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ABSTRACT
◥

Despite the availability of drugs that target ERa-positive breast
cancer, resistance commonly occurs, resulting in relapse,metastasis,
and death. Tamoxifen remains the most commonly-prescribed
endocrine therapy worldwide, and “tamoxifen resistance” has been
extensively studied. However, little consideration has been given
to the role of endoxifen, the most abundant active tamoxifen
metabolite detected in patients, in driving resistance mechanisms.
Endoxifen functions differently from the parent drug and other
primary metabolites, including 4-hydroxy-tamoxifen (4HT). Many
studies have shown that patients who extensivelymetabolize tamox-
ifen into endoxifen have superior outcomes relative to patients who
do not, supporting a primary role for endoxifen in driving tamox-
ifen responses. Therefore, “tamoxifen resistance” may be better
modeled by “endoxifen resistance” for some patients. Here, we
report the development of novel endoxifen-resistant breast cancer
cell lines and have extensively compared these models to 4HT and

fulvestrant (ICI)-resistant models. Endoxifen-resistant cells were
phenotypically and molecularly distinct from 4HT-resistant cells
and more closely resembled ICI-resistant cells overall. Specifically,
endoxifen resistance was associated with ERa and PR loss, estrogen
insensitivity, unique gene signatures, and striking resistance tomost
FDA-approved second- and third-line therapies. Given these find-
ings, and the importance of endoxifen in the efficacy of tamoxifen
therapy, our data indicate that endoxifen-resistant models may be
more clinically relevant than existing models and suggest that a
better understanding of endoxifen resistance could substantially
improve patient care.

Implications: Here we report on the development and character-
ization of the first endoxifen-resistant models and demonstrate that
endoxifen resistance may better model tamoxifen resistance in a
subset of patients.

Introduction
Breast cancer is the leading cause of cancer death among women,

claiming the lives of over 600,000 individuals every year worldwide (1).
Over 70% of all breast tumors express estrogen receptor alpha (ERa), a
ligand-activated transcription factor that induces expression of genes
involved in tumor growth and survival (2, 3). Targeted therapies to
treat ERaþ breast cancer have existed for decades and include selective
estrogen receptor modulators (SERM), selective estrogen receptor
degraders (SERD), and aromatase inhibitors (3, 4). SERMs, such as
tamoxifen and its active primary metabolite 4-hydroxy-tamoxifen
(4HT), compete with estrogens for ERa binding, thereby preventing
estrogen-induced growth of ERaþ tumor cells. (5, 6). SERDs, such as
fulvestrant (ICI), prevent nuclear translocation of ERa altogether and
target the receptor for degradation (4, 7), whereas aromatase inhibitors
block the production of estrogen throughout the body. Although these
drugs are initially quite effective, the majority of patients will even-
tually relapse with distant metastasis, anywhere from 5 to 30þ years
after the initial diagnosis (3, 4, 8). Because of the incidence of ERaþ

disease, and the frequency of relapse, ERaþ tumors are responsible for
more breast cancer deaths than any other subtype, despite their overall
better prognosis (3, 8).

Tamoxifen is the oldest and most common therapy worldwide for
ERaþ breast cancer. It is a prodrug which must be activated by
cytochrome P450 (CYP) enzymes in the liver (9). For decades, the
tamoxifen metabolite 4HT has been studied as the clinically-relevant
active form of the drug, and nearly every model system of tamoxifen
response and resistance has utilized 4HT. However, 4HT concentra-
tions are extremely low in tamoxifen-treated patients (�5 nmol/L;
refs. 10, 11), and the anti-estrogenic activity elicited at such low
concentrations is limited (10, 12). Endoxifen is another active metab-
olite of tamoxifen, with a similar potency to 4HT at equimolar
concentrations (13). Endoxifen, however, is found at concentrations
between 5 and 80 nmol/L in the serum of tamoxifen treated
patients (10, 11, 14), a range which corresponds to the IC50 of
endoxifen in many ERaþ breast cancer cells (12). Endoxifen is
produced primarily via conversion from the tamoxifen metabolite
N-desmethyl-tamoxifen, catalyzedby the enzymeCYP2D6(10, 15, 16).
Variability in circulating endoxifen concentrations is due to the fact
that CYP2D6 is a highly polymorphic gene with over 100 variant
alleles, the prevalence of which varies widely across different ethnic-
ities (9, 14). Interestingly, increased serum levels of endoxifen are
associated with better outcomes, whereas CYP2D6 alterations that
result in absent or reduced enzyme activity are associated with reduced
tamoxifen response (9, 14, 17, 18). In the laboratory, endoxifen
has been characterized as the most potent tamoxifen metabolite at
clinically relevant concentrations, (12, 19–21) and the molecular
mechanisms of endoxifen activity differ strikingly from those of
tamoxifen, 4HT, and other anti-estrogens (19). On the basis of these
and other findings, phase I and II clinical trials [NCT01327781 (22);

1Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester,
Minnesota. 2Department of Oncology, Mayo Clinic, Rochester, Minnesota.

Note: Supplementary data for this article are available at Molecular Cancer
Research Online (http://mcr.aacrjournals.org/).

Corresponding Author: John R. Hawse, Biochemistry and Molecular Biology,
Mayo Clinic, 200 1st St. SW, Rochester, MN 55905. E-mail:
hawse.john@mayo.edu

Mol Cancer Res 2021;19:1026–39

doi: 10.1158/1541-7786.MCR-20-0872

�2021 American Association for Cancer Research.

