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Abstract: Approximately 80% of breast cancer (BC) cases are estrogen receptor positive (ER+) and
sensitive to hormone treatment; Tamoxifen is a prodrug, and its main plasmatic active metabolites
are 4-hydroxytamoxifen (4-OH Tam) and endoxifen. Despite the effectiveness of tamoxifen therapy,
resistance can be developed. An increment in eukaryotic initiation factor-4A complex (elF4A)
activity can result in tamoxifen-resistant tumor cells. For this work, we developed a cell variant
resistant to 4-OH Tam and endoxifen, denominated MCF-7V2 E; then, the aim of this research was to
reverse the acquired resistance of this variant to tamoxifen metabolites by incorporating the natural
compound auraptene. Combination treatments of tamoxifen derivatives and auraptene successfully
sensitized the chemoresistant MCF-7V2* B, Our data suggest a dual regulation of e[F4A and ER by
auraptene. Joint treatments of 4-OH Tam and endoxifen with auraptene identified a novel focus for
chemoresistance disruption. Synergy was observed using the auraptene molecule and tamoxifen-
derived metabolites, which induced a sensitization in MCE-7Y2" E cells and ERo parental cells that
was not observed in triple-negative breast cancer cells (TNBC). Our results suggest a synergistic effect
between auraptene and tamoxifen metabolites in a resistant ER+ breast cancer model, which could
represent the first step to achieving a pharmacologic strategy.

Keywords: auraptene; breast cancer; estrogen receptor; resistance; eukaryotic initiation factor-4A
complex

1. Introduction

Breast cancer (BC) is a heterogeneous disease classified into the following molecular
subtypes: estrogen receptor positive x (ERx), epidermal growth factor receptor 2 positive
(HER2+), and triple negative (TNBC) [1]. Approximately 80% of BC cases are estrogen
receptor positive (ER+) [1]. One of the most widely used drugs for the treatment of BC
ER+ is tamoxifen, a selective ER modulator that competes with its natural ligand, estradiol
(E2), an estrogen hormone playing a critical role in breast tissue growth, development,
and function [2]. Tamoxifen is classified as a prodrug due to its transformation into active
metabolites upon metabolism. These metabolites include N-desmethyltamoxifen (NMD), 4-
hydroxy-N-desmethyltamoxifen (endoxifen), and 4-hydroxytamoxifen (4-OH Tam), which
exhibit significantly 30 to 100 times greater affinity for ER compared to tamoxifen itself [3].
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Although one of the most recurrent treatments against ER+ BC is tamoxifen, some
patients develop a resistance to this drug. Particularly, there are reports on the acquisition
of 4-OH Tam resistance for ER inhibition [3]; however, there is limited information available
regarding resistance to the more potent metabolite, endoxifen. Moreover, 4-OH Tam and
endoxifen are the main plasmatic metabolites. The emergence of chemoresistance at various
stages has significantly increased the complexity of BC treatment [4].

Several mechanisms have been elucidated to explain how neoplastic cells develop
resistance to therapy. These include diminished prodrug activation, heightened expression
of efflux pumps, reduced drug internalization [5], and the activation of enzymatic systems
responsible for drug catabolism.

Likewise, one of the causes of resistance to tamoxifen is the decrease in ER expression
through transcriptional suppression, causing a phenotype transformation or changes in
the percentage of cell populations among low and normal expression of ER [6]. A low
concentration of intratumoral tamoxifen metabolites has also been observed in some cases
of tamoxifen-resistant BC, suggesting a condition of acquired resistance associated with an
increase in ATP-binding cassette (ABC) or Multidrug resistance (MDR) efflux pumps [7].
ERwx is a key player in the context of ER+ breast cancer, influencing both pathogenesis
and treatment response. Moreover, ER« signaling exhibits intricate cross-talk with other
pathways, such as those mediated by growth factor receptors, influencing cell growth and
survival [8].

This interaction leads to an increase in selective protein synthesis, making the eukary-
otic initiation factor 4F complex (elF4F) an important target [9,10]. The elF4F complex is
composed of three key components, elF4E, elF4A, and elF4G, which together coordinate the
initiation of mRNA translation in eukaryotic cells. An overexpression or hyperactivation
of factor elF4E has been implicated in the translation of mRNA targets including cyclin
D1, c-Myc, VEGE, and Bcl-2, which are known to depend on ER signaling and contribute
to BC progression, and also the increase in translation of pro-survival proteins, including
those involved in drug resistance mechanisms such as anti-apoptosis and drug efflux
pumps. Moreover, aberrant elF4G signaling can enhance the assembly and stability of the
elF4F complex, leading to the increased translation of mRNA. In addition, alterations that
increase the expression or enhance the helicase function of eIF4A can lead to the transla-
tion of specific mRNA transcripts, thereby potentiating chemoresistance according to our
results [11,12]. Together, these components form a dynamic complex crucial for efficient
mRNA translation, whose dysregulation is often implicated in chemoresistance phenomena
registered in cancer cells [13]. Through its influence on the translation of these key proteins,
the elF4F complex can impact various aspects of ER-mediated cellular processes, including
cell cycle regulation, proliferation, angiogenesis, and apoptosis resistance. Moreover, in
MCE-7 cells (ER+ cells), heightened expression levels of ABCB1 and ABCC1 efflux pumps
have been described [14]. Therefore, this dual regulation eIF4F and ER could represent a
strategic therapeutic approach for ER chemoresistance.

Natural compounds have potential as a therapeutic strategy. In this regard, several
molecules such as rocaglates, hippuristanol, and pateamine A have been reported to have
anticancer activity in vitro and in vivo models [15]. Indeed, rocaglamide and silvestrol
have been characterized as adjuvant compounds in cancer treatment, capable of inhibiting
the subunit elF4A [16-18]. However, new molecules of natural origin may represent a
potential opportunity area; in this regard, auraptene, a prenyloxycoumarin obtained from
plants of the genus Citrus, could show several pharmacological properties, such as being an
antineoplastic agent, apoptosis inducer, neuroprotective agent, metalloproteinase inhibitor,
and an antioxidant and hepatoprotective agent. Auraptene has also been proposed to bind
to ERoc and modulate its transcriptional activity in ER+ cells [19]. Therefore, auraptene is
proposed as a molecule with a dual function in the modulation of strategic protein targets
in ER cancer cells, moreover, in chemoresistance conditions.

Natural compounds, the bioactive molecules derived from plants, herbs, and other
sources, have demonstrated a therapeutic anti-cancer effect, ranging from anti-inflammatory
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and antioxidant properties to immune modulation and apoptosis induction. Tamoxifen
metabolites used along these natural compounds may have a potential to counteract
chemoresistance mechanisms and enhance therapeutic outcomes. In this regard, we ex-
plored the use of auraptene for developing improved treatment strategies targeting ER
signaling in breast cancer, as well as its use in chemoresistance conditions.

2. Materials and Methods
2.1. Materials

The salts and buffers were obtained from Merck (Darmstadt, Germany). The cell
culture reagents were purchased from Thermo-Fisher (Carlsbad, CA, USA); tissue culture
plates and other plastic materials were obtained from Corning Inc. (Corning, NY, USA). For
the MTT reactive, endoxifen, 4-OH Tam, and aurpatene (Aur) were obtained from Merck
in a concentration of >98% (HPLC). Anti-3 actin (sc-8432), anti-eIF4A (sc-377315), anti-
elF4E (sc-271480), anti-elF4G (sc-133155), anti-RE (sc-8002), anti-Cathepsin D (sc-377299),
anti-GADPH (sc-32233), and anti-p-4E-BP1/2/3 (sc-271947) antibodies were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). The horseradish peroxidase-conjugated
anti-mouse secondary antibody from Thermo-Fisher was used for detection using the
immobilon western kit (Millipore Western from Millipore, Burlington, MA, USA) [20].
B-actin and GAPDH were used as loading controls.

2.2. Cell Culture

MCE-7 cells, ERx and PR positive, were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA), accession number: HTB-22. The TNBC cell line
model MDA-MB-231 was purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA), accession number: HTB-26. Cell cultures were grown in DMEM
medium supplemented with 10% fetal bovine serum (FBS), 10 U/mL penicillin, 10 pg/mL
streptomycin, and 25 ug/mL amphotericin B; 1100 units of insulin were added for MCF-7
according to ATCC recommendations. Cultures were maintained at 37 °C in a humidified
atmosphere with 95% air and 5% CO,. The culture medium was changed every 3 to 4 days
according to ATCC recommendations.

