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ABSTRACT 
 
Ferroptosis is a form of cell death caused by direct or indirect inhibition of glutathione 
peroxidase 4 that leads to lethal lipid peroxidation. Several small molecule ferroptosis inducers 
(FINs) have been reported, yet little information is available regarding resistance mechanisms, 
particularly their interaction with the ATP-binding cassette (ABC) transporters P-glycoprotein 
(P-gp, ABCB1) and ABCG2. Given the role that ABC transporters play in absorption, distribution, 
and excretion of many drugs, characterizing these interactions could provide information 
regarding oral bioavailability and brain penetration and may predict drug-drug interactions. 
Using ferroptosis-sensitive A673 cells transfected to express P-gp or ABCG2, we found that P-gp 
overexpression was able to confer resistance to FIN56 and the erastin derivatives imidazole 
ketone erastin and piperazine erastin. Results were confirmed with OVCAR8-derived NCI/ADR-
RES cells that overexpress P-gp, where the P-gp inhibitor valspodar completely inhibited 
resistance to the FINs. P-gp-mediated resistance to imidazole ketone erastin and piperazine 
erastin was also reversed in UO-31 renal cancer cells by CRISPR-mediated knockout of ABCB1. 
At a concentration of 10 µM, the FINs ML-162, GPX inhibitor 26a, and PACMA31 were able to 
increase intracellular rhodamine 123 fluorescence over 10-fold in P-gp-expressing MDR-19 cells 
and GPX inhibitor 26a was able to increase intracellular purpurin-18 fluorescence over 4-fold in 
ABCG2-expressing R-5 cells. Expression of P-gp may reduce the efficacy of these FINs in cancers 
that express the transporter and may prevent access to sanctuary sites such as the brain. The 
ability of some FINs to inhibit P-gp and ABCG2 suggests potential drug-drug interactions. 
 
 
SIGNIFICANCE STATEMENT 
While several small-molecule ferroptosis inducers have been described, little work has 
addressed potential interactions with ABC transporters such as P-glycoprotein or ABCG2 that 
might limit bioavailability or brain penetration. We find that the ferroptosis inducers FIN56, 
imidazole ketone erastin, and piperazine erastin are substrates of P-glycoprotein. ML-162, GPX 
inhibitor 26a, and PACMA31 were found to inhibit P-glycoprotein, while GPX inhibitor 26a was 
additionally able to inhibit ABCG2, suggesting the potential for drug-drug interactions. 
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INTRODUCTION 
 
Ferroptosis is an iron-dependent form of non-apoptotic cell death arising from direct or indirect 
inhibition of glutathione peroxidase 4 (GPX4), leading to lipid peroxidation and unsustainable 
levels of reactive oxygen species (ROS)(Stockwell et al., 2017). One of the first reported 
inducers of ferroptosis, erastin, was described before the concept of ferroptosis was completely 
understood.  Erastin was found to selectively kill transformed human foreskin fibroblasts 
expressing mutant HRAS compared to isogenic cells expressing wild-type HRAS (Dolma et al., 
2003). The mechanism of cell death induced by erastin was not apoptosis, as the hallmarks of 
apoptotic cell death such as annexin V staining and caspase 3 cleavage were not observed, 
although death was accompanied by cell membrane permeabilization (Dolma et al., 2003). The 
term “ferroptosis” was later coined for this novel form of cell death as iron chelators and 
antioxidants were found to potentiate erastin-mediated toxicity, suggesting an iron-dependent 
increase in ROS was responsible (Dixon et al., 2012). Additionally, ferroptosis could not be 
inhibited by caspase inhibitors and was found to occur independently of the apoptosis effector 
proteins Bak and Bax (Dixon et al., 2012). 

The target of erastin was identified to be the cystine/glutamate antiporter, system x-
c 

(Dixon et al., 2012). Inhibition of the antiporter leads to depletion of glutathione and 
inactivation of GPX4 (Yang et al., 2014). Subsequent to the discovery of erastin, other small 
molecules have been developed to induce ferroptosis by direct or indirect inhibition of GPX4. 
These ferroptosis inducers (FINs) include modified forms of erastin such as erastin2 (Dixon et 
al., 2014), imidazole ketone erastin (Zhang et al., 2019) and piperazine erastin (Yang et al., 
2014), as well as the inhibitors FIN56 (Shimada et al., 2016), RSL3 (Yang and Stockwell, 2008), 
FINO2 (Gaschler et al., 2018), PACMA31(Chen et al., 2020), GPX4 inhibitor 26a (Xu et al., 2021), 
and ML-162 and ML-210 (Weïwer et al., 2012).  

In an attempt to identify cancers that might be effectively treated by ferroptosis 
induction, Yang and colleagues tested erastin toxicity in 117 cancer cell lines and identified 
renal cell carcinomas as being particularly sensitive to ferroptosis (Yang et al., 2014). This 
intrigued us, as renal cell carcinomas are often positive for expression of P-glycoprotein (P-gp, 
encoded by the ABCB1 gene), an ATP-binding cassette (ABC) multidrug efflux pump that confers 
drug resistance (Kanamaru et al., 1989; Gottesman et al., 2002). Some reports have also 
suggested that expression levels of another ABC transporter, ABCG2 (encoded by the ABCB2 
gene), also expressed in kidney cancers, can predict overall survival in patients with clear cell 
renal carcinoma (Wang et al., 2017). Both P-gp and ABCG2 localize to the gastrointestinal tract 
as well as to other barrier sites such as the blood-brain barrier (BBB) (Durmus et al., 2015). 
Expression at these sites is linked to their role in limiting the oral bioavailability of 
chemotherapy drugs and brain penetration of several targeted therapies (Vlaming et al., 2009; 
Durmus et al., 2015).  We thus sought to characterize the interactions between small-molecule 
ferroptosis inducers and the transporters P-gp and ABCG2. 
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MATERIALS AND METHODS 
 