AACRJournals.org | 1026

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/19/6/1026/3102505/1026.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1541-7786.MCR-20-0872&domain=pdf&date_stamp=2021-5-17
http://crossmark.crossref.org/dialog/?doi=10.1158/1541-7786.MCR-20-0872&domain=pdf&date_stamp=2021-5-17


NCT02311933; NCT01273168], investigating the efficacy of endoxifen
monotherapy have been conducted with promising results, especially
in patients with endocrine-resistant disease. For these reasons, there is
a pressing need to better understand the molecular mechanisms
governing endoxifen activity in ERaþ breast cancer. Given the clinical
relevance of endoxifen, and its associations with patient outcomes
following tamoxifen therapy, it is also crucial to model “endoxifen
resistance” and determine if this condition might better resemble
“tamoxifen resistance” in patients. Indeed, models of endoxifen resis-
tance may be more clinically relevant than current models of tamox-
ifen or 4HT resistance for the large majority of patients.

To this end, we have developed the first cell linemodels of endoxifen
resistance, in parallel with our own models of 4HT and ICI resistance,
using MCF7 and T47D cells. Here, we demonstrate that endoxifen-
resistant cells differ dramatically from 4HT-resistant cells with regard
to their global gene and protein expression profiles, including notable
differences in expression of ERa and the progesterone receptor (PGR).
Endoxifen-resistant cells, unlike 4HT-resistant cells, are shown to be
completely estrogen insensitive and are largely resistant to themajority
of FDA-approved second- and third-line therapies used to treat
endocrine-resistant disease. These findings further demonstrate that
endoxifen’s mechanisms of action are unique and indicate that a better
understanding of “endoxifen resistance” is warranted. Finally, endox-
ifen-resistant models are likely to be clinically relevant and should be
included in studies evaluating the efficacy of novel therapies for
patients with endocrine-resistant breast cancer.

Materials and Methods
Cell culture and treatments

Parental MCF7 and T47D (RRID:CVCL_0553) cells were pur-
chased in 2008 from ATCC. Cells were maintained in phenol red-
free DMEM/F12 (Corning Life Sciences), containing 10% (v/v) FBS
(Gemini Bio-Products) and 1% (v/v) antibiotic/antimycotic (AA;
Invitrogen), in a humidified 37�C incubator with 5% CO2. Vehicle
control and resistant MCF7 cells were developed via 24 months of
chronic treatment with 0.1% ethanol or 1 mmol/L concentrations of
endoxifen, 4HT, or ICI in regular growth medium. T47Dmodels were
developed in an identical manner with 12 months of chronic treat-
ment. Cells were authenticated by IDEXX BioAnalytics (last tested
August 2018) and tested for mycoplasma infection every 6 months
using a Mycoplasma Detection Kit from SouthernBiotech (last tested
September 2020). (Z)-endoxifen was provided by the NCI, (Z)-4HT
was purchased from Sigma-Aldrich, and ICI-182,780 was purchased
fromTocris Biosciences Inc. Endoxifen, 4HT, and ICI were solubilized
in 100% ethanol.

For all experiments requiring an estrogen treatment, cells were
cultured in DMEM/F12 medium containing 10% (v/v) HyClone triple
charcoal-stripped FBS (GE Healthcare) and 1% (v/v) AA for at least
24 hours prior to treatment. 17-b-Estradiol (E2) was purchased from
Sigma-Aldrich and solubilized in 100% ethanol. Cells were treatedwith
1 nmol/L E2 for 24 hours unless otherwise noted.

Abemaciclib, palbociclib, ribociclib, everolimus, alpelisib, ipa-
tasertib, venetoclax, and lasofoxifene were purchased from Selleck
Chemicals.

Cell proliferation and migration assays
For proliferation assays, cells were plated at a density of 1,000 cells

per well (MCF7) or 1,500 cells per well (T47D) in 96-well plates and
treated 24 hours later with the indicated concentrations of each drug.
Treatments were performed with four technical replicates per condi-

tion. Cells were imaged daily for 5 to 7 days using an IncuCyte S3
system (Sartorius), and confluence was determined using the IncuCyte
base software package.

To create dose–response curves and determine IC50 values for
second/third-line therapies, cells were plated as above and treated
24 hours later with serial dilutions of each compound for 7 to 10 days,
with four technical replicates per condition. The range of concentrations
used for each drug was as follows: abemaciclib (0.008–3,125 nmol/L),
palbociclib (0.001–65.5 mmol/L), ribociclib (0.001–65.5 mmol/L),
everolimus (0.244 pmol/L–4.01 mmol/L), alpelisib (0.64 nmol/L–
250mmol/L), ipatasertib (0.25–64mmol/L), venetoclax (0.5–128mmol/L),
and lasofoxifene (0.25 nmol/L–16.4 mmol/L). At the conclusion of the
experiment, cells were imaged and confluence was quantified using the
IncuCyte S3 system.

Formigration assays, cells were plated at a density of 32,000 cells per
well in 96-well ImageLock plates (Sartorius). After 24 hours, uniform
scratches weremade in the cell monolayer using the SartoriusWound-
Maker tool. Cells were washed once with DMEM/F12 medium, then
treated as indicated and imaged every two hours using the IncuCyte S3
system. Analysis was performed using the IncuCyte Scratch Wound
Analysis Software Module.

Colony formation assays
Cells were plated in triplicate at a density of 200 cells per well in six-

well plates and treated for approximately 3 weeks. Colonies were fixed
using 5% glutaraldehyde (Sigma-Aldrich) and stained with crystal
violet. Colony number and size were quantified using Fiji ImageJ
software (imagej.net, RRID:SCR_003070).

