.900 ± 0.0900 µM and
2.998 ± 0.0714 µM, respectively). The latter results are consistent with �ndings from earlier studies
demonstrating a correlation between P-gp expression levels and the degree of hypersensitivity of drug
resistant cells to collateral sensitivity inducing drugs 15,16. It is noteworthy that the observed collateral
sensitivity of MDA-Doxo400 cells to tamoxifen is estrogen receptor-independent 32. Moreover, the results in
Fig. 2B show that the presence of 2 µM PSC-833, a speci�c inhibitor of P-gp ATPase 31, reverses the
collateral sensitivity of CHORC5 and MDA-Doxo400 cells to tamoxifen, with shift in IC50 values from 0.900 

± 0.090 and 3.582 ± 0.048 µM to 2.998 ± 0.071 and 4.336 ± 0.895 µM with PSC-833 for CHORC5 and MDA-
Doxo400, respectively. Similar results were obtained using increasing concentrations of 4-hydroxy-
tamoxifen, an active metabolite of tamoxifen 33, without and with 2 µM PSC-833 (supplemental Fig. 1).
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Tamoxifen induces apoptosis in P-gp expressing cells - To determine if tamoxifen-induced collateral
sensitivity of drug resistant cells is due to enhanced apoptosis, AuxB1 and CHORC5 cells were treated
with tamoxifen for 24hrs and then examined for the presence of apoptotic cells using FITC-conjugated
annexin-V and cell staining with Hoechst Dye. The results in Fig. 3A show higher percentage of drug
resistant cells (CHORC5) stained with Annexin V-FITC than drug sensitive (AuxB1) cells at different
concentrations of tamoxifen (i.e., 2.5, 5 and 10 µM). Similarly, AuxB1 and CHORC5 cells treated with
solvent or 5 µM tamoxifen for 24hrs, then stained with Hoechst 33258 dye and examined under UV light
show the presence of apoptotic cells only among the CHORC5 cells, as evident by the cells with stained
nuclei (Fig. 3B), consistent with earlier �ndings 14,15,17. Similar results were observed with MDA-MB-231
and MDA-Doxo400 cells treated with 5 µM tamoxifen and then stained with Hoechst 33258 dye. Apoptotic
dye-stained nuclei are observed only among MDA-Doxo400 cells (supplemental Fig. 2).

Given the results above in Fig. 3, we examined the effects of recombinant overexpression of human Bcl-2
(huBcl-2) in CHORC5 (CHORC5/huBcl-2) cells on their collateral sensitivity to tamoxifen. Figure 4A shows
a Western blot with hamster- and human-speci�c anti-Bcl-2 monoclonal antibody to probe cells extracts
from AuxB1, CHORC5 and CHORC5/huBcl-2. CHORC5/huBcl-2 reveals high-expression level of
recombinant human Bcl-2 without signi�cantly affecting the endogenous hamster Bcl-2 expression levels
(Fig. 4A). Figure 4B shows the effects of increasing tamoxifen concentrations on the in-vitro proliferation
of AuxB1, CHORC5 and CHORC5/huBcl-2 cells in the absence or presence of PSC-833. These results show
CHORC5/Bcl-2 cells to be less sensitive to tamoxifen collateral sensitivity than CHORC5 cells (IC50 0.593 ± 
0.28 µM versus 1.49 ± 0.23 µM, respectively), consistent with a protective effect likely due to the
overexpression of recombinant huBcl-2. Moreover, the addition of PSC-833 completely reversed the
sensitivity of CHORC5 and CHORC5/Bcl-2 cells to tamoxifen (Fig. 4B).