2.3. Chemoresistance Protocol

To generate a drug-resistant phenotype in MCF-7 cells, we established a protocol for
resistance development to the active metabolites 4-OH Tam and endoxifen. Cells were
treated with 1 uM concentrations of each metabolite and supplemented with 2 pM estradiol.
Stock solutions of the metabolites were prepared at 1 mM in DMSO for endoxifen and
estradiol, while 4-OH Tam was prepared in ethanol.

The treatment protocol involved exposing the cells to 1 uM of 4-OH Tam and endoxifen
for 48 h; these concentrations of the metabolites were also used by Calley et al. [21], but they
were applied independently. Following this treatment, a recovery period was implemented
wherein the cells were maintained in fresh medium free of 4-OH Tam and endoxifen for
24 h. Subsequently, the cells were again treated with 1 M of each metabolite plus 2 uM
of estradiol for another 48 h, maintaining a molar 1:1 ratio of each metabolite. This cycle
was repeated for a duration of 4 months to induce resistance. For maintaining the resistant
cell variant, the culture was maintained with 50 nM of 4-OH Tam and endoxifen. This
maintenance protocol was adapted from Chen et al. (2020) [22].

2.4. Cell Viability

Cell viability was assessed using the MTT assay according to a previous protocol [23].
The experiments were performed in a 96-well plate, seeding 20,000 cells, which were
incubated to reach 80% of confluence. Next, cells were incubated under different treatments.
Formazan crystals were dissolved in a lysis buffer containing 20% SDS and 50% N,N-
dimethylformamide (pH 3.7) for 12 h at 37 °C. Optical densities were measured at 570 nm
using a microplate reader.
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The treatments used in the cell viability assays were under 24 h incubation periods
using the following increasing concentrations: 0-16 pM for endoxifen, 4-OH Tam, and
fulvestrant. For auraptene, the concentrations used were 0-100 uM, and for joint treatments,
endoxifen and 4-OH Tam was used in a concentration of 8 uM with 12 h of incubation.

To determine EC50 values, the software GraphPad Prism 8 was used. The obtained
data were transformed and normalized, followed by the application of a five-parameter
asymmetric curve model.

2.5. Western Blot (WB) Analysis

Cells were seeded at a density of 200,000 cells/mL in 20 mm 6-well plates and in-
cubated until they reached 90% confluence. After reaching the desired confluence, cells
were exposed to the specified treatments. Subsequently, cells were washed with PBS and
lysed for 35 min at 4 °C using a protein lysis buffer containing protease and phosphatase
inhibitors. The lysates were centrifuged at 4100 x g for 10 min, and the supernatant was
collected. Protein quantification was performed using a BCA assay.

Samples (12 pg/lane) from the total protein fraction were analyzed using SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) using 8-12% gels, depending on the
molecular weight of the target proteins. Proteins were transferred to PVDF membranes
(Millipore, Burlington, MA, USA). Membranes were blocked with 5% nonfat milk in
Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 h at 37 °C, followed by overnight
incubation at 4 °C with the respective primary antibodies: anti-ER (1:250), anti-f3 actin
(1:500), anti-elF4A (1:500), anti-eIF4E (1:400), anti-GAPDH (1:500), anti-Cathepsin D (1:450),
anti-elF4G (1:300), and anti-p-4E-BP1/2/3 (1:400).

After washing with TBS-T, membranes were incubated for 2 h at 37 °C with the cor-
responding horseradish peroxidase (HRP)-conjugated secondary antibodies. Membranes
were washed again with TBS-T, and HRP activity was detected using the Immobilon West-
ern kit (Millipore, MA, USA). Immunoblots were analyzed using the Image] 1.51 program,
and the figures presented are representative of the blots.

2.6. Optical Microscopy

Cells were seeded at a density of 200,000 cells/mL in 6-well plates of 20 mm and
were subsequently proliferated until 90% of confluence. Next, cells were incubated under
indicated treatments. We utilized an inverted microscope VWR Vista Vision coupled to a
camera Moticam 5 (Vancouver, BC, Canada), and cell imaging data were analyzed using
Motic Images plus 3.0.

2.7. Molecular Docking

The three-dimensional structure of eI[F4A1 was obtained from the Protein Data Bank
(PDB) [24] ID 5ZC9, which corresponds to the structure of human elF4A1-ATP at 2 A
resolution. The PDB 3ERT three-dimensional structure of ERx at 1.9 A resolution was used.
The structures of the ligand molecules were obtained from the PubChem database [25],
rocaglamide (CID 331783), auraptene (CID 1550607), endoxifen (CID 10090750), 4-OH
Tam (CID 449459), and fulvestrant (CID 104741). The protein structures were prepared
by removing water and small molecules, leaving only the protein structure. The ligand
and receptor were protonated in 3D and energy minimization; these experiments were per-
formed using Molecular Operating Environment (MOE) 2022.02 software [26] with default
parameters under the AMBER99 force field [27]. For the ligands, different conformations
were generated using a stochastic search on the MOE default parameters.

Binding sites were predicted by employing the site finder option of the MOE soft-
ware [28]. Molecular docking was established with the default parameters of MOE software,
and refinement was used. For interpretation of the docking results, MOE identifies salt
bridges, hydrogen bonds, hydrophobic interactions, sulfur-LP, cation-7t, and solvent expo-
sure, and gives the score S as a value of affinity ligand-receptor. Ligand interactions with
target proteins were predicted based on the S score [29].
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To find inaccessible binding modes with MOE'’s scoring function, molecular docking
simulations were also carried out using Vina [30]. Protein and ligand structures were
prepared using Chimera’s [31] Dockprep plugin. Polar hydrogens were added, Gasteiger
charges were calculated with ANTECHAMBER [32] and AMBER {f99sb force field, and
missing residues were added using Dunbrack’s rotamer library [33]. Structures were
then minimized using 100 steps of steepest descent with step sizes of 0.02 A followed by
10 conjugate gradient steps of the same step size. Autodock Vina was then used to prepare
pdbqt files and run the docking simulations using a grid box of enough volume to contain
both the protein and the ligand and with an exhaustiveness parameter of 8.

2.8. Overexpression and Purification of elF4A1

The gene coding for the elF4A1 protein was cloned into a modified pET19b expression
vector (pET19bm), which contains an ampicillin resistance gene, a polylinker site, the lac
operon sequence controlled by the T7 promoter, and a 10-histidine tract at the N-terminal
of elF4A1. Additionally, the vector includes a proteolysis site for Prescission Protease (PPS,
GE Healthcare, Chicago, IL, USA) to facilitate the removal of the histidine tract.

The plasmid was transformed into Escherichia coli Rosetta Star cells (Novagen, Darm-
stadt, Germany) harboring the pET19b-elF4A1 plasmid. Cultures were grown at 37 °C
in 2XYT medium supplemented with ampicillin (100 ug/mL) until an optical density
(OD600) of 0.6 was reached. Protein expression was induced by adding Isopropil -D-1-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM, followed by incubation for
1624 h at 37 °C.

After incubation, the cells were collected using centrifugation and lysed using sonica-
tion. The supernatant was obtained and washed with a buffer containing 50 mM NaH;POy,
300 mM NaCl, and 10 mM imidazole. Purification of the e[F4A1 protein was carried out
using immobilized metal affinity chromatography (IMAC) with Ni-NTA agarose resin
(QIAGEN, Hilden, Germany). Purification was evaluated using native acrylamide gel
adapted from Arndt Cluadia et al. protocol [34], and the identification was performed
using Western blot.

2.9. Fluorescence Assays for Auraptene-elF4A Binding

Measurements were performed using a Cary Eclipse fluorometer (Mulgrave, VIC,
Australia) scanning from 250 to 350 nm at 25 °C in a synchronous mode. Protein-ligand
interactions were evaluated using 12 uM elF4A1 and a range of auraptene concentration
0-80 uM. Solutions were homogenized and incubated for 5 min at 25 °C, and measurements
were performed in a quartz cell with a path length of 1 cm and 500 pL volume at 25 °C.