Reverse transcription-polymerase chain reaction
Total RNA was extracted from cells using TRizol reagent (Invitro-

gen) and quantified using aDS-11 spectrophotometer (DeNovix). One
microgram of cDNA was reverse transcribed using the iScript cDNA
Synthesis Kit (Bio-Rad). RT-PCR was performed in triplicate as
described previously (23). Quantification of results was based on the
threshold cycle and normalized to the TATA binding protein (TBP)
control gene. All primers were designed using Primer3 software
(http://bioinfo.ut.ee/primer3-0.4.0/primer3, RRID:SCR_003139) and
purchased from Integrated DNA Technologies. Primer sequences are
listed in Supplementary Table S1.

Western blot analysis
Cells were lysed and total protein was collected using NETN

buffer (20 mmol/L Tris pH 8.0, 150 nmol/L NaCl, 1 mmol/L EDTA,
and 0.5% NP40) supplemented with an EDTA-free protease inhib-
itor cocktail tablet (Roche). Protein concentrations were determined
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific),
and equal amounts of protein lysate were suspended in Laemmli
buffer (Bio-Rad), run on 7.5% SDS-PAGE gels, and transferred onto
PVDF membranes (Bio-Rad). Membranes were blocked in 5% milk
in TBST for 1 hour at room temperature, then probed for ERa (F-10;
Santa Cruz Biotechnology, Inc.), PGR (HC-190; Santa Cruz Bio-
technology), and vinculin (EPR-8185; Abcam). All primary anti-
bodies were diluted in 5% milk in TBST at 1:500 (ERa), 1:1,000
(PR), or 1:2,500 (vinculin) and applied to the membranes at 4�C
overnight. After washing, membranes were incubated with anti-
rabbit or anti-mouse secondary antibodies [Sigma-Aldrich, A8275
(RRID:AB_258382) and A4416 (RRID:AB_258167), respectively]
diluted 1:2,000 in 5% milk in TBST for 1 hour at room temperature.
Visualization was performed using enhanced chemiluminescence
on the LI-COR Odyssey Fc system.
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Transient transfection and luciferase assays
Cells were plated at a density of 35,000 cells per well in 24-well plates.

Following 24 hours, cells were transfected with 100 ng per well of an
estrogen response element (ERE) luciferase reporter construct (ERE-
TK-luc) using FuGene6 transfection reagent (Roche Applied Science) at
a ratio of 3 mL of FuGene6 per 1 mg of DNA.Mediumwas changed after
24hours, and cells were treated in triplicate for an additional 24hours, as
indicated. Cells were lysed using 1� passive lysis buffer (Promega), and
equal amounts of lysate were assayed using Luciferase Assay Reagent
(Promega), and a GloMax-Dual Luminometer (Promega).

RNA sequencing
Vehicle control and resistant MCF7 cells were plated in triplicate in

100 mm tissue culture dishes and grown to approximately 70%
confluence. Total RNAwas isolated using TRizol reagent (Invitrogen),
purified using themiRNeasyMini Kit (Qiagen), and quantified using a
DS-11 spectrophotometer (DeNovix). Paired-end sequencing of total
RNAwas performed in theMayo Clinic Gene Expression Core Facility
using an Illumina Hi-Seq 4000.

Transcript readqualitywas assessedusing fastqc (v0.11.8) andaligned
to hg38 using bowtie-2 (v2.3.3.1). Features were determined using
featureCounts (v2.0.1, RRID:SCR_012919; ref. 24). Comparisons
between samples were performed using edgeR (v3.28.1, RRID:
SCR_012802; ref. 25), and transcripts were filtered using the edgeR
filterByExpr() command. P values were determined by Fisher exact test,
with the doubletail rejection region and dispersion calculated automat-
ically. Raw and processed datasets are available in the Gene Expression
Omnibus (GEO, RRID:SCR_005012, accession GSE164529).

Biological pathway and gene set enrichment analysis (GSEA)
Differentially expressed genes (DEG) identified from the RNA-seq

analysis (P ≤ 0.05 and fold change ≥2.0) were subjected to pathway
analysis using ingenuity pathway analysis software (IPA, RRID:
SCR_008653; Ingenuity Systems, Inc.) as previously described (23, 26).
GSEA (27) was performed using the same set of DEGs and was
conducted using standard pathways and significantly enriched path-
ways (C2.all gene sets and C5.all gene sets).

Reverse phase protein array
MCF7 cells were plated in duplicate in 100mm tissue culture dishes

and grown to approximately 70% confluence. Cell pellets were har-
vested and washed twice with PBS, then submitted to the functional
proteomics reverse phase protein array (RPPA) core facility at M.D.
Anderson Cancer Center, for analysis (28).

Statistical analysis
For all experiments, reported values indicate the average value of all

replicates � SEM. Experiments were performed a minimum of three
times, and a representative dataset is shown. Cell proliferation and
migration assays were analyzed using a two-way ANOVA with
Geisser–Greenhouse correction. All colony formation, gene expres-
sion, and luciferase assays were analyzed using a two-tailed Student
t test. IC50 values were estimated using GraphPad Prism software
(RRID:SCR_002798), by fitting proliferation data from each resistant
line to a nonlinear curve.

Results
Characterization of endoxifen-resistant cells and comparison to
4HT- and ICI-resistant models

MCF7-derived resistant cell lines were developed by chronic treat-
ment of cells with ethanol control or 1 mmol/L concentrations of

endoxifen, 4HT, or ICI for 24 months (Fig. 1A). Resistant cells
developed subtle yet distinct morphologic changes compared with
control cells (Fig. 1A). Specifically, 4HT-resistant cells were smaller
and grew in tightly packed clusters. In contrast, endoxifen- and ICI-
resistant cells were larger, with cytoplasmic hypertrophy, and did not
pack together as tightly. In the absence of drug treatment, endoxifen-
and ICI-resistant cells exhibited slower proliferation rates compared
with control cells, whereas 4HT-resistant cells grew slightly faster
(Fig. 1B).