Oxidative stress mediates collateral sensitivity to tamoxifen - Earlier reports have shown that heightened
P-gp ATPase leads to selective decrease in cellular ATP level and a rise in reactive oxygen species (ROS),
likely due to higher electron leak from mETC though enhanced oxidative phosphorylation 15,16. Tamoxifen
has been shown by several investigators to increase P-gp ATPase at clinically relevant concentrations (< 5
µM 21,34,35). To determine if the presence of low concentrations of tamoxifen causes a differential
increase of ROS levels in CHORC5 versus AuxB1, cells were exposed for 24hrs to tamoxifen (1 µM and 5
µM) and intracellular ROS was quanti�ed using 2',7'-dichlorodihydro�uorescein diacetate (H2DCFDA) dye
36. The results in Fig. 5A show signi�cantly higher ROS levels in CHORC5 cells when incubated with
tamoxifen (1–5 µM) relative to AuxB1 cells. Given the differential effect of tamoxifen on ROS levels in P-
gp-expressing cells and the correlation between ROS and cellular thiols 37, we sought to measure total
thiol levels of AuxB1 and CHORC5 cells in the absence and presence of tamoxifen (1–5 µM). Figure 5B
shows total reduced-thiol levels in untreated and tamoxifen treated cells, whereby tamoxifen treatment
caused a drastic decline in total reduced-thiol levels in CHORC5 cells relative to AuxB1 cells at 5 µM.
Interestingly, tamoxifen at 1 µM produced a small drop in reduced-thiol levels in both cell lines (Fig. 5B),
despite of the fact that large differential increase in ROS levels between AuxB1 and CHORC5 cells was
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measured at 1 µM tamoxifen. Similar divergence between the increase in ROS levels and a decrease in
reduced-thiol levels is also observed with MDA-MB-231 and MDA-Doxo400 cells. MDA-Doxo400 cells
treated with 1–10 µM tamoxifen led to a signi�cant differential rise in ROS levels at 1 and 5 µM
tamoxifen, while higher tamoxifen concentrations (25 µM) were required to detect a differential drop in
reduced-thiol levels in MDA-Doxo400 (supplemental Fig. 3). This divergence between the differential rise in
ROS and drop in reduced-thiol levels between drug sensitive and resistance cells is not entirely clear; but
maybe due to enhanced rebound in the production of reductive molecules or potential in cells following
an initial rise in ROS 38.

To decode tamoxifen-induced changes in cellular redox potential in treated cells, an in vitro cell
proliferation assay was performed on AuxB1 and CHORC5 cells treated with tamoxifen in combination
with ROS generating drug (rotenone 39), thiol regenerating agent (N-acetylcysteine (NAC) 40) and P-gp-
ATPase inhibitor (PSC-833 31). Figure 6 shows tamoxifen alone at 1 µM produced ~ 50% inhibition of
CHORC5 cell growth, while the same tamoxifen concentrations had no effect on growth of AuxB1. The
addition of rotenone alone showed moderate growth inhibition effects on drug resistant (CHORC5) cells,
and a lesser effect on drug sensitive (AuxB1) cells. Interestingly, the presence of tamoxifen and rotenone
together produced the largest growth inhibitory effects on CHORC5 that were reversed with the addition of
NAC (0.5 mM) which increases reduced-thiols levels or PSC-833 (2 µM), an inhibitor of P-gp-ATPase
activity (Fig. 6). Similar results, as in Fig. 6, were seen with MDA-MB-231 and MDA-Doxo400 cells treated
with 3 µM tamoxifen without and with 6.25 nM rotenone, 1 mM NAC or 2 µM PSC-833 (supplemental
Fig. 4). Taken together the results demonstrate a differential rise in ROS induced in P-gp-expressing drug
resistant cells, relative to their drug sensitive parental cells that can be reversed by exogenously
augmenting the cells reduce-thiol levels (i.e., addition of NAC) and inhibition of P-gp-ATPase activity (i.e.,
PSC-833) or promoted with the exogenous addition of ROS generating drugs (e.g., rotenone).