Chemicals. Erastin, doxorubicin, rhodamine 123, and FIN56 were purchased from Sigma-
Aldrich (St. Louis, MO). Erastin2, imidazole ketone erastin, RSL3, ML-162, FINO2, GPX4 inhibitor 
26a, JKE-1674, and JKE-1716 were from Cayman Chemical (Ann Arbor, MI). Valspodar was 
obtained from MedChemExpress (Monmouth Junction, NJ). Romidepsin was from Selleck 
Chemicals (Houston, TX). Purpurin-18 was purchased from Frontier Scientific (Logan, UT). 
Piperazine erastin was from TargetMol (Wellesly Hills, MA). SN-38 was obtained from LKT 
Laboratories (St. Paul, MN). RSL3 was purchased from Tocris (Minneapolis, MN). Fumitremorgin 
C (FTC) was synthesized in-house by the Developmental Therapeutics Program at the National 
Institutes of Health (Bethesda, MD).  
 

Cell Lines. OVCAR8, NCI/ADR-RES and UO-31 cells were obtained from the Division of 
Cancer Treatment and Diagnosis Tumor Repository, National Cancer Institute (Frederick, MD) 
and are grown in RPMI-1640 with 10% FBS, glutamine and Pen/Strep. A673 cells (from ATCC, 
Manassas, VA) were seeded and transfected with empty vector (EV) or vector containing full-
length, human ABCB1 or ABCG2 using Lipofectamine 2000 (Invitrogen, Waltham, MA).  Cells 
were selected with hygromycin, and clones were isolated by limiting dilution. Selected clones 
were grown in DMEM with 10% fetal calf serum, glutamine and Pen/Strep as well as 300 µg/ml 
hygromycin to maintain expression of the transporters. P-gp-overexpressing MDR-19 cells and 
ABCG2-overexpressing R-5 cells were derived from HEK293 cells and have been previously 
characterized and described (Robey et al., 2011). Transfected HEK293 cells were grown in MEM 
with 10% fetal calf serum, glutamine and Pen/Strep along with 2 mg/ml G418 to maintain 
expression of the transporters. All cell lines were routinely tested for mycoplasma using the 
MycoAlert PLUS Kit (Promega, Madison, WI) test kit and their identities were confirmed by STR 
analysis (performed by ATCC, Manassas, VA). 
 

Oligonucleotides. The following oligonucleotides (generated by Eurofins, Inc., Louisville, 
KY) were used in this study: 
ABCB1-START: 5’- 
GGGGACAACTTTGTACAAAAAAGTTGGCACCATGGATCTTGAAGGGGACCGCAATGG 
ABCB1-END:   5’- 
GGGGACAACTTTGTACAAGAAAGTTGATTATGCTAGCTGGCGCTTTGTTCCAGCCTGG 
ABCG2-START: 5’- 
GGGGACAACTTTGTACAAAAAAGTTGGCACCATGTCTTCCAGTAATGTCGAAGTTTTTATCCC 
ABCG2-END:   5’- 
GGGGACAACTTTGTACAAGAAAGTTGATTAAGAATACTTTTTAAGAAATAACAATTTCAG 
 

Generation of Entry Clones. Entry clones for ABCB1 and ABCG2 were constructed by 
PCR amplification of cDNA sequences flanked by Gateway Multisite recombination sites 
(Thermo Fisher Scientific, Waltham, MA).  PCR was carried out with 200 nM of each oligo listed 
in the table above using Phusion polymerase (New England Biolabs, Ipswich, MA) under 
standard conditions and an extension time of 180 seconds.  PCR products were cleaned using 
the QiaQuick PCR purification kit (Qiagen, Germantown, MD).  The final PCR products were 
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recombined into Gateway Donor vector pDonr-253 using the Gateway BP recombination 
reaction using the manufacturer’s protocols.  The subsequent Entry clones were sequence 
verified throughout the entire cloned region.   
 

Subcloning for Mammalian Expression Constructs. Gateway Multisite LR recombination 
was used to construct the final mammalian expression constructs from the Entry clones using 
the manufacturer’s protocols (Thermo Fisher Scientific, Waltham, MA).  The Gateway 
Destination vector used was pDest-305 (Addgene. Watertown, MA, #161895), a mammalian 
expression vector containing a Gateway attR4-attR2 cassette based on a modified version of 
pcDNA3.1.  This vector backbone contains a hygromycin resistance marker for antibiotic 
selection.  A human elongation factor 1 (EF1) promoter was introduced using a Gateway att4-
att1 Entry clone (Addgene, Watertown, MA, #162920).  Final expression clones were verified by 
restriction analysis and maxiprep DNA was prepared using the Qiaprep Maxiprep kit (Qiagen, 
Germantown, MD). 
 

Generation of ABCB1 Knockout UO-31 Cells. CRISPR-mediated knockout of ABCB1 in 
UO-31 cells was achieved by co-transfecting cells with knockout and homology-directed repair 
vectors for ABCB1 (obtained from Santa Cruz Biotechnology, Dallas, TX) using Lipofectamine 
2000 (Invitrogen) and subsequent selection with puromycin (3 µg/ml). Knockout clones were 
subsequently isolated, and loss of P-gp was verified by flow cytometry. 
 

Cytotoxicity Assays. Cells were seeded in opaque white, 96-well plates at a density of 
2500 cells/well and allowed to attach overnight.  Cells were then treated with increasing 
concentrations of the desired compound and incubated for 72 h. The concentration at which 
50% of cell growth was inhibited (GI50) was determined using Cell TiterGlo (Promega) according 
to the manufacturer’s instructions. Where noted, cytotoxicity assays were performed with 10 
µM valspodar to inhibit P-gp. 
 