To confirm resistance, and to assess cross-resistance, proliferation
rates of each cell line were determined in response to ethanol vehicle
and 1 mmol/L concentrations of endoxifen, 4HT, or ICI. Growth of
control cells was, as expected, strongly inhibited by all three drugs
(Fig. 1C). Endoxifen- and ICI-resistant cells were completely resistant
to all three drugs (Fig. 1C). In 4HT-resistant cells, the antiproliferative
effects of 4HT and endoxifen were greatly diminished, and the cells
remained completely sensitive to ICI (Fig. 1C).

Confirmation of resistance was also performed using cell migration
and colony formation assays. Endoxifen, 4HT, and ICI all significantly
inhibited migration of MCF7 control cells, but did not inhibit migra-
tion of their respective resistant cell lines (Fig. 1D). Similarly, all three
endocrine therapies significantly inhibited colony formation of control
cells, but had no effect on their respective resistant models (Fig. 1E).
Endoxifen, 4HT, and ICI decreased both the number and size of
colonies formed, exclusively in the control cells (Fig. 1E). In the
absence of treatment, however, resistant cells formed significantly
fewer colonies compared with control cells.

In addition to MCF7 cells, endoxifen, 4HT, and ICI-resistant
models were also developed using T47D cells in an identical manner,
following 12 months of chronic treatment (Supplementary Fig. S1A).
Like MCF7 cells, proliferation of control-treated T47D cells was
significantly inhibited by all drugs (Supplementary Fig. S1C). As
observed in the MCF7 resistant lines, both endoxifen-resistant and
ICI-resistant T47D cells were essentially resistant to all three drugs
(Supplementary Fig. S1C). However, 4HT-resistant cells remained
partially sensitive to all 3 drugs (Supplementary Fig. S1C).

ERa expression and pathway activity
The effects of long-term endoxifen treatment on the expression of

ERa and its downstream signaling pathways are currently unknown. At
the mRNA level, endoxifen-resistant MCF7 cells exhibited substantial
downregulation of ERa mRNA with a concomitant loss in PGR
expression (Fig. 2A). At the protein level, ERa and PGR were not
detected in the endoxifen-resistantmodel (Fig. 2A). ICI-resistantMCF7
cells were nearly identical to endoxifen-resistant cells in these respects
(Fig. 2A). In contrast, 4HT-resistant cells exhibited downregulation of
ERa and PGR mRNA levels, albeit to a lesser extent; however, robust
levels of ERa and PR protein were maintained (Fig. 2A).

Expression of ERa and PGR protein was also assessed in T47D
resistant lines. As in MCF7 resistant lines, both ERa and PGR
expression was greatly diminished in T47D endoxifen- and ICI-
resistant models (Supplementary Fig. S1B). 4HT-resistant T47D cells,
however, also exhibited decreased ERa expression and undetectable
PGR (Supplementary Fig. S1B), which represents a striking difference
from the 4HT-resistant MCF7 cells.

To further investigate ERa signaling in these models, ERa tran-
scriptional activity was assessed in resistant MCF7 cells via an ERE
luciferase assay. In agreement with the protein expression profiles, E2
treatment significantly induced ERa signaling in vehicle control and
4HT-resistant MCF7 cells with essentially no impact in endoxifen and
ICI-resistantMCF7 cells (Fig. 2B). The effects of E2 onwell-knownERa
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Figure 1.

Characterization of endoxifen-resistant MCF7 cells and comparison to 4HT- and ICI-resistant models. A, Parental MCF7 cells were chronically treated with ethanol
vehicle or 1 mmol/L doses of endoxifen (ENDX), 4HT, or ICI for 24 months to develop resistant cell lines. Microscopic images of cell lines taken at 10x magnification
depicting subtle changes inmorphology are shown.B, Proliferation assays showing baseline growth rates of all four cell lines (n¼ 4). C–E, Resistance was confirmed
using proliferation, migration, and colony formation assays, respectively. For each assay, control cells and ENDX-R, 4HT-R, and ICI-R cells were treatedwith 1 mmol/L
doses of each endocrine therapy for 1 week (proliferation; n¼ 4), 48 hours (migration; n¼ 4), or 3 weeks (colony formation; n¼ 3). Values shown indicate mean�
SEM. Significance is notated by: ns, P > 0.05; � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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target genes [PGR, trefoil factor 1 (TFF1), amphiregulin (AREG), and
cyclin D1 (CCND1)] were also evaluated in MCF7 models and largely
paralleled the ERE findings. E2 induced the expression of all four genes
in control cells, as well asPGR andTFF1 in 4HT-resistant cells (Fig. 2C).
Notably, E2 failed to induce any of these genes in the endoxifen and
ICI-resistantmodels and in fact downregulatedmany of them (Fig. 2C).
With regard to proliferation, E2 stimulated growth ofMCF7 control and
4HT-resistant cells, but had no effect on endoxifen- and ICI-resistant
MCF7 lines (Fig. 2D). InT47Dmodels, E2 had very little effect on4HT-,
endoxifen-, and ICI-resistant lines, despite its robust induction of
control cell proliferation (Supplementary Fig. S1D).