2.10. ATPase Activity Assay for elF4AI

The ATPase assay in polyacrylamide gel with lead nitrate (PbNO3) staining was
employed to evaluate the effect of auraptene on elF4A ATPase activity. Serial dilutions
of auraptene were prepared through a concentration range of 0-200 uM. Rocaglamide,
used as a control, was prepared at a concentration of 5 nM based on a previous report [17].
After performing gel electrophoresis, the gels were stained with lead nitrate. Then, ATPase
activity was visualized as clear bands against a dark background.

2.11. gPCR for ABCC1 and ABCB1 Expression

Cells were seeded at a density of 200,000 cells/mL in 6-well plates of 20 mm and
were subsequently incubated until 90% confluence was reached. Next, cells were in-
cubated under indicated treatments for 12 h. The total RNA from cell variants were
obtained with Trizol reagent, following the supplier’s instructions. cDNA was synthe-
sized using 1 pg of RNA and the Primer Script RI-PCR. cDNA concentration was stan-
dardized for qPCR with the PowerUp Sybr Green Master Mix 2X (Applied Biosystems,
Waltham, MA, USA) according to the manufacturer’s instructions, and 10 pL of the re-
sultant cDNAs was used for each PCR reaction. Primer sequences were ABCB1 forward
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5'-GCCAGCTGAACTCCTTAGAC-3'; ABCBI reverse 5'-GATTCGTGCACAGCAGCA-3/;
ABCC1 forward 5-GGCTCAAGGAGTATTCAGAG3'; ABCCT reverse 5'“CCATCGATGATGATCTCTCC-
3; GAPDH forward 5-AGACAGCCGCATCTTCTTGT-3’; and GADPH reverse 5'-
CTTGCCGTGGGTAGAGTCAT-3'. gPCR reactions were performed in QuantStudio
1 by applied biosystems. Data were analyzed with the 2724t method with GAPDH as
reference, and results were reported as fold change.

2.12. ADME Properties of Auraptene

The chemical structure of auraptene was input into the SwissADME [35] web tool
and the ADMETlIab 2.0 [36] interface to identify favorable ADME characteristics. The
ADME (Absorption, Distribution, Metabolism, and Excretion) properties of auraptene
determine its drug-likeness and desired pharmacokinetic profiles. Specifically, we focused
on evaluating optimal lipophilicity, high water solubility, and predicted bioavailability.

2.13. Statistical Analysis

All data are expressed as mean =+ standard deviation (SD). Statistical analyses were
performed using two-way analysis of variance (ANOVA) with GraphPad Prism 8. For MTT
assays, the data are also expressed as mean + SD. According to GraphPad Prism, manual
results were considered statistically significant if p < 0.05.

3. Results
3.1. Resistance Acquisition under Tamoxifen-Derived Metabolites and Estradiol Treatments in
ERw Cells

An MCF-7 (ER+) cell variant resistant to 4-OH Tamoxifen (4-OH Tam) and endox-
ifen was generated, denominated as MCF-7V2"E. The endocrine resistance was acquired
through treatment under a scheme of 1 uM of endoxifen, 1 pM 4-OH Tam, and 2 pM
estradiol (E2) in a concomitant incubation; E2 was utilized as an antagonist against the
tamoxifen metabolites. The ratio of active metabolites to hormones was maintained at
an equimolar concentration. The resistant variant was generated by stimulating the cell
cultures with Tamoxifen metabolites for 48 h periods followed by a 24 h recovery period;
maintenance doses of 50 nM of each compound were incubated over a 120-day cycle to
induce endocrine resistance (Figure 1A). Cell viability experiments were performed to
determine the endocrine resistance of the MCF-7"2" E variant. Using the MTT assay, the half
maximal effective concentration (ECs) of each active metabolite for MCF-7 and MCF-7Var E
cell cultures was quantified to determine the resistance of the variants (Figure 1B-D).

The MCF-7V2"E showed an increase in ECs values under treatment with endoxifen
(9.62 £ 0.49 uM) and 4-OH Tam (12.13 £ 1.5 uM) in comparison to MCF-7 cells with values
for endoxifen (5.91 + 1.75 uM) and 4-OH Tam (10.49 + 0.96 uM) (Figure 1B-D). Results
demonstrate the acquisition of resistance to the pharmacologically active tamoxifen metabo-
lites. In a complementary way, the experimentation with the fulvestrant drug showed
a similar behavior; an increase in the ECsy value for the MCF-7VarE (29.62 + 0.49 M)
compared to MCF-7 cells (19.81 £ 0.49) was registered (Supplementary Figure S1).
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Figure 1. Resistance development in MCF-7 cells and its characterization. (A) Illustration of the
protocol used to carry out chemoresistance, showing the procedure for resistance acquisition in
MCEF-7V2rE cells. (B) Comparison of the ECs values and SD among MCF-7 and MCF-7V2" E cells
under the 4-OH Tam (C) and endoxifen (D) treatments (0-16 uM).

3.2. Effect of Estradiol as a Determinant of Chemoresistance

E2 functions as a critical regulator of ER« signaling. Although its presence promotes
cell growth and proliferation, elucidating the effects of E2 is crucial for unraveling the
complexities of ER+ breast cancer regulation and for developing therapeutic strategies.

Under conditions of chemoresistance, tamoxifen metabolites induced an increase in
ER expression in the MCF-7V2"E in comparison to MCF-7 cells under basal conditions
(Figure 2A,B). Moreover, combined treatment with E2- and tamoxifen-derived metabolites
showed a down-regulation in ERx expression (Figure 2A,B), which in turn caused more
significant cell damage (Supplementary Figure S2). This phenomenon could be associated
with the fact that E2 stimulation increases cellular activity, enhancing the effectiveness
of tamoxifen metabolites, particularly under the combined treatments. In addition, in
the resistant MCF-7V¥ E cells, the combined effect was more pronounced, resulting in a
significant decrease in ERx expression (Figure 2A,B) and, consequently, a more potent
cytotoxic effect (Supplementary Figure 52). These results suggest a role of ERx under
elevated concentrations of pharmacologically active tamoxifen-derived metabolites.

Given the impact of changes in cathepsin D expression levels on breast cancer prog-
nosis [37], we also determined its expression in control and resistant cells. Importantly,
we observed an increase in cathepsin D levels in both MCF-7 and MCF-7Va E cells when
treated with a combination of estradiol and tamoxifen metabolites.

Additionally, we observed an association between the resistant phenotype and in-
creased ER expression. To investigate whether tamoxifen metabolites could modulate ER
activity, we conducted molecular docking simulations (Supplementary Figure S3A-C).
The obtained affinity values through algorithm MOE (Molecular Operating Environment),
E-scores, were —5.60 kcal/mol for estradiol, —7.81 for endoxifen, and —7.29 for 4-OH Tam,
suggesting a higher affinity for tamoxifen-derived metabolites on ER structure.
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Figure 2. Role of estrogen receptor (ER) in chemoresistance. (A) Expression of ER and cathepsin D.
The comparative expression between MCF-7 and MCF-7VarE ynder the indicating conditions, with
E2 (2 uM) and tamoxifen metabolites treatment (8 uM). (B) Quantitative analysis of ER expression.
Comparative expression by densitometry analysis in three independent experiments of ER in MCF-7
and MCF-7V2rE cells. Results are reported as mean £ SD (1 = 3) and expressed as fold-change
in regard to loading control; * p < 0.05, *** p < 0.001 in regard to control. GAPDH were used as
loading controls.

Notably, these results revealed that the binding site of tamoxifen-derived metabolites
overlaps with the interaction region of E2, suggesting a potential competition phenomenon
for the ER-native ligand-binding domain (LBD); indeed, several residues involved in E2
binding, such as Glusgy, Leussg, and Leusps, are also involved in binding both endoxifen
and 4-OH Tam (Supplementary Figure S3D-G).

Ligand /tamoxifen-derived molecules competing for ER could favor a potent inhibitory
effect, inhibiting cell proliferation by down-regulating the translation of ER downstream
genes. Under these conditions, adaptive mechanisms must be triggered to maintain
chemoresistance; in this regard, targeting the elF4F complex and its associated signal-
ing pathways have emerged as potential therapeutic strategies to overcome ER+ cancer
chemoresistance [38].