Rotenone synergizes with tamoxifen – Based on the above results in Fig. 6, using tamoxifen and
rotenone combination drugs, it was of interest to determine if rotenone synergizes with tamoxifen in their
collateral sensitivity effects. To identify the nature of the interaction between tamoxifen and rotenone,
fractional inhibitory concentrations (FIC) values derived from IC50 values were determined for each of the
compound alone and in combination. Figure 7 shows the results of the FIC-based isobologram analysis,
demonstrating a strong synergy for tamoxifen and rotenone for CHORC5 with the mean FICindex = 0.4 (FIC

values below 0.5 are considered strong, while between 0.5 and 1 are considered moderate 30). Synergy
was also observed with AuxB cells exposed the drug combination (rotenone and tamoxifen), albeit at
greater concentrations of these two drugs (Fig. 7). Similar synergy was observed for tamoxifen and
rotenone with doxorubicin resistant triple negative breast cancer cells (MDA-Doxo400) by contrast to the
parental drug sensitive cells (MDA-MB-231) (supplemental Fig. 5).

Discussion
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Tamoxifen, a non-steroidal anti-estrogen, has been used for decades in the treatment of estrogen-receptor
positive breast cancer. Its anti-proliferative effect as transcription inhibitor of estrogen-responsive genes
is well established 41. However, tamoxifen has non-genomic effects that include the promotion of protein
kinase C activity, intracellular calcium, mitochondrial stress, and stimulation of P-gp ATPase activity
24,42,43. In this report we demonstrate for the �rst time the preferential targeting of P-gp-expressing MDR
cells (CHORC5 and MDA-Doxo400), relative to drug sensitive P-gp-negative cells (AuxB1 and MDA-MB-
231), with clinically achievable concentrations of tamoxifen 21. Moreover, the sensitivity of resistant cells
(CHORC5 and MDA-Doxo400) to tamoxifen correlated with P-gp expression level and reversed with speci�c
inhibitor of P-gp ATPase (e.g., PSC-833). Importantly, our results show that low levels of P-gp expression,
as seen in MDA-Doxo400 cells (Fig. 2A), are su�cient to confer collateral sensitivity onto drug resistant
cells. Together these results are consistent with earlier reports demonstrating a link between stimulation
of P-gp ATPase and collateral sensitivity of drug resistant cells 15,16. In addition, we show that knockout
of P-gp from drug resistant CHORC5 (e.g., CHORC5ΔP−gp−A1, and CHORC5ΔP−gp−A2) cells completely
reverses the collateral sensitivity of CHORC5 cells to tamoxifen to the same level as AuxB1 or AuxB1ΔP−gp

cells. These results demonstrate the essential and direct role of P-gp in tamoxifen collateral sensitivity,
while excluding the role of other cellular proteins.

The tamoxifen-induced mitochondrial stress has been attributed to its inhibition of complex I and III of
the mitochondria electron transport complexes (mETC) 44–46 and a consequent increase of intracellular
ROS in both ER-α + and ER-α- cells 47. Consequently, the expected rise of ROS in ER-α- cells 47 is consistent
with our �ndings in this study, as observed with MDA-MB-231 cells. However, tamoxifen shows
signi�cantly higher ROS levels in MDA-Doxo400, likely due to its stimulation of P-gp ATPase, beyond its
effect on mETC. In support of the latter, it is noteworthy that the addition of rotenone, potent inhibitors of
complex I of mETC 48, to CHO cells showed modest collateral sensitivity, signi�cantly less than tamoxifen
alone (supplemental Fig. 6). The modest increase in the sensitivity of CHORC5 and MDA-Doxo400 cells to
rotenone, relative to AuxB1 and MDA-MB-231, is likely due to the basal or unstimulated P-gp ATPase that
was reversible with PSC-833 16.