Global gene expression profiles of MCF7 resistant cell lines
We next investigated the impact of resistance on global gene

expression profiles of the MCF7 models using next-generation RNA
sequencing (RNA-seq). These analyses revealed substantial differences
in the basal gene expression profiles for all threemodels comparedwith
control cells (Fig. 3A and B). To confirm the RNA-seq results, two
upregulated genes and two downregulated genes common to all three
cell lines, as well as two up- and downregulated genes unique to each
cell line, were evaluated by RT-PCR (Supplementary Fig. S2). Results
from these studies largely agreed with the RNA-seq findings (Supple-
mentary Fig. S2).

Figure 2.

ERa expression and pathway activity inMCF7-resistant cells.A,RT-PCR (left; n¼ 3) andWestern blot (right) analyses of ERa and PGR expression in ENDX-R, 4HT-R,
and ICI-R cells.B, Luciferase assays depicting the activity of an ERE reporter construct in indicated cell lines following treatment with 1 nmol/L E2 for 24 hours (n¼ 3).
C, RT-PCR analysis of estrogen-mediated induction of the ERa target genes PGR, PS2, AREG, and CCND1 in each resistant cell line, following 24 hours of 1 nmol/L
estrogen treatment (n¼ 3).D, Proliferation assay depicting the growth rates of each resistant line in response to 1 nmol/L estrogen treatment (n¼ 4). Values shown
indicate mean � SEM. Significance is notated by: ns, P > 0.05; � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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Figure 3.

Global gene expression profiles of MCF7 resistant cell lines. A, Venn diagrams indicating overlap of upregulated (top) and downregulated (bottom; fold change >2;
P < 0.05) genes in ENDX-R, 4HT-R, and ICI-R cells, relative to vehicle control cells, as detected by RNA-seq. B, Volcano plots depicting gene expression changes in
each resistant cell line, with differentially-regulated genes (fold change >2; P < 0.05) colored gray. Randomly selected genes for PCR validation are highlighted in
orange (differentially regulated in all three cell lines), blue (unique to ENDX-R), pink (unique to 4HT-R), or green (unique to ICI-R). Differentially regulated geneswere
subjected to IPA (C) and GSEA (D). Pathways unique to each cell line are highlighted in blue, red, or green. NES, normalized enrichment score.
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DEGs from each cell line were analyzed via IPA (26) to identify key
differences in canonical signaling pathways. Both similarities and
differences were observed among the top pathways differentially
regulated in each cell line (Fig. 3C). Specific IPA analyses of DEGs
common between all three resistant lines, or unique to a given cell line,
were also performed and revealed additional pathways of interest
(Supplementary Fig. S3).

GSEA (27) was also performed on DEGs identified in each resistant
cell line and revealed largely unique gene sets for each resistant model
(Fig. 3D; Supplementary Fig. S4). However, the gene expression
profiles of endoxifen- and ICI-resistant cells were more similar to
each other and correlatedwith basal and luminal B signatures, a feature
that was not evident in 4HT-resistant cells (Fig. 3D; Supplementary
Fig. S4). Unsurprisingly, 4HT- and ICI-resistant cells correlated with
known gene expression profiles of endocrine and tamoxifen resistance,
but interestingly, endoxifen-resistant cells did not (Supplementary
Fig. S4), further confirming their uniqueness.

RPPA analysis of resistant cell lines
In addition to RNA-seq, RPPA (28) were utilized to investigate

differences in protein expression among the resistant MCF7 cell lines.
Each resistant cell line showed a distinct profile of protein expression
differences relative to control cells, as demonstrated by independent
hierarchical clustering of each cell line (Fig. 4A). Differentially reg-
ulated proteins were subjected to IPA analysis to assess differences in
activated pathways and, as expected, many differences between cell
lines were found (Fig. 4B andC). As with the gene expression profiles,
the differentially-activated pathways in endoxifen-resistant cells
exhibited more similarities with ICI-resistant cells than with 4HT-
resistant cells (Fig. 4C).

Reversibility of resistant cell phenotypes
To determine whether the phenotypic changes characteristic of

resistance were permanent, all four MCF7 cell lines were withdrawn
from their respective treatments for 3 months. No significant changes
in morphology were observed in any cell line following withdrawal
(Fig. 5A). Each withdrawn line was treated with vehicle control,
endoxifen, 4HT, or ICI to assess proliferation and determine if
resistance had been reversed following withdrawal (Fig. 5B). Control
cells remained sensitive to all three therapies, whereas endoxifen and
ICI withdrawn cells remained resistant to all three therapies (Fig. 5B).
Interestingly, 4HT-resistant cells regained sensitivity to both endox-
ifen and 4HT and remained potently inhibited by ICI (Fig. 5B).
Response to each therapy was also assessed at the migration level
(Fig. 5C) where the same patterns were observed.

The patterns of ERa and PGR mRNA and protein expression
remained largely unchanged by treatment withdrawal, with expression
of both receptors remaining high in control and 4HT-resistant cells,
and lowor undetectable in endoxifen- and ICI-resistant cells (Fig. 5D).
It is notable, however, that ERaprotein expressionwas lower, andPGR
gene expression higher in 4HT withdrawn cells than in 4HT-resistant
cells. The proliferative response of the withdrawn cells to estrogen was
also determined. Control and 4HT withdrawn cells responded to
estrogen treatment with enhanced proliferation, and interestingly,
4HT withdrawn cells were hypersensitive to estrogen (Fig. 5E).
Endoxifen and ICI withdrawn cells remained completely insensitive
to estrogen with regard to proliferation (Fig. 5E).