3.3. eIF4F Protein Components Are Conserved during Chemoresistance and through Treatment of
Tamoxifen-Derived Metabolites Plus E2

To determine the role of the eIF4F complex in ER drug resistance cells, we characterized
its expression in MCF-7 and MCE-7VarE cells. In the first instance, for e[F4A, the RNA-
helicase protein MCF-7VaT E’s cells showed increased expression levels when compared
to MCF-7 parental cells, possibly due to drug resistance (Figure 3A,B). Notwithstanding,
elF4A levels were higher in E2-treated MCF-7 cells compared to their control; in contrast,
MCEF-7VarE cells show an elF4A reduction with E2 treatment, suggesting that E2 has a
differential effect on the cell variants. Interestingly, the levels of el[F4A were maintained
despite the concomitant treatment of tamoxifen-derived metabolites and E2 (Figure 3A,B).

In the case of the eIF4G translation initiation factor, we obtained a similar result, an
increased expression in MCE-7Var E compared to the MCF-7 cells (Figure 3A,C); however,
endoxifen and 4-OH Tam treatment (8 uM) induced a slight reduction in its expression in
MCE-7V2r E. Moreover, in MCF-7 cells, the same tamoxifen-derived treatments induced a
slight increment (Figure 3A,C). In this case, the response was regulated by the E2 treatment,
and the MCF-7V2'E cells had a more active complex that could confer chemoresistance
(Figure 3A,C).
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Figure 3. elF4F complex characterization. (A) Expression of eI[F4A and eIF4G targets. The comparative
expression between MCF-7 and MCF-7Y2"E cells under different treatments, with E2 (2 uM) and
tamoxifen metabolites (8 uM) for 12 h. Densitometry analysis of elF4A (B) and elF4G (C) in MCE-7
and MCF-7Va"E cells under the same conditions. (D) Expression of eIF4E and p-4E-BP1,2,3. The
comparative expression between MCF-7 and MCF-7V2" E under different treatments with E2 and
tamoxifen metabolites is shown. Results are reported as mean & SD (n = 3) and expressed as fold-
change in regard to loading control; * p < 0.05, ** p < 0.002 in regard to control. 3-actin and GAPDH
were used as loading controls.

Regulation of eIlF4E expression is crucial, with 4E-BP proteins modulating its activity
by binding to eIF4E and inhibiting eIF4F complex formation. Interestingly, in MCF-7 cells,
elF4E expression remained unchanged despite tamoxifen metabolite stimuli (Figure 3D).
Moreover, in MCF-7V2"E cells, eIFAE expression increased with concomitant treatments
(Figure 3D). The phosphorylation status of p-4E-BP1,2,3 implies a potential eIF4E incorpo-
ration into the elFAF complex, likely rendering it more active in MCF-7Var E cells (Figure 3D).

Evidence suggests a compensatory mechanism to maintain the activity of the complex
by potentially increasing the expression of elF4G and eIlF4A. Moreover, the expression of
the translation factor is maintained despite tamoxifen-derived treatment and concomitant
treatment with E2. elF4A could remain bound to the elF4F complex and fulfill its function, a
particular feature of the MCF-7V2" E_resistant cells. This prompted us to search for strategies
for eIF4F regulation, specifically eI[F4A and Erc, through inhibition by natural compounds,
such as coumarins.

3.4. Regulation of eIF4A by Auraptene Binding

Auraptene, a natural coumarin found in citrus fruits, could show promising potential
in cancer treatment. According to our results, auraptene may disrupt the translation
process through elF4A inhibition, in turn affecting the expression of proteins involved in
cell growth, survival, and potentially chemoresistance. To find if auraptene binds elF4A,
we overexpressed and purified recombinant e[F4A from Escherichia coli Rosetta Star strain
cultures (Figure 4A,B). Results showed a significant decrease in fluorescence under the
interaction of elF4A (4 uM) and auraptene at concentrations of 50 uM and 100 pM; a
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reduction in the emission intensity was observed, resulting from a quenching phenomenon,
suggesting that auraptene binds with the elF4A protein (Figure 4C). Molecular docking
simulation results suggest that Aur binds elF4A close to the rocaglamide binding site,
as different docking protocols found highly scored auraptene binding poses near the
RNA binding site. Critical residues for rocaglamide interaction are also shared, such as
Asp330, Leu331, Pro108, and Thr109 (Figure 4D-G). The E-score for values for auraptene
was —9.68 Kcal/mol, which was close to rocaglamide’s —10.21 (Kcal/mol) (Figure 4H).
Additionally, Vina's scoring function allowed us to find an auraptene pose in which the
lactone oxygen hydrogen bonds to Arg®** (Supplementary Figure S4).
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Figure 4. Effect of auraptene on the elF4A regulation. (A) Coomassie-stained SDS-PAGE of elF4A-
purified fractions corresponding to TL: total lysate, T: tagged protein, and U: untagged protein.
(B) Imnmunodetection for the fractions of eI[F4A overexpression. Antibodies to detect eI[F4A and
polyhistidine tags were used. (C) Fluorescence assay of elF4A and auraptene. Emission fluorescence
spectra of elF4A, e[F4A plus 50 uM auraptene, and elF4A plus 100 uM auraptene are shown in blue,
red, and green, respectively. (D) Docking of rocaglamide in the e[F4A RNA binding site (PDB ID:
57C9). elF4A protein is shown in beige and rocaglamide molecule in green. (E) Docking of auraptene
in the elF4A RNA interaction site. e[F4A is shown in beige and auraptene in green. (F) Rocaglamide-
elF4A ligand interactions, showing the residues and type of interaction. (G) Auraptene—elF4A
binding residues and the nature of the interactions with molecules are shown. (H) E-score values
obtained for each molecule in the molecular docking simulation.

3.5. Enhancing Chemotherapeutic Sensitivity in ER+ Cells with Auraptene Treatment
Auraptene is a natural compound which has been proposed to have anticarcinogenic
effects in several cancer cell lines [39]; however, it has not been studied in chemoresistant
conditions. We thus set out to test the effects of auraptene on MCF-7V* £ and MCF-7 cells to
evaluate potential synergistic effects with the active tamoxifen metabolites. We employed
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concentrations below their ECsg values (Figure 5A,D), and active metabolites of tamoxifen,
endoxifen, and 4-OH Tam at a concentration of 8 uM (Figure 5).
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Figure 5. Cell viability of MCF-7 and MCF-7Va"E cells with auraptene treatments. Comparison of
auraptene and auraptene plus tamoxifen metabolite treatments. Viability percentages of MCE-7 cells
under auraptene (A), auraptene and 4-OH tamoxifen (B), and auraptene and endoxifen treatments
(C). Results of auraptene and auraptene plus tamoxifen metabolites shown in black and gray columns,
respectively. Viability percentages of MCE-7V2rE cells under auraptene (D), auraptene and 4-OH
tamoxifen (E), and auraptene and endoxifen (F) treatments. Results of auraptene and auraptene
plus tamoxifen metabolites shown in black and gray columns, respectively. Results are reported as
mean + SD (n = 3); *** p < 0.0001 regard to control.

Our results revealed that auraptene significantly reduced cell viability starting from
a 50 uM concentration in both MCF-7 and MCF-7V¥ E (Figure 5A-D). Subsequently, we
explored the combined treatment of auraptene with tamoxifen metabolites. Interestingly,
auraptene exhibited a synergistic effect with both 4-OH Tam (Figure 5B,E) and endoxifen
(Figure 5C,F), resulting in a substantial reduction in cell viability in both MCF-7 and
MCF-7V2rE cells. Remarkably, this effect was observed even at the lowest auraptene
concentration evaluated (25 uM), highlighting the potency of the auraptene-tamoxifen
metabolite combination treatment.

Despite its chemoresistance acquisition, we observed a potential therapeutic effect
in MCF-7VarE cells. By modulating key signaling pathways involved in drug resistance
mechanisms, auraptene exhibited the potential to enhance the efficacy of conventional
treatments in ER+ breast cancer cells. Notably, the joint treatments were shown to be
effective for both MCF-7 cells and the resistant variant MCF-7¥aTE. Nevertheless, this
treatment may be specific to ER+ breast cancer. Thus, we evaluated this therapeutic effect
in another breast cancer molecular subtype.