Flow Cytometry Assays. To measure cell surface expression of P-gp or ABCG2, 
trypsinized cells were incubated for 20 min. at room temperature in 2% bovine serum 
albumin/PBS with phycoerythrin-labeled UIC-2 antibody or phycoerythrin-labeled 5D3 
antibody, respectively, according to the manufacturer’s instructions (both from ThermoFisher, 
Grand Island, NY).  Cells were also incubated with the corresponding phycoerythrin-labeled 
isotype control—IgG2a kappa for P-gp and IgG2b kappa for ABCG2 (both from ThermoFisher). 
P-gp or ABCG2  transporter activity was measured using rhodamine 123 or purpurin-18, 
respectively (Robey et al., 2004). Cells were trypsinized and incubated for 30 min in complete 
medium (phenol red-free Richter’s medium with 10% FCS and penicillin/streptomycin) with the 
desired fluorescent substrate (0.5 µg/ml rhodamine 123 to detect P-gp or 15 µM purpurin-18 to 
detect ABCG2) in the presence or absence of 25 µM concentrations of the desired FIN or a 
positive control inhibitor (10 µM valspodar for P-gp or 10 µM fumitremorgin C for ABCG2) for 
30 min at 37°C in 5% CO2.  Subsequently, cells were washed and incubated in substrate-free 
medium for 1 h at 37°C continuing with or without inhibitor.  Cells were subsequently analyzed 
with a FACSCanto flow cytometer (BD Biosciences, San Jose, CA) and data analysis was 
performed using FloJo v10.4.2 (FlowJo LLC, Ashland OR). 
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ATPase Assay. The ATPase assay was performed as described previously (Ambudkar, 

1998). Total membrane vesicles were prepared from High Five insect cells overexpressing P-gp. 
The membranes were diluted with ATPase assay buffer (50 mM MES-Tris, pH 6.8 containing 50 
mM KCl, 5 mM NaN3, 1 mM EGTA, 10 mM MgCl2, 2 mM DTT and 1 mM oubain) to reach a final 
concentration of 100 µg/mL and were incubated with the compounds at the noted 
concentrations for 10 min in the presence or absence of 0.3 mM sodium orthovanadate. The 
addition of 5 mM ATP (5 mM) started the reaction (20 min at 37°C) after which SDS (2.5% final 
concentration) was added to terminate the reaction. The amount of inorganic phosphate 
released was quantified andthe results were reported as percentage of vanadate-sensitive 
ATPase activity with DMSO. 
 
RESULTS 
 

Generation and Characterization of A673 Cells That Overexpress P-gp or ABCG2. As the 
A673 cell line was reported to be sensitive to FINs (Yang et al., 2014) and does not express very 
high levels of P-gp or ABCG2, we transfected this cell line with either empty vector (A673 EV) or 
vectors containing the genes encoding human P-gp (A673 B1) or ABCG2 (A673 G2).  We 
selected single clones with high levels of P-gp or ABCG2 based on measurement of antibody 
staining by flow cytometry and further characterized positive clones. As seen in Fig. 1A, A673 B1 
or A673 G2 cells were found to have much higher levels of the transporter proteins, as shown 
by increased staining with UIC-2 antibody or 5D3 antibody (orange histogram), respectively, 
compared to A673 EV cells which were negative for both transporters. P-gp-overexpressing 
MDR-19 cells and ABCG2-overexpressing R-5 cells served as positive controls (data not shown). 
Functional assays were also used to confirm transporter activity. A673 B1 cells readily 
transported rhodamine 123 and A673 G2 cells demonstrated increased purpurin-18 efflux, as 
shown by the left shift of the blue histogram for the two substrates, compared to empty vector-
transfected cells (A673 EV), as illustrated in Fig. 1B.   

To verify that transporter levels were adequate to confer resistance to known 
substrates, we performed cytotoxicity assays with the P-gp substrate doxorubicin as well as the 
ABCG2 substrate SN-38.  As seen in Fig. 1C and Table 1, A673 B1 cells were resistant to 
doxorubicin, whereas A673 G2 cells exhibited little to no resistance to this compound. A673 G2 
cells displayed increased resistance to SN-38. Having confirmed that the transfected cells 
expressed high levels of the desired transporters and that the transporters were indeed 
functional, we proceeded to use them to characterize the ability of P-gp and ABCG2 to confer 
resistance to FINs. 
 

P-gp Overexpression Confers Resistance to Modified Erastin Derivatives. A673 EV, 
A673 B1 and A673 G2 cells were then used in 3-day cytotoxicity assays to determine whether 
the transporters could confer resistance to the FINs.  While resistance due to expression of 
ABCG2 or P-gp was not seen to most FINs examined, this was not true for some erastin 
derivatives that had been modified to improve water solubility. Overexpression of P-gp 
conferred relatively high levels of resistance to imidazole ketone erastin and piperazine erastin 
(Fig. 1C). FIN56 appeared to be a weak P-gp substrate, as A673 B1 cells were about 6-fold 
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resistant (Table 1). ABCG2 overexpression did not confer appreciable resistance to any of the 
FINs examined.  

Since P-gp overexpression appeared to confer resistance to some FINs, we validated the 
results in parental OVCAR8 ovarian cancer cells and P-gp-overexpressing NCI/ADR-RES cells that 
were derived from OVCAR8 cells by selection with doxorubicin. As shown in Fig. 2A, OVCAR8 
cells do not express P-gp, as determined with the P-gp-specific monoclonal antibody UIC-2,  
while NCI/ADR-RES cells express high levels of the transporter, as shown by increased staining 
with the UIC-2 antibody in NCI/ADR-RES cells. In this model system, when we performed 
cytotoxicity assays in the presence or absence of 10 µM valspodar, a P-gp inhibitor, we 
observed that P-gp overexpression conferred resistance to imidazole ketone erastin, piperazine 
erastin, and FIN56, and that valspodar reversed the resistance. P-gp overexpression in the 
NCI/ADR-RES line was not found to confer resistance to erastin or erastin2 (Fig. 2B and Table 
S1), in agreement with the results from the A673 cells. 
 