Tamoxifen and its metabolites have been shown to cause a concentration-dependent biphasic
stimulation of P-gp ATPase (supplemental Fig. 7, 49). This biphasic stimulation effect on P-gp ATPase
activity has been observed with other drugs (e.g., verapamil, progesterone, and deoxycorticosterone 15,
whereby 1–5 µM of tamoxifen stimulate P-gp ATPase; while ≥ 10 µM of tamoxifen did not stimulate P-gp
ATPase (supplemental Fig. 7, 49). These results are consistent with the observed increase in ROS at lower
concentrations of tamoxifen, as higher concentrations did not lead to higher ROS levels. Further support
for tamoxifen-induced increase in ROS is provided by the decrease in total reduced thiol levels in P-gp-
expressing cells and the reversal of its effect on cell growth in the presence of N-acetyl cysteine. Together
these results suggest that P-gp overexpression confers tamoxifen induced oxidative cell death of drug
resistant cells. A similar mechanism for the selective targeting of P-gp overexpressing cells was proposed
for thiosemicarbazone derivative (e.g., NSC73306) 18. However, unlike tamoxifen, NSC73306 did not



Page 11/18

interact nor stimulated P-gp ATPase but is thought to act as redox cycling agent in the presence of metal
ions 18. Interestingly, NSC73306-induced collateral sensitivity was reversed by inhibitors of P-gp ATPase
19. The latter observation suggest that P-gp-basal or unstimulated ATPase activity could be the trigger for
oxidative stress above the redox equilibrium threshold. More recently, Al-Akra et. al. 50 have suggested
that the thiosemicarbazone-mediated collateral sensitivity is likely due to the presence of external stress
that leads to increased reactive oxygen species and internalization of P-gp which actively accumulates
copper bound-thiosemicarbazone into lysosomal compartments leading to autophagic cell death.
However, if tamoxifen-induced collateral sensitivity was mediated through increased autophagy; the
addition of ba�lomycin A1 (an inhibitor of V-type ATPase and an inhibitor of autophagy 51) was expected
to reverse tamoxifen induced collateral sensitivity. Our results (supplemental Fig. 8) shows that the
presence of ba�lomycin A1 (0.25 nM or 1 nM) did not have a signi�cant effect on tamoxifen induced
collateral sensitivity in CHORC5 cells.

It is believed that chemotherapeutic treatment of cancer patients leads to the enrichment of resistant
tumor cells which may express higher levels of P-gp 6. Hence, it is tempting to speculate that tamoxifen
e�cacy in delaying the reoccurrence of breast cancer is due, in part, to its collateral sensitivity effect to
selectively target P-gp overexpressing breast cancer cells. In addition, the �ndings of this study may
provide a rationale for increasing the e�cacy of tamoxifen treatment through drug combinations that
independently increase ROS and synergize to: a) better target P-gp expressing cells; b) reduce tamoxifen
concentrations below clinically achievable levels; and c) reduce cellular toxicity of collateral sensitivity
drugs due to off-target effects. Indeed, results in this study show rotenone, an inhibitor of complex I of the
mETC, synergize with tamoxifen to increase the collateral sensitivity of CHORC5 and MDA-Doxo400 drug
resistant cells. Although it is currently not clear if tamoxifen is effective in targeting other types of drug
resistant cells that over-express P-gp, based on our current understanding of the mechanism of collateral
sensitivity of P-gp-overexpressing cells, we speculate that tamoxifen alone or in combination with
rotenone could reduce the rise of drug resistant tumor cells.

Declarations
Ethics approval and consent to participate - Not applicable

Consent for publication - Not applicable

Availability of data and materials - All data generated or analysed during this study are included in this
published article and its supplementary information �les.

Competing interests - There are no con�icts of interest from all three authors.

Funding - This work is supported by funds from the Natural Sciences and Engineering Research
Council of Canada (EG).

Authors' contributions 



Page 12/18

Rowa Bakadlag - Conceptualization, methodology, validation and writing the �rst draft

Georgia Limniatis - Conceptualization, methodology, validation and reviewing drafts.

Elias Georges - Conceptualization, visualization, Supervision, Writing- Reviewing and Editing.

Acknowledgements - Ms. Rowa Bakadlag was sponsored by a Studentship from Saudi Arabia, in
coordination with the Saudi Cultural Bureau-Ottawa.

References
1. Gottesman, M. M., Fojo, T. & Bates, S. E. Multidrug resistance in cancer: role of ATP-dependent

transporters. Nature reviews. Cancer 2, 48–58 (2002).