Finally, the effects of drug withdrawal on the expression of
differentially up- or downregulated genes in resistant cells were
determined. The trends in expression of these genes were mostly
unchanged; withdrawn cells still exhibited differential expression of

genes common to all three resistant cell lines, or unique to their
respective resistant cell line (Fig. 5F). Several of the genes (RCN1,
SOX3, CALB2, S100A3, H1–2, ZNF185, XAGE2, PODXL, TMUB1)
showed a decreased magnitude of differential expression in the
withdrawn cells (Fig. 5F), compared with non-withdrawn cells
(Supplementary Fig. S2).

Endoxifen-, 4HT-, and ICI-resistant cells exhibit differential
sensitivity to clinically-relevant second- and third-line
therapies

Patients whose tumors relapse following endocrine therapy can
receive a wide variety of second- and third-line therapies in an attempt
to further control disease progression (4, 29).We therefore determined
the sensitivity of resistant cell lines to eight clinically-relevant drugs,
some of which are already FDA-approved, and some of which are
undergoing clinical trials for treatment of endocrine-resistant breast
cancer (Table 1). Interestingly, endoxifen- and ICI-resistant cells were
less responsive than control and 4HT-resistant cells to every therapy
except venetoclax, which was equally effective across all models
(Fig. 6). With regard to the CDK4/6 inhibitors abemaciclib, palboci-
clib, and ribociclib, all resistant cells had IC50 values equal to or higher
than control. In contrast, 4HT-resistant cells were more responsive to
alpelisib and ipatasertib than control cells. These findings represent
another stark difference between endoxifen- and 4HT-resistant cells,
as endoxifen-resistant cells were the least responsive cell line to both of
these drugs.

The most striking contrast, however, existed in response to ever-
olimus and lasofoxifene. For these two drugs, control cells had IC50

values in the picomolar range, or too low to calculate in these
experiments, with 4HT-resistant cells showing a similar response
(Fig. 6). However, neither endoxifen- nor ICI-resistant cells showed
a response until micromolar or higher concentrations were utilized,
indicating striking levels of resistance to these two compounds (Fig. 6).

Discussion
Here, we describe the development and characterization of two

novel breast cancer cell line models of endoxifen resistance. Results
from these studies demonstrate that endoxifen resistance differs
substantially from resistance to other previously-characterized forms
of “tamoxifen resistance.” In contrast to 4HT-resistant models, endox-
ifen-resistant cells exhibited loss of ERa and PR expression, estrogen
insensitivity, EMT-like signatures, unique gene expression profiles,
and striking resistance to many second- and third-line therapies.
Interestingly, endoxifen resistance was more similar to ICI resistance,
although a number of key differences were observed. Unlike 4HT,
resistance to endoxifen was not reversible following drug withdrawal,
as cells remained ERa negative, estrogen insensitive, and completely
resistant to ERa-targeting agents. These findings further highlight the
striking differences between endoxifen and other tamoxifen metabo-
lites. In addition, they provide impetus to further elucidate the
molecular mechanisms governing endoxifen resistance, as well as the
clinical relevance of such mechanisms in tamoxifen-treated patients.

Given the fact that tamoxifen is still the most widely-prescribed
intervention for ERaþ breast cancer worldwide, and the fact that 30%
to 50% of patients on endocrine therapy eventually relapse with
metastatic disease (30), the molecular mechanisms underlying tamox-
ifen resistance have been studied extensively in vitro and in the clinic,
and a variety of both de novo and acquired resistancemechanisms have
been suggested. These include mutation and alternative splicing of
ERa, upregulation (i.e., EGF, IGF) or mutation (i.e., PI3K) of other
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Figure 4.

RPPA analysis of MCF7 resistant cell lines. A, Heat map indicating relative expression of all proteins and phosphoproteins analyzed in ENDX-R, 4HT-R, and ICI-R cell
lines relative to vehicle control cells. Hierarchical clustering of proteins is shown on the left, while unsupervised clustering of individual replicates is shown on the top.
B, IPA of differentially expressed proteins, with the top 15 pathways shown for each cell line. Pathways unique to each cell line are highlighted in blue, red, or green.
C, Results of IPA analysis comparing top pathways from differentially expressed proteins in each resistant cell line.
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Figure 5.

Reversibility of resistant cell phenotypes inMCF7 cells.A, Images of resistant MCF7 cellswithdrawn from their respective endocrine therapies for 3months, with non-
withdrawn cells shown for comparison, to demonstrate theirmorphology. Images taken at 10xmagnification. Following 3months ofwithdrawal, proliferative (B) and
migratory (C) responses of ENDX-R, 4HT-R, and ICI-R cells to 1 mmol/L doses of each drug were assessed (n¼ 4). D, RT-PCR (top; n¼ 3) andWestern blot (bottom)
analysis showing expression of ERa and PGR in withdrawn cell lines. E, Proliferative response of withdrawn cells to 1 nmol/L estrogen treatment for 7 days (n¼ 4).
F, RT-PCR analysis showing expression of selected differentially expressed genes in withdrawn cells (n ¼ 3). Values shown indicate mean � SEM. Significance is
notated by: ns, P > 0.05; � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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oncogenic signaling pathways, and selection of ERa negative clones
from a heterogeneous tumor population (3, 30, 31). Studies using
resistant cell lines, which have existed since the early 1980s (32, 33),
have been crucial to elucidating these mechanisms. However, as the
CYP enzymes which catalyze tamoxifen metabolism are not found in
breast tissue, the vast majority of these cell lines have been developed
via chronic treatment with 4HT (32–36) and therefore do not reflect
the contribution of other active tamoxifen metabolites.