Deletion of ABCB1 in UO-31 Cells Increases Sensitivity to Erastin Derivatives. The renal 
carcinoma cell line UO-31 is known to have detectable levels of P-gp and displays rhodamine 
efflux (Lee et al., 1994). To determine if expression of P-gp in this cell line is high enough to 
confer resistance to imidazole ketone erastin or piperazine erastin, two of the best substrates 
for P-gp, we performed CRISPR-mediated deletion of ABCB1 and selected two clones that had 
lost expression. As shown in Fig. 3A, while UO-31 cells do stain positively with the UIC-2 
antibody, as shown by increased staining with the UIC-2 antibody (orange histogram), the two 
knockout clones, B11 and 1F4, no longer react with the antibody, as detected by flow 
cytometry. Additionally, we found that the knockout clones no longer efflux the P-gp substrate 
rhodamine 123, as shown by increased intracellular fluorescence of rhodamine 123 (blue 
histogram) in the clones, suggesting that the ABCB1 gene had been deleted. The knockout 
clones also demonstrate increased sensitivity to the P-gp substrate romidepsin (Fig. 3B). When 
we performed cytotoxicity assays with imidazole ketone erastin and piperazine erastin, the 
knockout clones displayed increased sensitivity to both compounds by about 3- to 4-fold 
compared to parental cells; however, no difference in sensitivity to erastin was noted (Table 
S2). Thus, even relatively low levels of P-gp may cause resistance to the erastin analogs. 
 

Ferroptosis Inducers Stimulate the ATPase Activity of P-gp. The effect of erastin, 
imidazole ketone erastin, and piperazine erastin on the ATPase activity of P-gp was 
subsequently examined. While several P-gp substrates and some inhibitors have been shown to 
stimulate the ATPase activity of P-gp, not all substrates do so. We found that all three of the 
compounds stimulated the ATPase activity of P-gp to a degree comparable to that of verapamil, 
which is used as a positive control (Fig. 4). However, stimulation by erastin did not achieve 
statistical significance. The ATPase stimulation serves as a confirmation of the interaction 
between imidazole ketone erastin and piperazine erastin and P-gp, given the close connection 
between ATP hydrolysis and substrate efflux (Ambudkar et al., 1997). 
 

Ferroptosis Inducers Inhibit P-gp- and ABCG2-Mediated Transport. As targeted 
therapies are known to act as inhibitors of ABC transporters, we next characterized the ability 
of the FINs to act as inhibitors of P-gp or ABCG2. At a concentration of 10 µM, erastin2, ML-162, 
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GPX4 inhibitor 26a, and PACMA31 inhibited P-gp-mediated rhodamine 123 transport, resulting 
in a 5- to 10-fold increase in rhodamine fluorescence in MDR-19 cells (Fig. 5A). In ABCG2-
expressing R-5 cells, GPX inhibitor 26a had the greatest effect on purpurin-18 efflux, while 
piperazine erastin, ML-162, PACMA31 and RSL3 also significantly inhibited purpurin-18 efflux 
(Fig. 5B). These results suggest that drug-drug interactions might occur during treatment with 
FINs. 
 
DISCUSSION 
 Ferroptosis induction by small molecules is a novel way to induce cell death in cancer 
cells.  Despite the recent proliferation of papers describing novel molecules that can induce 
ferroptosis (Gaschler et al., 2018; Chen et al., 2020; Xu et al., 2021; Wang et al., 2023), very few 
studies have addressed potential interactions with ABC transporters that might limit 
bioavailability or brain penetration. In our study, we found that the FINs imidazole ketone 
erastin and piperazine erastin are transported by P-gp, suggesting that their oral bioavailability 
and/or brain penetration may be compromised.  Additionally, we found that the FINs ML-162, 
GPX inhibitor 26a, and PACMA31 act as inhibitors of P-gp. Interestingly, the most potent P-gp 
inhibitor, GPX inhibitor 26a, was also the most potent ABCG2 inhibitor, suggesting that 
treatment with FINs may cause drug-drug interactions.   
 Our findings regarding erastin differ from those of Zhou et al. who reported erastin as a 
P-gp substrate (Zhou et al., 2019). However, we note that they used a P-gp-expressing cell line 
that was generated by gradually increasing exposure to paclitaxel (Zhou et al., 2019). While 
selection with paclitaxel can lead to P-gp overexpression, other mechanisms of resistance can 
arise (Orr et al., 2003). It cannot be ruled out that other mechanisms besides efflux by P-gp may 
have caused the resistance to erastin observed by Zhou and colleagues. Unfortunately, they did 
not perform cytotoxicity assays in the presence of a P-gp inhibitor, which would have confirmed 
the role of P-gp. In contrast, we did not observe erastin resistance in cells that were transfected 
to express P-gp without selection with an anticancer drug, and this result was confirmed in a 
selected cell line. We thus conclude that erastin is not a P-gp substrate and that the cell line 
used by Zhou et al. may have another mechanism at work that can confer resistance to erastin. 
 It is not surprising that the FINs, which are essentially targeted therapies, interact with 
drug transporters, as many targeted therapies have been shown to either be substrates or 
inhibitors of P-gp or ABCG2 (Shukla et al., 2012).  The BCR-ABL inhibitors imatinib, nilotinib, 
dasatinib, and bosutinib have been found to be substrates of P-gp and ABCG2 at low 
concentrations, while they act as inhibitors of the proteins at higher concentrations (Hegedus 
et al., 2009; Tiwari et al., 2009; Dohse et al., 2010; Eadie et al., 2013). Overexpression of ABCB1 
has been demonstrated in tumor samples obtained from patients whose tumors have 
developed resistance to the ALK inhibitor ceritinib in the absence of secondary ALK mutations 
(Katayama et al., 2016). Ceritinib has also been reported to inhibit P-gp- and ABCG2-mediated 
transport (Hu et al., 2015). Additionally, both P-gp and ABCG2 have been shown to confer 
resistance to several structurally different aurora kinase inhibitors (Guo et al., 2009; Michaelis 
et al., 2015).  