2. Gottesman, M. M. & Ling, V. The molecular basis of multidrug resistance in cancer: the early years of
P-glycoprotein research. FEBS letters 580, 998–1009 (2006).

3. Shaffer, B. C. et al. Drug resistance: still a daunting challenge to the successful treatment of AML.
Drug resistance updates: reviews and commentaries in antimicrobial and anticancer chemotherapy
15, 62–69 (2012).

4. Ambudkar, S. V., Kimchi-Sarfaty, C., Sauna, Z. E. & Gottesman, M. M. P-glycoprotein: from genomics
to mechanism. Oncogene 22, 7468–7485 (2003).

5. Lum, B. L. & Gosland, M. P. MDR expression in normal tissues. Pharmacologic implications for the
clinical use of P-glycoprotein inhibitors. Hematology/oncology clinics of North America 9, 319–336
(1995).

�. Leonard, G. D., Fojo, T. & Bates, S. E. The role of ABC transporters in clinical practice. The oncologist
8, 411–424 (2003).

7. Amiri-Kordestani, L., Basseville, A., Kurdziel, K., Fojo, A. T. & Bates, S. E. Targeting MDR in breast and
lung cancer: discriminating its potential importance from the failure of drug resistance reversal
studies. Drug resistance updates: reviews and commentaries in antimicrobial and anticancer
chemotherapy 15, 50–61 (2012).

�. Chan, H. S. et al. P-glycoprotein expression as a predictor of the outcome of therapy for
neuroblastoma. The New England journal of medicine 325, 1608–1614 (1991).

9. Yu, M., Ocana, A. & Tannock, I. F. Reversal of ATP-binding cassette drug transporter activity to
modulate chemoresistance: why has it failed to provide clinical bene�t? Cancer metastasis reviews
32, 211–227 (2013).

10. Tamaki, A., Ierano, C., Szakacs, G., Robey, R. W. & Bates, S. E. The controversial role of ABC
transporters in clinical oncology. Essays in biochemistry 50, 209–232 (2011).

11. Bech-Hansen, N. T., Till, J. E. & Ling, V. Pleiotropic phenotype of colchicine-resistant CHO cells: cross-
resistance and collateral sensitivity. Journal of cellular physiology 88, 23–31 (1976).



Page 13/18

12. Dalton, W. S., Durie, B. G., Alberts, D. S., Gerlach, J. H. & Cress, A. E. Characterization of a new drug-
resistant human myeloma cell line that expresses P-glycoprotein. Cancer research 46, 5125–5130
(1986).

13. Ling, V., Kartner, N., Sudo, T., Siminovitch, L. & Riordan, J. R. Multidrug-resistance phenotype in
Chinese hamster ovary cells. Cancer treatment reports 67, 869–874 (1983).

14. Georges, E., Lian, J. & Laberge, R. A tamoxifen derivative, N,N-diethyl-2-[4-(phenylmethyl) phenoxy]
ethanamine, selectively targets P-glycoprotein-positive multidrug resistant Chinese hamster cells.
Biochemical pharmacology 90, 107–114 (2014).

15. Karwatsky, J., Lincoln, M. C. & Georges, E. A mechanism for P-glycoprotein-mediated apoptosis as
revealed by verapamil hypersensitivity. Biochemistry 42, 12163–12173 (2003).

1�. Laberge, R. M., Ambadipudi, R. & Georges, E. P-glycoprotein (ABCB1) modulates collateral sensitivity
of a multidrug resistant cell line to verapamil. Archives of biochemistry and biophysics 491, 53–60
(2009).

17. Laberge, R. M., Ambadipudi, R. & Georges, E. P-glycoprotein mediates the collateral sensitivity of
multidrug resistant cells to steroid hormones. Biochemical and biophysical research
communications 447, 574–579 (2014).

1�. Pluchino, K. M., Hall, M. D., Goldsborough, A. S., Callaghan, R. & Gottesman, M. M. Collateral
sensitivity as a strategy against cancer multidrug resistance. Drug resistance updates: reviews and
commentaries in antimicrobial and anticancer chemotherapy 15, 98–105 (2012).