3.6. Auraptene Specificity in ER+ Breast Cancer Cells

To elucidate if the effects of the combined treatments of auraptene with tamoxifen-
derived metabolites are specific to BC cells that overexpress ER+, the triple-negative breast
cancer cell model lacking expression of hormone receptors, MDA-MB-231 (MDA) cell line,
which shows the main phenotypic properties of TNBC cancer, was evaluated. The MDA
cell line displayed a higher tolerance to auraptene than the MCF-7 and MCF-7"2* F ER+ cell
lines, with a viability of 80% observed at the auraptene concentration of 35 uM (Figure 6).
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Figure 6. Auraptene and mixed auraptene plus tamoxifen metabolites treatments on ER+ and ER- cell
variants. Comparative cell viability percentages of MCF-7, MCF-7Var E, and MDA-MB-231 cells are
shown in black, light gray, and pattern gray, respectively, under increasing doses of auraptene plus
4-OH Tam 8 uM (A) and endoxifen 8 uM (B). Results are reported as mean =+ SD (n = 3); # p < 0.0001
regard to control.

To determine the minimal auraptene concentration at which synergy with auraptene
and tamoxifen metabolites could be registered, we used low concentrations of auraptene
(0-35 pM) and a fixed concentration of tamoxifen metabolites (8 M) (Figure 6A,B). Results
suggest a sensitizing effect observed on both ER+ cell variants MCF-7 and MCF-7V2" E under
the treatment with 4-OH Tam (Figure 6A, Table 1). In contrast, triple-negative cells showed
higher tolerance to joint treatments (Figure 6A, Table 1). Both MCF-7 variants displayed
synergy between auraptene and both tamoxifen metabolites, as evidenced by lower ECsg
values for auraptene when cells were treated with tamoxifen metabolites. This synergy
resulted in ECs5p values almost four times lower for MCE-7 cells treated with auraptene
and tamoxifen metabolites when compared to cells treated with auraptene (Figure 6A,B,
Table 1); synergy was more pronounced in MCF-7VaE cells, as concomitant treatments
of tamoxifen metabolites and auraptene resulted in ECsy lowering by almost an order
of magnitude when compared with cells treated with auraptene (Figure 6A,B, Table 1).
However, MDA cells (TNBC) displayed no synergy between auraptene and tamoxifen
metabolites, the EC5( value for auraptene was 76.75 pM and the concomitant treatment
with 4-OH Tam did not induce a significant therapeutic effect, the ECsy value remained at
80.65 uM (Figure 6A, Table 1).

Table 1. ECs values for ER+ and TNBC under auraptene and tamoxifen metabolite treatments.
Values for the combined treatments in different cell variants.

Cell Variant Characteristic Auraptene (UM)  Auraptene + 4-OH Tam (uM)  Auraptene + Endoxifen (uM)
MCE-7 ER+ 47.49 12.69 13.34

MCE-7VarE Drug resistance 52.40 8.53 6.47
MDA TNBC 76.75 80.65 52.68

Results for endoxifen showed a synergistic effect on MCF-7 and MCF-7V2" E cells, but
for the triple-negative cells, it did not show any significant effect (Figure 6B). We registered
a reduction in ECsg values in both variants, while the ECs for auraptene treatment in
MCF-7 cells was 47.49 uM, the impact of endoxifen reduced the ECsj to 13.34 uM; for
MCE-7Var E cells, the values were 52.4 uM for auraptene treatment, while the concomitant
use of endoxifen promoted a reduction to 6.47 uM in ECsy. For MDA cells, the ECsg value
for auraptene was 76.75 uM and the concomitant treatment with endoxifen did not induce
a significant therapeutic effect; the ECs5y value was maintained at 52.68 uM (Figure 6B,
Table 1).
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Our results suggest a therapeutic potential for the concomitant treatment for ER+ cells,
which requires further testing. Auraptene displayed efficacy at concentrations as low
as 12 uM, almost five times lower than the effective concentration of auraptene alone
(50 M) at 24 h of treatment. As a result, subsequent experiments were carried out at an
auraptene concentration of 12.5 pM to elucidate the specific mechanism of sensitization on
ER+ cell lines.

3.7. Characterization of Auraptene Molecular Mechanism of Resistance

Taking into account auraptene can modulate ER activity, impacting cellular processes
such as proliferation, apoptosis, and, potentially, chemoresistance; we evaluated the possi-
bility that the synergy observed between auraptene- and tamoxifen-derived metabolites
could arise from auraptene ER binding. Therefore, a molecular docking simulation com-
pared the binding positions of auraptene and tamoxifen metabolites to the natural ER
ligand, estradiol (Figure 7A-F). In the first instance, estradiol and auraptene displayed
similar affinity values or E-scores of —5.60 and —5.39, respectively. Notably, auraptene
was found to bind the estradiol-denominated ligand-binding domain (LBD), suggesting
potential competition for the estrogen receptors’ (ER) natural ligand-binding domain
(Figure 7A-D). In this regard, auraptene shares several binding residues with estradiol,
including Argsos, Glusss, Leusss, Leusag, Leusgs, Leusps, Ilesps, and Metypq, resulting in a
similar affinity value to estradiol.

Critically, the values of the E-scores for endoxifen and 4-OH Tam were —7.81 and
—7.29, respectively (Figure 7A-F), and share some binding residues among them such as
Glusgy, Leussg, and Leusys (Figure 7A-F). Trpsgs and Leuss are shared among auraptene
and endoxifen binding sites, and Tyrss; and Leusys are shared among 4-OH Tam and
auraptene binding sites, suggesting that auraptene may exert similar activity as tamoxifen
metabolites, which is a competitive inhibition of the ER, which remains to be confirmed
with in vitro experiments.

We thus attempted to completely inhibit ER with the strategy of joint treatments
of tamoxifen-derived metabolites and auraptene. However, these treatments are quite
aggressive for the cellular models, as evidenced in Figures 5 and 6; therefore, the incubation
time was reduced from 12 h in the previous experiments to 6 h in order to obtain enough
cellular lysates to perform Western blot assays (Figure 7G,H), as a result of significant
cellular damage (Supplementary Figure S5). Under the joint treatments of active tamoxifen
metabolites (8 uM) and auraptene (12.5 uM), we evaluated the ER, cathepsin D, and
elF4F protein expressions. The results indicate that simultaneous treatment of auraptene
alongside tamoxifen metabolites exert a notable down-regulation effect on ERx in MCF-7
with a more pronounced effect in MCE-7V2r E yariant (Figure 7G,H). In addition, a decrease
in cathepsin D was also registered under the combined treatments. Then, the development
of a potential therapeutic strategy is highlighted (Figure 7G,H).

Concomitant treatments also triggered the down-regulation of eIlF4G, another elF4F
complex protein (Figure 7G,H), which may disrupt the assembly of the elF4F complex.
This effect could be further potentiated in MCE-7 cells, wherein elF4E expression was also
down-regulated under concomitant treatment of auraptene and 4-OH Tam (Figure 7H,I).
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Figure 7. Characterization of elF4F complex and ER. Molecular docking of molecules of auraptene
and tamoxifen metabolites on estrogen receptor. Molecular docking of auraptene that is shown in
green (A), endoxifen in purple (B), and 4-OH tamoxifen in light blue (C) on the ERoc (PDB: 3ERT).
ER« is shown in beige. Binding site residues and their types of interactions with auraptene (D),
endoxifen (E), and 4-OH tamoxifen (F). (G) Comparison between MCF-7 and MCEF-7V2r E ynder
treatments with metabolites of tamoxifen and aurapteno for ER, Cateptsin D, elF4A, elF4G, and
elF4E. Densitometry analysis of ER (H) and eIF4G (I) in MCF-7 and MCF-7"2" E cells under the same
conditions. Results are reported as mean + SD (n = 3) and expressed as fold-change in regard to
loading control; * p < 0.05, ** p < 0.002, *** p < 0.001 in regard to control. 3-actin and Actin were used
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3.8. Auraptene Treatment Could Inhibit Chemoresistance to Tamoxifen Metabolites through
Suppression of ABC Transport Expression

To broaden the characterization of the chemoresistance mechanism in MCF-7Var E
cells and the potential effect of auraptene and tamoxifen metabolites, we characterized the
transcriptional modulation of the ABCB1 and ABCC1 transporter genes associated with
the elF4F translation complex. Under control conditions, MCF-7Va" £ cells have expression
levels almost twice as high as ABCB1 (Supplementary Figure S6A). In this regard, endoxifen
severely alters the ABCB1 expression pattern, as MCF-7 cells display a 25-fold increase in
expression, whereas MCF-7V'E cells only show a slight expression decrease. The 4-OH
Tam treatment promotes a slight increase in expression on both MCF-7 and MCF-7Var E
cells (Supplementary Figure S6A). In an interesting way, joint treatment of auraptene and
endoxifen completely abates ABCB1 expression in both cellular variants (Supplementary
Figure S6A).