The ability of P-gp and ABCG2 to affect brain penetration of targeted therapies has most 
dramatically been demonstrated in mouse models in which the ABCB1 homologs Abcb1a and 
Abcb1b are knocked out, the ABCG2 homolog Abcg2 is knocked out, or all of the homologous 
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transporters have been deleted. Brain concentrations of the Janus kinase 1/2 inhibitor 
momelotinib 24 h after oral administration were 6.5-fold, 3-fold and 48-fold higher in mice 
deficient in Abcg2, Abcb1a/b, or Abcg2;Abcb1a/b, respectively, compared to control mice 
(Durmus et al., 2013).  Similarly, 24 h after oral administration of the BCR-ABL inhibitor 
ponatinib, brain concentrations were 2.2-fold, 1.9-fold and 25.5-fold higher in mice deficient in 
Abcg2, Abcb1a/b, or Abcg2;Abcb1a/b, respectively, compared to wild-type controls (Kort et al., 
2017). Thus, P-gp and ABCG2 can have a profound effect of limiting brain penetration of 
targeted therapies that are substrates of the transporters. Brain accumulation or oral 
bioavailability of FIN56, imidazole ketone erastin or piperazine erastin could similarly be 
affected, as they were found to be transported by P-gp. 

In conclusion, we have demonstrated that the FINs FIN56, imidazole ketone erastin, and 
piperazine erastin are substrates of P-gp, suggesting a potential reduction in oral bioavailability 
and brain penetration.  ML-162, GPX inhibitor 26a and PACMA31 were found to inhibit the 
transport activity of P-gp and/or ABCG2, suggesting potential drug-drug interactions.  Thus, our 
findings are valuable as these compounds are pursued clinically. 
 
ACKNOWLEDGEMENTS 
DNA cloning support was provided by Vanessa Wall and Carissa Grose of the Protein Expression 
Laboratory at the Frederick National Laboratory for Cancer Research. We thank George Leiman 
for editorial assistance. The content of this publication does not necessarily reflect the views or 
policies of the Department of Health and Human Services, nor does mention of trade names, 
commercial products, or organizations imply endorsement by the U.S. Government.  
 
DATA AVAILABILITY STATEMENT. The authors declare that all the data supporting the findings 
of this study are available within the paper and its Supplemental Data. 
 
AUTHORSHIP CONTRIBUTIONS   
Participated in research design: Robey, Ambudkar, Gottesman. 
Conducted experiments: Frye, Huff, González Dalmasy, Salazar, Carter, Gensler, Robey. 
Contributed new reagents or analytic tools: Esposito. 
Performed data analysis:  Frye, Huff, González Dalmasy, Salazar, Carter, Gensler, Robey. 
Wrote or contributed to the writing of the manuscript: Frye, Huff, Salazar, Robey, Ambudkar, 
Gottesman. 
 
 
 
 
 
  

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529736doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529736


 10 

 
REFERENCES 
Ambudkar SV (1998) Drug-stimulatable ATPase activity in crude membranes of human MDR1-

transfected mammalian cells. Methods Enzymol 292:504-514. 
Ambudkar SV, Cardarelli CO, Pashinsky I and Stein WD (1997) Relation between the turnover 

number for vinblastine transport and for vinblastine-stimulated ATP hydrolysis by 
human P-glycoprotein. J Biol Chem 272:21160-21166. 

Chen YC, Oses-Prieto JA, Pope LE, Burlingame AL, Dixon SJ and Renslo AR (2020) Reactivity-
Based Probe of the Iron(II)-Dependent Interactome Identifies New Cellular Modulators 
of Ferroptosis. J Am Chem Soc 142:19085-19093. 

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ, 
Cantley AM, Yang WS, Morrison B and Stockwell BR (2012) Ferroptosis: an iron-
dependent form of nonapoptotic cell death. Cell 149:1060-1072. 

Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, Thomas AG, Gleason CE, Tatonetti 
NP, Slusher BS and Stockwell BR (2014) Pharmacological inhibition of cystine-glutamate 
exchange induces endoplasmic reticulum stress and ferroptosis. Elife 3:e02523. 

Dohse M, Scharenberg C, Shukla S, Robey RW, Volkmann T, Deeken JF, Brendel C, Ambudkar SV, 
Neubauer A and Bates SE (2010) Comparison of ATP-binding cassette transporter 
interactions with the tyrosine kinase inhibitors imatinib, nilotinib, and dasatinib. Drug 
Metab Dispos 38:1371-1380. 

Dolma S, Lessnick SL, Hahn WC and Stockwell BR (2003) Identification of genotype-selective 
antitumor agents using synthetic lethal chemical screening in engineered human tumor 
cells. Cancer Cell 3:285-296. 

Durmus S, Hendrikx JJ and Schinkel AH (2015) Apical ABC transporters and cancer 
chemotherapeutic drug disposition. Adv Cancer Res 125:1-41. 

Durmus S, Xu N, Sparidans RW, Wagenaar E, Beijnen JH and Schinkel AH (2013) P-glycoprotein 
(MDR1/ABCB1) and breast cancer resistance protein (BCRP/ABCG2) restrict brain 
accumulation of the JAK1/2 inhibitor, CYT387. Pharmacol Res 76:9-16. 