For several decades, 4HTwas believed to be themost relevant active
tamoxifenmetabolite given its higher binding affinity for ERa (37) and
its more potent anti-estrogenic activity (38) compared with tamoxifen.
However, more recent studies have shown that endoxifen is found at
higher concentrations than 4HT in patient serum (39), and that these
concentrations correlate with clinical response to tamoxifen (18).
Further, at physiologically-relevant concentrations, and using pre-
menopausal estrogen levels, endoxifen is primarily responsible for
suppression of estrogen-mediated growth of ERaþ breast cancer cells
under conditions that mimic the premenopausal state (12, 21).

In tamoxifen-treated patients, endoxifen is produced primarily
from CYP2D6-mediated metabolism of N-desmethyl-tamoxifen and
4HT (10, 15, 16), and circulating endoxifen levels are tightly linked to
CYP2D6 genotype (9, 14). CYP2D6 is a highly polymorphic gene. A
number of variants with absent or decreased CYP2D6 activity have
been characterized, with the most common (CYP2D6�4, �5, �10, and
�17) found in 15% to 60% of the general population, varying based on
ethnicity (40). These data indicate that up to 50% of all patients with
breast cancer have two wild-type copies of CYP2D6 and are therefore
considered “extensive metabolizers” in regard to endoxifen produc-
tion. For these patients, response to tamoxifen is likely driven by
endoxifen activity. Therefore, “tamoxifen resistance” in extensive
metabolizers who adhere to the treatment regimen may not be
accurately modeled by 4HT and may be phenotypically and molec-
ularly distinct from resistance in “poormetabolizers,” a possibility that
has not yet been explored.

Results presented here support this notion, given that endoxifen-
resistant cells exhibited unique gene expression profiles comparedwith
4HT-resistant cells. Indeed, GSEA analyses performed on differen-
tially regulated genes in 4HT- and ICI-resistant cell lines revealed
strong associations with signatures of endocrine resistance. However,
no such correlations were identified for endoxifen-resistant cells,
indicating their molecular uniqueness from previously reported mod-
els. Instead, signatures of endoxifen resistance were associated with a
more basal phenotype, stem cell-like features, and activation of
epithelial-to-mesenchymal transition (EMT)-related pathways such
as TNF and IFNa. Indeed, 4 of the top 5 proteins identified by RPPA as
being upregulated in endoxifen-resistant cells have known roles in the

EMT process, including MUC1 (41), L1CAM (42), LDHA (43), and
fibronectin (44). This is of importance given that EMT has been
identified as a driving factor of “tamoxifen resistance” (45, 46), further
implicating the relevance of endoxifen-resistant models in the study of
this form of the disease.

Another striking difference between 4HT and endoxifen resistance
reported here pertains to ERa expression and estrogen sensitivity. In
MCF7-derived models, 4HT-resistant cells maintained ERa expres-
sion and estrogen responsiveness, in terms of both cellular prolifer-
ation and ERa transcriptional activity. In contrast, endoxifen-resistant
cells exhibited estrogen insensitivity and loss of ERa, findings that
more closely resembled laboratory and clinical models of ICI resis-
tance (47, 48). Interestingly, although these patterns held true for
endoxifen-resistant T47D cells, 4HT-resistant T47D cells weremarked
by a significant decrease in ERa and PGR protein expression as well,
which is inconsistent with the observations in MCF7 cells. This
difference has been previously observed in long-term estrogen-
deprived MCF7 versus T47D cells (49), but the underlying mechan-
isms remain unknown. Further studies are necessary to elucidate the
reasons for this difference in ERa expression between MCF7- and
T47D-derived 4HT-resistant models.

Nevertheless, loss of ERa expression has been reported in patients
with acquired resistance to tamoxifen (50–54), and is associated with
worse outcomes and development of stemness properties (52, 55). A
2012 study by Lindstrom and colleagues found a 48% increased risk of
death in patients whose metastatic recurrence was characterized by
loss of ERa expression (56), demonstrating a significant need for new
strategies to improve prognosis for such patients. Estimates of the
percentage of tamoxifen-treated patients in which tumoral ERa
expression is lost at the time of recurrence vary from under
20% (53, 54) to nearly 50% (50, 52). Although no studies to date have
directly correlated ERa loss in tamoxifen resistance with
CYP2D6 genotype, it is interesting to speculate that the patient
population characterized by ERa loss at the time of recurrence may
be enriched with extensive metabolizers whose disease is more accu-
rately modeled by endoxifen resistance. Further, anti-estrogenic ther-
apies such as aromatase inhibitors or fulvestrant are commonly used in
the treatment of tamoxifen-resistant patients (3, 4, 29). However,
clinical benefit is only observed in 30% to 60%of these patients (57, 58).
Data presented in this study demonstrated that, in a cell line model of
endoxifen resistance, other ERa-targeting agents were ineffective,
which was not the case for 4HT-resistant models.

To determine if changes in ERa expression and estrogen respon-
siveness were “permanent” in these models, cells were withdrawn from
their respective treatments for 3 months. Although estrogen sensitivity
was not restored in endoxifen- and ICI-resistant cells, the 4HT-resistant

Table 1. Mechanism of action and clinical approval status for selected second-line therapies.