The ABCC1 transporter showed a similar expression pattern as ABCB1, as MCF-7Vr E
cells also show almost two-fold expression levels of ABCC1. Both 4-OH Tam and auraptene
single treatments trigger a 2.5-fold expression increase in MCF-7V2" £ cells. However, mixed
treatments of auraptene- and tamoxifen-derived metabolites abated ABCC1 expression
on MCF-7 and MCF-7V2"E cells (Supplementary Figure S6B). The concomitant treatments
demonstrate their highest efficacy once MCF-7¥2" E acquires resistance; on the other hand,
they up-regulate the expression when treating MCF-7 cells with endoxifen, and reduce the
expression of ABCB1 and ABCC1.

3.9. Pharmacological Potential of Auraptene

As a perspective into an eventual use in clinical treatment, we performed an ADME
analysis of auraptene from SwissADME (Supplementary Figure S7) and ADMETlab2.0,
which provides an in silico analysis of a chemical compound’s properties and its potential
as a drug. In this sense, auraptene has molecular weight of 298.16, a logP of 5.18, and a logS
of —5.75, suggesting potential pharmaceutical properties based on its calculated solubility
and permeability parameters [36]. It has moderately soluble characteristics according to
ESOL and Ali models [35], suggesting its potential for adequate dissolution and absorption
in biological systems. Its synthetic accessibility score (SA score) suggests simplicity for
synthesis, and it adheres to the Golden Triangle rule, indicating a potentially favorable
ADME profile [36].

In particular, auraptene displays a high gastrointestinal absorption, which indicates a
favorable pharmacokinetic behavior. Moreover, auraptene shows no significant inhibition
of key cytochrome P450 enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4),
suggesting its minimal potential for drug—drug interactions according to the ADME profile
(Supplementary Figure S7). These findings suggest that auraptene cannot be ruled out as a
compound for eventual pharmaceutical development.

4. Discussion

In the present work, tamoxifen-derived metabolite-resistant variant MCF-7Va" E was
generated as a model to replicate the chemoresistant phenotype observed in patients
with ER+ breast cancer, wherein tamoxifen is one of the main adjuvants used. In this
regard, this model is a heterogeneous pool of cells, which is obtained through multiple
processes of resistance generation. Although cellular models resistant to tamoxifen have
been developed [40-43], resistant models to its primary plasmatic active metabolites, 4-OH
Tam and endoxifen, have yet to be developed. In this context, a novel approach was taken in
generating resistance by incorporating E2 into the 4-5 months resistance induction protocol
(Figure 1A). This model closely mirrors physiological conditions that involve competition
between tamoxifen metabolites and E2. As a result, we generated an endoxifen and 4-OH
Tam-resistant MCF-7V2" E cellular model with higher ECsq values compared to the MCE-7
cell line.
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We characterized the mechanisms associated with drug resistance and the main cellular
features of the resistant cell line with evident phenotypic changes. In contrast to previous
reports, our results indicate an ER expression increase in resistant cells. ER overexpression
could have been driven by the metabolites used to induce resistance, given their ER agonist
nature. In this regard, ER overexpression could act as a resistance mechanism, wherein
the dual stimulation by tamoxifen metabolites and E2 triggers an increase in receptor
expression. The MCF-7V2" E variant shows a distinct phenotype from the usual scenario,
wherein drug resistance is associated with decreased ER expression [44,45].

The dose of tamoxifen metabolites was insufficient to decrease receptor activity. Fur-
thermore, when using estradiol, which increases ER expression levels, a new phenotype
was generated in which we registered that the growth rate of the resistant cell lines is lower
compared to the parental cells, in addition to exhibiting slight morphological changes
(Supplementary Figure S2).

On the other hand, we evaluated the effect of treatments with E2 on both MCF-7
and MCF-7VaTE cells, in which a protective E2 effect was expected. However, combined
treatments with E2 plus tamoxifen metabolites resulted in a decrease in ER+ expression in
resistant cells (Figure 2A). Due to the combined ER binding, diminished ER expression lev-
els, and lower downstream signaling processes, significant cellular damage was observed
through optical microscopy (Supplementary Figure S2) [46].

In the context of acquired resistance in MCF7V2" E cells and the ER expression increase,
which is associated with higher protein translation levels [47], analyzing the eIF4F complex
becomes relevant [9]. We observed an increase in the expression of translation initiation
factors elF4A and elF4G in MCF7Y2"E cells, which are crucial for the assembly of the
translationally active ribosome. Given their crucial role in translation, these proteins
have been identified as potential therapeutic targets. Natural compounds have shown
therapeutic potential against the translation machinery, and compounds like rocaglamide
have been proven to inhibit e[F4A [17]. It has also been observed that inhibiting e[F4A can
reduce ER expression when combined with fulvestrant [16], showing an effect similar to
our proposal involving auraptene and tamoxifen metabolites. Given its anticancer activity,
we explored auraptene regulation of elF4A activity.

In this regard, spectroscopy data from interaction assays support its binding capa-
bility, indicating a similar mechanism of activity to rocaglamide. However, the binding
mechanism of auraptene to elF4A remains to be elucidated.

Auraptene has also been shown to have anticarcinogenic effects in different cancer cell
lines [39]. It has been observed that auraptene exerts a series of anti-tumor effects, inducing
apoptosis and the generation of reactive oxygen species (ROS) in colorectal cancer cells,
as well as antiproliferative effects by inducing cell cycle arrest [48]. Thus, our data add an
additional effect of auraptene and indicate a potential to be included in chemoresistant
breast cancer treatment, but further experiments will be necessary.

In this regard, auraptene showed similar results on both the native and resistant cell
lines, with an ECsq close to 50 uM for both cases. Due to this, combined treatments were
performed with tamoxifen metabolites, wherein, surprisingly, we found a similar behavior
in both cell lines, with effects observed even at the lowest concentration used in this
assay, which was 25 uM for auraptene and 8 pM for the tamoxifen metabolites (Figure 5),
suggesting a synergy between both compounds. Based on this, an assay was conducted
with auraptene concentrations ranging from 0 to 35 uM to determine the minimum effective
concentration. The combined treatments were found to be effective at a concentration of
12.5 uM (Figure 6). Similarly, a TNBC cell line was characterized to determine if the ER
was required for the treatment to exert auraptene effects (Table 1). Critically, combined
treatment was only effective for the ER+ and not for the TNBC, suggesting the specificity
of the treatment of auraptene with tamoxifen metabolites (Table 1). With this evidence, it is
worth noting that the proposed tamoxifen—auraptene treatment would have no effect on
ER cell populations or populations which respond to treatment by down-regulating ER
expression.
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Notwithstanding, in the resistant cell MCF-7V2'E, the therapeutic effect was more
significant with the endoxifen and auraptene joint treatment (ECsy 6.47 uM), a phenomenon
that could be caused by a synergism between the two compounds. The synergy between
tamoxifen metabolites has already been reported by Chisholm, K and collaborators, where
they observed synergy between epicatechins and metabolites derived from tamoxifen in
the MDA-MB-231 cell line [49] and attributed the effect to the sensitization of the apoptosis
process [50].

A down-regulation effect on ERax was observed in MCF-7 and MCF-7V2" E variant cells
under the joint treatments of auraptene and tamoxifen metabolites, suggesting a potential
for complete ER inhibition (Figure 7G). Interestingly, the concomitant treatments also led
to a decrease in cathepsin D and elF4G expression, critical proteins involved in cellular
processes. This down-regulation of eIF4G could disrupt the assembly of the eIF4F complex,
further impacting cellular functions. These findings represent a first step in proving that
the ER activity and elF4F components could be modulated by auraptene and be exploited
as a therapeutic strategy for breast cancer treatment. Further experiments are needed to
exactly determine the inhibition mechanism of this compound on elF4A.