Eadie LN, Saunders VA, Hughes TP and White DL (2013) Degree of kinase inhibition achieved in 
vitro by imatinib and nilotinib is decreased by high levels of ABCB1 but not ABCG2. Leuk 
Lymphoma 54:569-578. 

Gaschler MM, Andia AA, Liu H, Csuka JM, Hurlocker B, Vaiana CA, Heindel DW, Zuckerman DS, 
Bos PH, Reznik E, Ye LF, Tyurina YY, Lin AJ, Shchepinov MS, Chan AY, Peguero-Pereira E, 
Fomich MA, Daniels JD, Bekish AV, Shmanai VV, Kagan VE, Mahal LK, Woerpel KA and 
Stockwell BR (2018) FINO2 initiates ferroptosis through GPX4 inactivation and iron 
oxidation. Nat Chem Biol 14:507-515. 

Gottesman MM, Fojo T and Bates SE (2002) Multidrug resistance in cancer: role of ATP-
dependent transporters. Nature Rev Cancer 2:48-58. 

Guo J, Anderson M, Tapang P, Palma J, Rodriguez L, Niquette A, Li J, Bouska J, Wang G, 
Semizarov D, Albert D, Donawho C, Glaser K and Shah O (2009) Identification of genes 
that confer tumor cell resistance to the aurora B kinase inhibitor, AZD1152. 
Pharmacogenomics J 9:90-102. 

Hegedus C, Ozvegy-Laczka C, Apáti A, Magócsi M, Német K, Orfi L, Kéri G, Katona M, Takáts Z, 
Váradi A, Szakács G and Sarkadi B (2009) Interaction of nilotinib, dasatinib and bosutinib 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529736doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529736


 11 

with ABCB1 and ABCG2: implications for altered anti-cancer effects and pharmacological 
properties. Br J Pharmacol 158:1153-1164. 

Hu J, Zhang X, Wang F, Wang X, Yang K, Xu M, To KK, Li Q and Fu L (2015) Effect of ceritinib 
(LDK378) on enhancement of chemotherapeutic agents in ABCB1 and ABCG2 
overexpressing cells in vitro and in vivo. Oncotarget 6:44643-44659. 

Kanamaru H, Kakehi Y, Yoshida O, Nakanishi S, Pastan I and Gottesman MM (1989) MDR1 RNA 
levels in human renal cell carcinomas: correlation with grade and prediction of reversal 
of doxorubicin resistance by quinidine in tumor explants. J Natl Cancer Inst 81:844-849. 

Katayama R, Sakashita T, Yanagitani N, Ninomiya H, Horiike A, Friboulet L, Gainor JF, Motoi N, 
Dobashi A, Sakata S, Tambo Y, Kitazono S, Sato S, Koike S, John Iafrate A, Mino-
Kenudson M, Ishikawa Y, Shaw AT, Engelman JA, Takeuchi K, Nishio M and Fujita N 
(2016) P-glycoprotein Mediates Ceritinib Resistance in Anaplastic Lymphoma Kinase-
rearranged Non-small Cell Lung Cancer. EBioMedicine 3:54-66. 

Kort A, van Hoppe S, Sparidans RW, Wagenaar E, Beijnen JH and Schinkel AH (2017) Brain 
Accumulation of Ponatinib and Its Active Metabolite, N-Desmethyl Ponatinib, Is Limited 
by P-Glycoprotein (P-GP/ABCB1) and Breast Cancer Resistance Protein (BCRP/ABCG2). 
Mol Pharm 14:3258-3268. 

Lee JS, Paull K, Alvarez M, Hose C, Monks A, Grever M, Fojo AT and Bates SE (1994) Rhodamine 
efflux patterns predict P-glycoprotein substrates in the National Cancer Institute Drug 
Screen. Mol Pharmacol 46:627-638. 

Michaelis M, Selt F, Rothweiler F, Wiese M and Cinatl J (2015) ABCG2 impairs the activity of the 
aurora kinase inhibitor tozasertib but not of alisertib. BMC Res Notes 8:484. 

Orr GA, Verdier-Pinard P, McDaid H and Horwitz SB (2003) Mechanisms of Taxol resistance 
related to microtubules. Oncogene 22:7280-7295. 

Robey RW, Lin B, Qiu J, Chan LL and Bates SE (2011) Rapid detection of ABC transporter 
interaction: potential utility in pharmacology. J Pharmacol Toxicol Methods 63:217-222. 

Robey RW, Steadman K, Polgar O, Morisaki K, Blayney M, Mistry P and Bates SE (2004) 
Pheophorbide a is a specific probe for ABCG2 function and inhibition. Cancer Res 
64:1242-1246. 

Shimada K, Skouta R, Kaplan A, Yang WS, Hayano M, Dixon SJ, Brown LM, Valenzuela CA, 
Wolpaw AJ and Stockwell BR (2016) Global survey of cell death mechanisms reveals 
metabolic regulation of ferroptosis. Nat Chem Biol 12:497-503. 

Shukla S, Chen ZS and Ambudkar SV (2012) Tyrosine kinase inhibitors as modulators of ABC 
transporter-mediated drug resistance. Drug Resist Updat 15:70-80. 

Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ, Fulda S, Gascón S, 
Hatzios SK, Kagan VE, Noel K, Jiang X, Linkermann A, Murphy ME, Overholtzer M, Oyagi 
A, Pagnussat GC, Park J, Ran Q, Rosenfeld CS, Salnikow K, Tang D, Torti FM, Torti SV, 
Toyokuni S, Woerpel KA and Zhang DD (2017) Ferroptosis: A Regulated Cell Death Nexus 
Linking Metabolism, Redox Biology, and Disease. Cell 171:273-285. 