Drug Mechanism of action Clinical status

Abemaciclib Cdk 4/6 inhibitor FDA approved 2017
Palbociclib Cdk 4/6 inhibitor FDA approved 2015
Ribociclib Cdk 4/6 inhibitor FDA approved 2017
Everolimus mTOR inhibitor FDA approved 2009

Approved for Breast Cancer 2012
Alpelisib PI3K inhibitor FDA approved 2019 for patients with PIK3CA mutations
Ipatasertib Akt inhibitor Phase III clinical trials
Venetoclax BCL2 inhibitor FDA approved for chronic lymphocytic leukemia 2016 and acute myeloid leukemia 2018

In phase II clinical trials for breast cancer
Lasofoxifene Novel SERM Phase II clinical trials
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cells experienced a period of estrogen hypersensitivity following with-
drawal. This phenomenon has been observed previously in cell line
models of tamoxifen resistance (59) and, notably, long-term estrogen
deprivation (60, 61). The lack of a rebound in estrogen sensitivity in
endoxifen- and ICI-resistant cells is likely due to the fact that ERa
expression did not return in these models following withdrawal. These
observations highlight another important difference in resistance

mechanisms between the three cell lines and additionally suggest that
loss of ERa expression and pathway activity may be permanent fol-
lowing long-term exposure to endoxifen.

Future studies must be performed to further examine the mechan-
isms underlying these changes. Mutations in regulatory pathways and
global epigenetic changes are two possible causes of the ERa silencing
observed in these models. Although activating ESR1 mutations are a

Figure 6.

Endoxifen, 4HT, and ICI resistant MCF7 cells exhibit differential sensitivity to clinically-relevant second- and third-line therapies. Control, ENDX-R, 4HT-R, and ICI-R
cells were treated with serially-diluted concentrations of drugs commonly used as second- and third-line therapies for endocrine-resistant breast cancer. Drug
concentration rangeswere chosen individually for each therapy, based on published IC50 values fromother breast cancer cell lines. Cells were treated for 7 to 10 days,
after which time, dose–response curves were plotted and IC50 values calculated (n¼ 4). N.D.: not defined; an IC50 was unable to be calculated using the chosen drug
concentrations. Cmax, maximum concentration reported to be achievable in patient plasma, indicated by a vertical dashed line. Values shown indicate mean� SEM.
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common mechanism of resistance in patients, it is unlikely that they
are responsible for the effects observed here. Mutations in ESR1 are
incredibly rare in cell lines and have been observed exclusively in the
setting of long-term estrogen deprivation (62). Given the complete loss
of ERa expression and pathway activity in endoxifen- and ICI-
resistant models, constitutive ERa activation is unlikely.

These observations are of clinical relevance given that relapse of
breast cancer following tamoxifen therapy can occur decades
later (63–65). If indeed endoxifen-resistant cells accurately model
tamoxifen resistance for a proportion of patients, our findings may
provide insight into why additional lines of endocrine therapymay not
be effective in some patients after progression on tamoxifen (57, 58).
These findings further highlight the necessity of evaluating ERa
expression and/or pathway activity in patients with disease recurrence
or progression when tailoring a treatment plan. Given the cost of long-
term endocrine therapy, as well as the adverse side effects experienced
by women taking these drugs, eliminating unnecessary and ineffective
treatments is of critical importance.

Regardless of whether endocrine therapy is continued following
resistance, our study has also revealed substantial differences in the
responsiveness of endoxifen-resistant cells to second- and third-line
therapies. Of the drugs tested here, abemaciclib, palboiclib, ribociclib,
everolimus, and alpelisib have already received FDA approval for the
treatment of endocrine-resistant breast cancer. Ipatasertib, venetoclax,
and lasofoxifene are currently not FDA approved, but are being tested
in clinical trials for endocrine resistant patients (NCT03337724,
NCT03584009, NCT03781063). Although all of these drugs have
proven effective in treating endocrine-resistant metastatic disease in
some patients, a great deal of variability in response rates has been
observed. Little is known about the underlying causes of this variabil-
ity. However, the data presented here have shown that endoxifen-
resistant cells are universally less responsive to these drugs compared
with 4HT-resistant models, with the exception of venetoclax. The
differential responses to ribociclib, everolimus, and lasofoxifene are
particularly striking, as in each case, the IC50 of endoxifen-resistant
cells was greater than the maximum concentration achievable in
patient serum (Cmax), whereas the IC50 of 4HT-resistant cells remained
well below this threshold. It is therefore possible that patients whose
tumors are more accurately modeled by endoxifen resistance (i.e.,
extensive metabolizers) are also less likely to benefit from these
alternative therapies. These findings further highlight the need to
better understand endoxifen resistance and to incorporate the use of
such resistant models into studies aimed at developing novel thera-
peutic strategies for endocrine-resistant breast cancer patients. These
data raise the crucial question of what therapeutic vulnerabilities exist
in endoxifen-resistant cells, or in patients whose tumors are best
modeled by endoxifen resistance. Future directions of this project
will center on determining causes of endoxifen resistance, as well as
identifying and characterizing therapeutic vulnerabilities that can be
targeted to effectively inhibit endoxifen-resistant cells.

Although further characterization and studies are needed, this study
raises the important point that endoxifen-resistant cell line models are
substantially different from tamoxifen-resistant models. This distinc-
tionmay be especially importantwhen considering a patient’sCYP2D6
genotype. It is possible that clinical tamoxifen resistance differs
significantly between extensive, intermediate, and poor metabolizers,
and that these differences may explain the wide variability in the
efficacy of second- and third-line therapies for tamoxifen-resistant
patients. It is also possible that models of endoxifen resistance more
accurately reflect “tamoxifen resistance” in a proportion of breast
cancer patients. In addition, endoxifen continues to be developed as an
alternative endocrine therapy for both endocrine-sensitive and endo-
crine-resistant patients. For these reasons, it is imperative to better
understand the molecular underpinnings of endoxifen resistance, to
elucidate the clinical relevance of endoxifen-resistant models, and to
incorporate the use of such models into drug discovery efforts for
endocrine-resistant breast cancer. The models presented and
described here represent the first steps toward these clinically-
relevant goals.
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