In a complementary way, we broadly elucidate the drug resistance mechanism in
MCF-7Var E cells and its potential regulation by auraptene and tamoxifen metabolites. We
focused on characterizing the transcriptional modulation of transporter genes associated
with the eIF4F translation complex [51] and ABCB1 and ABCC1 transporters. The combined
treatment of auraptene and 4-OH tamoxifen completely diminish ABCB1 expression in
MCF-7V2rE while maintaining basal levels in MCF-7 cells (Supplementary Figure S5).
Similarly, joint treatments profoundly impacted ABCC1 expression, leading to a significant
decrease in expression levels in both cell lines. This phenomenon suggests that auraptene,
in combination with tamoxifen metabolites, may exert regulatory effects on ABCB1 and
ABCCI1 transporter expression.

5. Conclusions

Our study presents a novel approach to design treatments for chemoresistance in an
ER+ cellular model. We discovered a previously unreported mechanism involving the
participation of estradiol (E2) in the development of chemoresistance under an equimolar
scheme with active tamoxifen-derived metabolites. This unique condition suggests an
increment of estrogen receptor (ER) activity and the participation of the elF4F complex.
Also, auraptene may be a potential candidate for modulating elF4A activity in addition to
ER, hampering key factors of cell translation and proliferation. It is worth mentioning that
this phenomenon presents specificity for the ER+ phenotype, considering the results in
the TNBC model. Interestingly, combined treatments of auraptene and tamoxifen metabo-
lites resulted in a significant down-regulation of ER expression, suggesting a potential
therapeutic strategy to overcome chemoresistance.

6. Patents
The experimental analysis is protected under Mexico law MX/E /2024 /037190.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ pharmaceutics16091179/s1, Figure S1. Resistance development
in MCF-7 cells. Figure S2. Effect of estradiol in MCF-7 cells. Figure S3. Docking of estrogen receptor.
Figure S4. Effect of auraptene on the elF4A regulation. Figure S5. Effect of auraptene and joint
treatments in MCF-7 cells and MCF-7V" E, Figure S6. Modulation of the gene expression of ABCC1
and ABCBI. Figure S7. SwissADME results on auraptene properties.

Author Contributions: Conceptualization, A.P--C. and V.G.-G.; Methodology, A.P-C., B.C.-V. and
A.C.-V,; Software, B.C.-V.,, LP.A.-B. and A.C.-V,; Formal analysis, A.P.-C.; Data curation, R.D.-M.;
Writing—original draft, A.P.-C.; Writing—review & editing, L.P.A.-B. and V.G.-G.; Visualization,
A.P-C. and V.G.-G.; Supervision, B.C.-V,, R.D.-M., RM.-S. and O.G.-H. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/pharmaceutics16091179/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16091179/s1

Pharmaceutics 2024, 16, 1179 18 of 20

Funding: This research was supported by Fondo Sectorial de Investigacién para la Educacién CB 2017-
2018 (A1-5-28653/SEP/CONACYT) and Programa Presupuestario FO03, “Programas Nacionales
Estratégicos de Ciencia, Tecnologia y Vinculacion con los Sectores Social, Publico y Privado”; 23a.
Convocatoria Interna de Apoyo a Proyectos de Investigacion (2-12-213-2-003-2-1994) (Coordinacion
General de Investigacion y Posgrado/UABC).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors recognize the administrative support of Josue Villegas-Sandoval and
Liliana Garcia-Hernandez. The authors recognize the antibody donations of Santa Cruz Biotechnology
Inc. (Antibodies anti-Cathepsin D, anti-p-4E-BP1/2/3).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fragomeni, S.M.; Sciallis, A.; Jeruss, ].S. Molecular Subtypes and Local-Regional Control of Breast Cancer. Surg. Oncol. Clin. N.
Am. 2018, 27, 95-120. [CrossRef] [PubMed]

2. Nair, S.; Sachdeva, G. Estrogen matters in metastasis. Steroids 2018, 138, 108-116. [CrossRef]

3. Lim, Y.C; Desta, Z.; Flockhart, D.A.; Skaar, T.C. Endoxifen (4-hydroxy-N-desmethyl-tamoxifen) has anti-estrogenic effects in
breast cancer cells with potency similar to 4-hydroxy-tamoxifen. Cancer Chemother. Pharmacol. 2005, 55, 471-478. [CrossRef]
[PubMed]

4.  Zahreddine, H.; Borden, K.L. Mechanisms and insights into drug resistance in cancer. Front. Pharmacol. 2013, 4, 28. [CrossRef]
[PubMed]

5. Marin, ].J.; Monte, M.].; Blazquez, A.G.; Macias, R.I.; Serrano, M.A.; Briz, O. The role of reduced intracellular concentrations of
active drugs in the lack of response to anticancer chemotherapy. Acta Pharmacol. Sin. 2014, 35, 1-10. [CrossRef]

6.  Chang, M. Tamoxifen resistance in breast cancer. Biomol. Ther. 2012, 20, 256-267. [CrossRef]

7. Sodani, K.; Patel, A.; Kathawala, R.J.; Chen, Z.S. Multidrug resistance associated proteins in multidrug resistance. Chin. J. Cancer
2012, 31, 58-72. [CrossRef]

8.  Ali, S.; Coombes, R.C. Endocrine-responsive breast cancer and strategies for combating resistance. Nat. Rev. Cancer 2002, 2,
101-112. [CrossRef]

9.  Fagan, D.H,; Fettig, L.M.; Avdulov, S.; Beckwith, H.; Peterson, M.S.; Ho, Y.Y.; Wang, E; Polunovsky, V.A.; Yee, D. Acquired
Tamoxifen Resistance in MCF-7 Breast Cancer Cells Requires Hyperactivation of e[F4F-Mediated Translation. Horm. Cancer 2017,
8,219-229. [CrossRef]

10. Robichaud, N.; Sonenberg, N.; Ruggero, D.; Schneider, R.J. Translational Control in Cancer. Cold Spring Harb. Perspect. Biol. 2019,
11, a032896. [CrossRef]

11. Castaneda-Sanchez, C.Y.; Chimal-Vega, B.; Leon-Gutierrez, R.; Araiza-Robles, A E.; Serafin-Higuera, N.; Pulido-Capiz, A.; Rivero,
I.A.; Diaz-Molina, R.; Alatorre-Meda, M.; Rodriguez-Velazquez, E.; et al. Low-Density Lipoproteins Increase Proliferation,
Invasion, and Chemoresistance via an Exosome Autocrine Mechanism in MDA-MB-231 Chemoresistant Cells. Biomedicines 2024,
12,742. [CrossRef] [PubMed]

12.  Gonzalez-Ortiz, A.; Pulido-Capiz, A.; Castaneda-Sanchez, C.Y.; Ibarra-Lopez, E.; Galindo-Hernandez, O.; Calderon-Fernandez,
M.A.; Lopez-Cossio, L.Y.; Diaz-Molina, R.; Chimal-Vega, B.; Serafin-Higuera, N.; et al. eI[F4A/PDCD4 Pathway, a Factor for
Doxorubicin Chemoresistance in a Triple-Negative Breast Cancer Cell Model. Cells 2022, 11, 4069. [CrossRef] [PubMed]

13. Bhat, M.; Robichaud, N.; Hulea, L.; Sonenberg, N.; Pelletier, J.; Topisirovic, I. Targeting the translation machinery in cancer. Nat.
Rev. Drug Discov. 2015, 14, 261-278. [CrossRef]

14. Hembruff, S.L.; Laberge, M.L.; Villeneuve, D.]J.; Guo, B.; Veitch, Z.; Cecchetto, M.; Parissenti, A.M. Role of drug transporters and
drug accumulation in the temporal acquisition of drug resistance. BMC Cancer 2008, 8, 318. [CrossRef]

15. Naineni, S.K,; Liang, J.; Hull, K.; Cencic, R.; Zhu, M.; Northcote, P.; Teesdale-Spittle, P.; Romo, D.; Nagar, B.; Pelletier, ]. Functional
mimicry revealed by the crystal structure of an e[F4A:RNA complex bound to the interfacial inhibitor, desmethyl pateamine A.
Cell Chem. Biol. 2021, 28, 825-834.e6. [CrossRef]