Tiwari A, Sodani K, Wang S, Kuang Y, Ashby CJ, Chen X and Chen Z (2009) Nilotinib (AMN107, 
Tasigna) reverses multidrug resistance by inhibiting the activity of the ABCB1/Pgp and 
ABCG2/BCRP/MXR transporters. Biochem Pharmacol 78:153-161. 

Vlaming ML, Lagas JS and Schinkel AH (2009) Physiological and pharmacological roles of ABCG2 
(BCRP): recent findings in Abcg2 knockout mice. Adv Drug Deliv Rev 61:14-25. 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529736doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529736


 12 

Wang C, Zheng C, Wang H, Shui S, Jin H, Liu G, Xu F, Liu Z, Zhang L, Sun D and Xu P (2023) Dual 
degradation mechanism of GPX4 degrader in induction of ferroptosis exerting anti-
resistant tumor effect. Eur J Med Chem 247:115072. 

Wang H, Luo F, Zhu Z, Xu Z, Huang X, Ma R, He H, Zhu Y, Shao K and Zhao J (2017) ABCG2 is a 
potential prognostic marker of overall survival in patients with clear cell renal cell 
carcinoma. BMC Cancer 17:222. 

Weïwer M, Bittker JA, Lewis TA, Shimada K, Yang WS, MacPherson L, Dandapani S, Palmer M, 
Stockwell BR, Schreiber SL and Munoz B (2012) Development of small-molecule probes 
that selectively kill cells induced to express mutant RAS. Bioorg Med Chem Lett 22:1822-
1826. 

Xu C, Xiao Z, Wang J, Lai H, Zhang T, Guan Z, Xia M, Chen M, Ren L, He Y, Gao Y and Zhao C 
(2021) Discovery of a Potent Glutathione Peroxidase 4 Inhibitor as a Selective 
Ferroptosis Inducer. J Med Chem 64:13312-13326. 

Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS, Cheah JH, 
Clemons PA, Shamji AF, Clish CB, Brown LM, Girotti AW, Cornish VW, Schreiber SL and 
Stockwell BR (2014) Regulation of ferroptotic cancer cell death by GPX4. Cell 156:317-
331. 

Yang WS and Stockwell BR (2008) Synthetic lethal screening identifies compounds activating 
iron-dependent, nonapoptotic cell death in oncogenic-RAS-harboring cancer cells. Chem 
Biol 15:234-245. 

Zhang Y, Tan H, Daniels JD, Zandkarimi F, Liu H, Brown LM, Uchida K, O'Connor OA and 
Stockwell BR (2019) Imidazole Ketone Erastin Induces Ferroptosis and Slows Tumor 
Growth in a Mouse Lymphoma Model. Cell Chem Biol 26:623-633 e629. 

Zhou HH, Chen X, Cai LY, Nan XW, Chen JH, Chen XX, Yang Y, Xing ZH, Wei MN, Li Y, Wang ST, Liu 
K, Shi Z and Yan XJ (2019) Erastin Reverses ABCB1-Mediated Docetaxel Resistance in 
Ovarian Cancer. Front Oncol 9:1398. 

 
 
 
Footnote 
 
This research was funded by the Intramural Research Program of the National Institutes of 
Health, the National Cancer Institute.  
 
Address correspondence to: Michael M. Gottesman, Laboratory of Cell Biology, 37 Convent Dr., 
Room 2108, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, MD 20892. 
Email: gottesmm@mail.nih.gov 
  

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529736doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529736


 13 

 
FIGURE LEGENDS 
 
Fig. 1. Characterization of A673 cells transfected to express P-gp or ABCG2. (A) Trypsinized 
A673 EV, B1 or G2 cells were incubated with 2% bovine serum albumin/PBS containing 
phycoerythrin-labeled antibody to detect ABCG2 (5D3) or ABCB1 (UIC-2), or the corresponding 
isotype control antibody for 20 min after which cells were washed in PBS. Control cells (no 
antibody) are denoted by red curves, isotype control staining is denoted by blue curves, and 
staining with specific transporter antibodies is denoted by orange curves (ABCG2 top row, P-gp 
bottom row). Results from one of three independent experiments are shown. (B) Trypsinized 
A673 EV, B1, and G2 cells were incubated with rhodamine 123 (0.5 µg/ml, for detection of P-gp) 
or purpurin-18 (15 µM, for detection of ABCG2) with or without appropriate inhibitor (10 µM 
valspodar for P-gp; 10 µM FTC for ABCG2) for 30 min after which media was removed and 
replaced with substrate-free medium continuing with or without inhibitor for an additional 1 h.  
Cell autofluorescence (control) is denoted by red histograms, substrate efflux is denoted by 
blue histograms and cells with substrate and inhibitor are denoted by orange histograms. 
Results from one of three independent experiments are shown. (C) Three-day cytotoxicity 
assays were performed on A673 EV, B1, and G2 cells with doxorubicin, SN-38, erastin, imidazole 
ketone erastin, piperazine erastin and FIN56. Results from one of three independent 
experiments are shown and results are summarized in Table 1. 
 
Fig. 2. The OVCAR8 and NCI/ADR-RES cell line pair confirm P-gp substrates. (A) Trypsinized 
OVCAR8 or NCI/ADR-RES cells were incubated with 2% bovine serum albumin/PBS containing 
phycoerythrin-labeled UIC-2 antibody to isotype control antibody for 20 min after which cells 
were washed in PBS and read on a flow cytometer. Control cells (no antibody) are denoted by 
red curves, isotype control staining is denoted by blue curves, and P-gp staining is denoted by 
orange curves (ABCG2 top row, P-gp bottom row). Results from one of three independent 
experiments are shown. (B) Three-day cytotoxicity assays were performed on OVCAR8 and 
NCI/ADR-RES cells with imidazole ketone erastin, piperazine erastin, FIN56 or erastin. Where 
noted, the P-gp inhibitor valspodar was added at a concentration of 10 µM. Results from one of 
three independent experiments are shown and results are summarized in Table S1. 
 