19. Ludwig, J. A. et al. Selective toxicity of NSC73306 in MDR1-positive cells as a new strategy to
circumvent multidrug resistance in cancer. Cancer research 66, 4808–4815 (2006).

20. Callaghan, R. & Higgins, C. F. Interaction of tamoxifen with the multidrug resistance P-glycoprotein.
British journal of cancer 71, 294–299 (1995).

21. Trump, D. L. et al. High-dose oral tamoxifen, a potential multidrug-resistance-reversal agent: phase I
trial in combination with vinblastine. Journal of the National Cancer Institute 84, 1811–1816 (1992).

22. Osborne, C. K. Tamoxifen in the treatment of breast cancer. The New England journal of medicine
339, 1609–1618 (1998).

23. Ramu, A., Glaubiger, D. & Fuks, Z. Reversal of acquired resistance to doxorubicin in P388 murine
leukemia cells by tamoxifen and other triparanol analogues. Cancer research 44, 4392–4395 (1984).

24. Radin, D. P. & Patel, P. Delineating the molecular mechanisms of tamoxifen's oncolytic actions in
estrogen receptor-negative cancers. European journal of pharmacology 781, 173–180 (2016).

25. Chou, T. C. & Talalay, P. Quantitative analysis of dose-effect relationships: the combined effects of
multiple drugs or enzyme inhibitors. Advances in enzyme regulation 22, 27–55 (1984).

2�. Georges, E., Bradley, G., Gariepy, J. & Ling, V. Detection of P-glycoprotein isoforms by gene-speci�c
monoclonal antibodies. Proceedings of the National Academy of Sciences of the United States of
America 87, 152–156 (1990).



Page 14/18

27. Fivelman, Q. L., Adagu, I. S. & Warhurst, D. C. Modi�ed �xed-ratio isobologram method for studying in
vitro interactions between atovaquone and proguanil or dihydroartemisinin against drug-resistant
strains of Plasmodium falciparum. Antimicrobial agents and chemotherapy 48, 4097–4102 (2004).

2�. Gorka, A. P., Jacobs, L. M. & Roepe, P. D. Cytostatic versus cytocidal pro�ling of quinoline drug
combinations via modi�ed �xed-ratio isobologram analysis. Malar J 12, 332 (2013).

29. Akoachere, M. et al. In vitro assessment of methylene blue on chloroquine-sensitive and -resistant
Plasmodium falciparum strains reveals synergistic action with artemisinins. Antimicrobial agents
and chemotherapy 49, 4592–4597 (2005).

30. Odds, F. C. Synergy, antagonism, and what the chequerboard puts between them. Journal of
Antimicrobial Chemotherapy 52, 1 (2003).

31. Atadja, P., Watanabe, T., Xu, H. & Cohen, D. PSC-833, a frontier in modulation of P-glycoprotein
mediated multidrug resistance. Cancer metastasis reviews 17, 163–168 (1998).

32. Pedro, M. et al. Effects of natural prenylated �avones in the phenotypical ER (+) MCF-7 and ER (-)
MDA-MB-231 human breast cancer cells. Toxicology letters 164, 24–36 (2006).

33. Taylor, C. M., Blanchard, B. & Zava, D. T. Estrogen receptor-mediated and cytotoxic effects of the
antiestrogens tamoxifen and 4-hydroxytamoxifen. Cancer research 44, 1409–1414 (1984).

34. Litman, T., Zeuthen, T., Skovsgaard, T. & Stein, W. D. Competitive, non-competitive and cooperative
interactions between substrates of P-glycoprotein as measured by its ATPase activity. Biochimica et
biophysica acta 1361, 169–176 (1997).

35. Scarborough, G. A. Drug-stimulated ATPase activity of the human P-glycoprotein. Journal of
bioenergetics and biomembranes 27, 37–41 (1995).