Fig. 3. CRISPR-mediated deletion of ABCB1 sensitizes UO-31 cells to FINs. (A) Top row: UO-31 
cells or the ABCB1 knockout clones (B11, 1F4) were trypsinized and incubated with 2% bovine 
serum albumin/PBS containing phycoerythrin-labeled UIC-2 antibody or isotype control 
antibody for 20 min after which cells were washed in PBS and read on a flow cytometer. Control 
cells (no antibody) are denoted by red curves, isotype control staining is denoted by blue curves 
and staining with UIC-2 is denoted by orange curves. Bottom row: Cells were incubated with 
rhodamine 123 (0.5 µg/ml) with or without 10 µM valspodar for 30 min after which media was 
removed and replaced with substrate-free medium continuing with or without inhibitor for an 
additional 1 h.  Cell autofluorescence (control) is denoted by red histograms, rhodamine efflux 
by blue histograms and cells with rhodamine and inhibitor are denoted by orange histograms. 
Results from one of three independent experiments are shown. (B) Three-day cytotoxicity 
assays were performed on UO-31 cells or the ABCB1 knockout clones with rhodamine, 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529736doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529736


 14 

imidazole ketone erastin or piperazine erastin. Results from one of 3 independent experiments 
are shown. GI50 values from 3 independent experiments are shown under the representative 
graphs. Significance was determined by a one-way ANOVA with a test for multiple comparisons. 
Asterisks denote significant difference from the parental UO-31 cell line, where p<0.001(***), 
or p<0.0001(****). 
 
Fig. 4. Effect of erastin derivatives on ATPase activity of P-gp. The effect of imidazole ketone 
erastin, piperazine erastin and erastin or the vanadate-sensitive ATPase activity of P-gp was 
determined as outlined in Materials and Methods. Basal ATPase activity was compared to that 
in the presence 10 µM concentrations of the compounds; verapamil at 10 µM served as a 
positive control for stimulation of ATPase activity. Significance was determined by a one-way 
ANOVA with a test for multiple comparisons. Asterisks denote significant difference from the 
DMSO control, where p<0.05 (*), or p<0.01 (**). ns; not significant. 
 
Fig. 5. FINs inhibit P-gp and ABCG2 transport activity. P-gp-overexpressing MDR-19 cells (A) or 
ABCG2-overexpressing R-5 cells (B) were incubated with 0.5 µg/ml rhodamine 123 or 15 µM 
purpurin-18, respectively, in the absence or presence of  specific inhibitor (10 µM valspodar for 
P-gp and 10 µM FTC for ABCG2) or 10 µM concentrations of the FINs for 30 min after which the 
medium was removed and replaced with substrate-free medium with or without the inhibitor. 
Cells were then incubated for an additional 1 h. Inhibition of P-gp or ABCG2 was determined by 
calculating the fold increase in intracellular fluorescence, with fluorescence levels in cells 
incubated with rhodamine or pupurin-18 alone assigned a value of 1. Significance was 
determined from three independent experiments using a one-way ANOVA with a test for 
multiple comparisons. Asterisks denote significant difference from the rhodamine or purpurin-
18 control, where p<0.05 (*), p<0.01 (**), p<0.001(***), or p<0.0001(****). R; rhodamine, P; 
purpurin-18. 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 23, 2023. ; https://doi.org/10.1101/2023.02.23.529736doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529736


 15 

Table 1. Cross resistance profile of transfected A673 cellsa 
 

Compound (µM) A673 EV GI50 A673 B1 GI50 RR A673 G2 GI50 RR 
SN-38 0.0018 ± 001 0.0024 ± .0004 1.3 0.042 ± .00013 23 
Doxorubicin 0.010 ± 0.004 0.24 ± 0.075 24 0.017 ± 0.005 1.7 
Erastin  2.2 ± 0.42 3.4 ± 1.2 1.5 1.9 ± 0.78 0.86 
Erastin2 0.083 ± 0.004 0.17 ± 0.043 2 0.087 ± 0.024 1 
Imidazole ketone 
erastin  

0.31 ± 0.25 11.4 ± 5.4 38 0.33 ± 0.24 1.1 

Piperazine  
erastin 

1.6 ± 0.416 11 ± 2 6.9 1.4 ± 0.28 0.88 

FIN56 0.70 ± 0.43 3.9 ± 2.8 5.6 0.99 ± 0.65 1.4 
JKE-1674 1.0 ± 0.20 1.9 ± 0.18 1.9 2.7 ± 0.11 2.7 
RSL3 0.055 ± 0.010 0.12 ± 0.008 2.2 0.06 ± 0.003 1.1 
Fin02 2.8 ± 1.7 2.8 ± 1.7 1 3.0 ± 1.6 1.1 
PACMA31 0.047 ± 0.056 0.07 ± 0.056 1.5 0.045 ± 0.039 0.96 
ML-210 0.16 ± 0.031 0.33 ± 0.028 2.1 0.20 ± 0.037 1.2 
GPX4 inhibitor 
26a 

0.077 ± 0.036 0.14 ± 0.050 1.8 0.093 ± 0.020 1.2 

ML-162 0.095 ± 0.013 0.20 ± 0.057 2.1 0.12 ± 0.026 1.3 
JKE-1716 1.4 ± 0.38 2.5 ± 0.43 1.8 0.81 ± 0.054 0.58 

 
aResults presented are mean GI50 values +/- SEM. Relative resistance (RR) value was determined 
by dividing the GI50 value for A673 cells expressing a transporter by the GI50 value for the A673 
EV cells. Three independent experiments were performed. 
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