3�. Oparka, M. et al. Quantifying ROS levels using CM-H2DCFDA and HyPer. Methods (San Diego, Calif.)
109, 3–11 (2016).

37. Davis, W., Jr., Ronai, Z. & Tew, K. D. Cellular thiols and reactive oxygen species in drug-induced
apoptosis. The Journal of pharmacology and experimental therapeutics 296, 1–6 (2001).

3�. Circu, M. L. & Aw, T. Y. Glutathione and apoptosis. Free radical research 42, 689–706 (2008).

39. Grivennikova, V. G. & Vinogradov, A. D. Generation of superoxide by the mitochondrial Complex I.
Biochimica et biophysica acta 1757, 553–561 (2006).

40. Samuni, Y., Goldstein, S., Dean, O. M. & Berk, M. The chemistry and biological activities of N-
acetylcysteine. Biochimica et biophysica acta 1830, 4117–4129 (2013).

41. Osborne, C. K. & Schiff, R. Estrogen-receptor biology: continuing progress and therapeutic
implications. Journal of clinical oncology: o�cial journal of the American Society of Clinical
Oncology 23, 1616–1622 (2005).

42. Zheng, A., Kallio, A. & Harkonen, P. Tamoxifen-induced rapid death of MCF-7 breast cancer cells is
mediated via extracellularly signal-regulated kinase signaling and can be abrogated by estrogen.
Endocrinology 148, 2764–2777 (2007).



Page 15/18

43. Li, Z. et al. Role of PKC-ERK signaling in tamoxifen-induced apoptosis and tamoxifen resistance in
human breast cancer cells. Oncology reports 27, 1879–1886 (2012).

44. Moreira, P. I., Custodio, J., Moreno, A., Oliveira, C. R. & Santos, M. S. Tamoxifen and estradiol interact
with the �avin mononucleotide site of complex I leading to mitochondrial failure. The Journal of
biological chemistry 281, 10143–10152 (2006).

45. Theodossiou, T. A., Yannakopoulou, K., Aggelidou, C. & Hothersall, J. S. Tamoxifen subcellular
localization; observation of cell-speci�c cytotoxicity enhancement by inhibition of mitochondrial ETC
complexes I and III. Photochemistry and photobiology 88, 1016–1022 (2012).

4�. Ribeiro, M. P., Santos, A. E. & Custodio, J. B. Mitochondria: the gateway for tamoxifen-induced liver
injury. Toxicology 323, 10–18 (2014).

47. Bekele, R. T. et al. Oxidative stress contributes to the tamoxifen-induced killing of breast cancer cells:
implications for tamoxifen therapy and resistance. Scienti�c reports 6, 21164 (2016).

4�. Vinogradov, A. D. & Grivennikova, V. G. Oxidation of NADH and ROS production by respiratory
complex I. Biochimica et biophysica acta 1857, 863–871 (2016).

49. Rao, U. S., Fine, R. L. & Scarborough, G. A. Antiestrogens and steroid hormones: substrates of the
human P-glycoprotein. Biochemical pharmacology 48, 287–292 (1994).

50. Al-Akra, L. et al. Tumor stressors induce two mechanisms of intracellular P-glycoprotein-mediated
resistance that are overcome by lysosomal-targeted thiosemicarbazones. The Journal of biological
chemistry 293, 3562–3587 (2018).

51. Mauvezin, C. & Neufeld, T. P. Ba�lomycin A1 disrupts autophagic �ux by inhibiting both V-ATPase-
dependent acidi�cation and Ca-P60A/SERCA-dependent autophagosome-lysosome fusion.
Autophagy 11, 1437–1438 (2015).

Figures

Figure 1

Collateral sensitivity of drug resistant cells to tamoxifen is dependent on P-gp expression- Panel A shows
a Western blot analysis demonstrating the expression of P-gp in total protein extracts from wild-type
Chinese hamster ovary cells (AuxB1), drug resistant selected cells (CHORC5), P-gp-knockout drug
sensitive cells (AuxB1ΔP-gp), and P-gp-knockout CHORC5 (CHORC5ΔP-gp-A1, and CHORC5ΔP-gp-A2) cells. α-
tubulin expression is shown as a loading control. Panel B shows the proliferation of the above cell lines
(AuxB1, CHORC5, AuxB1ΔP-gp, CHORC5ΔP-gp-A1, and CHORC5ΔP-gp-A2) without or with increasing molar
concentrations of colchicine (0-10 µM) or tamoxifen (0-50 µM). Graphs represent the mean ± SD of three
independent experiments done in triplicate.
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Figure 2

P-gp expression levels and ATPase activity modulate collateral sensitivity to tamoxifen -  Panel A shows
P-gp expression in total cell lysates from drug sensitive (AuxB1 and MDA-MB-231), and – resistant
(CHORC5, MDA-Doxo400) cells probed with P-gp-speci�c monoclonal antibody (C219 mAb) and anti-α-
tubulin. Panel B shows the proliferation of the above drug sensitive and resistant cell lines (AuxB1, MDA-
MB-231, CHORC5, MDA-Doxo400) in the presence of increasing concentrations of tamoxifen, without and
with 2 μM PSC-833. Graphs represent the mean ± SD of three independent experiments done in triplicate. 

Figure 3

Tamoxifen promotes apoptosis in drug resistant cells - Cells were treated for 24hr with tamoxifen prior to
quanti�cation of apoptotic cells by �ow cytometry or staining with Hoechst 33258. Panel A shows the
percentage of AuxB1 and CHORC5 cells stained with FITC-conjugated annexin-V following 24hrs
treatment with tamoxifen (2.5–10 μM) relative to solvent control. Panel B shows Hoechst 33258 stained
AuxB1 and CHORC5 cells following 24hrs treatment with 5 μM tamoxifen versus solvent control treated
cells.

Figure 4

Overexpression of huBCL-2 diminishes collateral sensitivity to tamoxifen - Panel A shows a Western blot
of cell extracts from AuxB1, CHORC5, and CHORC5 cells transfected with recombinant human Bcl-2
(CHORC5Bcl-2) probed with human-speci�c anti-Bcl-2 antibody. Panel B shows the proliferation of AuxB1,
CHORC5 and CHORC5BCL2 cell in the presence of increasing concentrations of tamoxifen without and with
2μM PSC-833. Graphs represent the mean ±SD of three independent experiments done in triplicates.

Figure 5
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Tamoxifen treatment modulates the oxidative status of drug resistant cells – The effects of increasing
concentrations of tamoxifen on the oxidative status of AuxB1 and CHORC5 cells.  Panel A and B shows
drug sensitive (AuxB1) and -resistant (CHORC5) cells incubated without and with tamoxifen (1 and 5 µM)
for 24hrs followed by a measure of total reduced cellular thiols levels and reactive oxygen species (ROS)
in cells. Graphs represent the mean ±SD of three independent experiments done in triplicates.

Figure 6

Pro- and anti-oxidants modulate collateral sensitivity to tamoxifen – The effects of rotenone (ROT; 1 nM),
N-acetyl cysteine (NAC; 0.5 mM) and PSC-833 (2 µM) alone or combined with tamoxifen (1 µM) on the
proliferation of AuxB1 and CHORC5. The bar graphs represent the mean ± SD of three independent
experiments done in triplicates. (****), (***) indicates, P < 0.0001, statistically signi�cant difference.

Figure 7

Rotenone and tamoxifen synergize to induce collateral sensitivity – Isobole analysis of interactions
between tamoxifen and rotenone to induce collateral sensitivity in drug resistant cells (CHORC5).
Rotenone shows strong synergistic effect with 0.75 µM tamoxifen at 0.4 nM (Δ) and 1.3 nM (X) for
CHORC5 (Panel B). By contrast, at 0.4 nM (Δ) and 1.3 nM (X) rotenone concentrations, with 4 µM
tamoxifen, AuxB1 shows moderate to antagonistic drug interactions (Panel A). 
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