16. Boyer, J.A.; Sharma, M.; Dorso, M.A.; Mai, N.; Amor, C.; Reiter, ].M.; Kannan, R.; Gadal, S.; Xu, J.; Miele, M,; et al. eIF4A controls
translation of estrogen receptor alpha and is a therapeutic target in advanced breast cancer. bioRxiv 2024. [CrossRef]

17. Iwasaki, S.; Iwasaki, W.; Takahashi, M.; Sakamoto, A.; Watanabe, C.; Shichino, Y.; Floor, S.N.; Fujiwara, K.; Mito, M.; Dodo, K.;
et al. The Translation Inhibitor Rocaglamide Targets a Bimolecular Cavity between eIlF4A and Polypurine RNA. Mol. Cell 2019, 73,
738-748.€9. [CrossRef]

18. Naineni, S.K,; Itoua Maiga, R.; Cencic, R.; Putnam, A.A.; Amador, L.A.; Rodriguez, A.D.; Jankowsky, E.; Pelletier, ]. A comparative

study of small molecules targeting eI[F4A. RNA 2020, 26, 541-549. [CrossRef]


https://doi.org/10.1016/j.soc.2017.08.005
https://www.ncbi.nlm.nih.gov/pubmed/29132568
https://doi.org/10.1016/j.steroids.2018.07.006
https://doi.org/10.1007/s00280-004-0926-7
https://www.ncbi.nlm.nih.gov/pubmed/15685451
https://doi.org/10.3389/fphar.2013.00028
https://www.ncbi.nlm.nih.gov/pubmed/23504227
https://doi.org/10.1038/aps.2013.131
https://doi.org/10.4062/biomolther.2012.20.3.256
https://doi.org/10.5732/cjc.011.10329
https://doi.org/10.1038/nrc721
https://doi.org/10.1007/s12672-017-0296-3
https://doi.org/10.1101/cshperspect.a032896
https://doi.org/10.3390/biomedicines12040742
https://www.ncbi.nlm.nih.gov/pubmed/38672098
https://doi.org/10.3390/cells11244069
https://www.ncbi.nlm.nih.gov/pubmed/36552834
https://doi.org/10.1038/nrd4505
https://doi.org/10.1186/1471-2407-8-318
https://doi.org/10.1016/j.chembiol.2020.12.006
https://doi.org/10.1101/2024.05.08.593195
https://doi.org/10.1016/j.molcel.2018.11.026
https://doi.org/10.1261/rna.072884.119

Pharmaceutics 2024, 16, 1179 19 of 20

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

de Medina, P.; Genovese, S.; Paillasse, M.R.; Mazaheri, M.; Caze-Subra, S.; Bystricky, K.; Curini, M.; Silvente-Poirot, S.; Epifano, F;
Poirot, M. Auraptene is an inhibitor of cholesterol esterification and a modulator of estrogen receptors. Mol. Pharmacol. 2010, 78,
827-836. [CrossRef]

Guevara-Olaya, L.; Chimal-Vega, B.; Castaneda-Sanchez, C.Y.; Lopez-Cossio, L.Y.; Pulido-Capiz, A.; Galindo-Hernandez, O.;
Diaz-Molina, R.; Ruiz Esparza-Cisneros, J.; Garcia-Gonzalez, V. LDL Promotes Disorders in beta-Cell Cholesterol Metabolism,
Implications on Insulin Cellular Communication Mediated by EVs. Metabolites 2022, 12, 754. [CrossRef]

Jones, C.J.; Subramaniam, M.; Emch, M.].; Bruinsma, E.S.; Ingle, ].N.; Goetz, M.P.; Hawse, ].R. Development and Characterization
of Novel Endoxifen-Resistant Breast Cancer Cell Lines Highlight Numerous Differences from Tamoxifen-Resistant Models. Mol.
Cancer Res. 2021, 19, 1026-1039. [CrossRef] [PubMed]

Chen, R;; Guo, S.; Yang, C.; Sun, L.; Zong, B.; Li, K; Liu, L.; Tu, G; Liu, M,; Liu, S. Although ¢-MYC contributes to tamoxifen
resistance, it improves cisplatin sensitivity in ER-positive breast cancer. Int. ]. Oncol. 2020, 56, 932-944. [CrossRef] [PubMed]
Garcia-Gonzalez, V.; Mas-Oliva, ]. Amyloidogenic properties of a D/N mutated 12 amino acid fragment of the C-terminal domain
of the Cholesteryl-Ester Transfer Protein (CETP). Int. |. Mol. Sci. 2011, 12, 2019-2035. [CrossRef]

Berman, H.M,; Battistuz, T.; Bhat, T.N.; Bluhm, W.E; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iype, L.; Jain, S.; et al.
The Protein Data Bank. Acta Crystallogr. D Biol. Crystallogr. 2002, 58, 899-907. [CrossRef]

Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, PA.; Yu, B.; et al. PubChem 2023
update. Nucleic Acids Res. 2023, 51, D1373-D1380. [CrossRef]

Molecular Operating Environment (MOE); Chemical Computing Group (CCG): Montreal, QC, Canada, 2024.

Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling, C. Comparison of multiple Amber force fields and
development of improved protein backbone parameters. Proteins 2006, 65, 712-725. [CrossRef]

Soga, S.; Shirai, H.; Kobori, M.; Hirayama, N. Use of amino acid composition to predict ligand-binding sites. J. Chem. Inf. Model.
2007, 47, 400-406. [CrossRef]

Clark, A.M.; Labute, P. 2D depiction of protein-ligand complexes. J. Chem. Inf. Model. 2007, 47, 1933-1944. [CrossRef]

Trott, O.; Olson, A.]. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455—461. [CrossRef]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. ]. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular mechanical
calculations. J. Mol. Graph. Model. 2006, 25, 247-260. [CrossRef] [PubMed]

Shapovalov, M.V.; Dunbrack, R.L., Jr. A smoothed backbone-dependent rotamer library for proteins derived from adaptive kernel
density estimates and regressions. Structure 2011, 19, 844-858. [CrossRef] [PubMed]

Arndt, C.; Koristka, S.; Bartsch, H.; Bachmann, M. Native polyacrylamide gels. Methods Mol. Biol. 2012, 869, 49-53. [CrossRef]
Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef] [PubMed]

Xiong, G.; Wu, Z,; Yi, ].; Fu, L;; Yang, Z.; Hsieh, C.; Yin, M.; Zeng, X.; Wu, C; Lu, A,; et al. ADMETlab 2.0: An integrated online
platform for accurate and comprehensive predictions of ADMET properties. Nucleic Acids Res. 2021, 49, W5-W14. [CrossRef]
Kang, J.; Yu, Y,; Jeong, S.; Lee, H.; Heo, H.J.; Park, ].J.; Na, H.S.; Ko, D.S.; Kim, Y.H. Prognostic role of high cathepsin D expression
in breast cancer: A systematic review and meta-analysis. Ther. Adv. Med. Oncol. 2020, 12, 1758835920927838. [CrossRef]
Pelletier, J.; Graff, J.; Ruggero, D.; Sonenberg, N. Targeting the eIF4F translation initiation complex: A critical nexus for cancer
development. Cancer Res. 2015, 75, 250-263. [CrossRef]

Tayarani-Najaran, Z.; Tayarani-Najaran, N.; Eghbali, S. A Review of Auraptene as an Anticancer Agent. Front. Pharmacol. 2021,
12, 698352. [CrossRef]

Benz, C.C.; Scott, G.K.; Sarup, J.C.; Johnson, R.M.; Tripathy, D.; Coronado, E.; Shepard, H.M.; Osborne, C.K. Estrogen-dependent,
tamoxifen-resistant tumorigenic growth of MCF-7 cells transfected with HER2 /neu. Breast Cancer Res. Treat. 1992, 24, 85-95.
[CrossRef]

Hiscox, S.; Jiang, W.G.; Obermeier, K.; Taylor, K.; Morgan, L.; Burmi, R.; Barrow, D.; Nicholson, R.I. Tamoxifen resistance in MCF7
cells promotes EMT-like behaviour and involves modulation of beta-catenin phosphorylation. Int. J. Cancer 2006, 118, 290-301.
[CrossRef]

Jordan, V.C. Selective estrogen receptor modulation: Concept and consequences in cancer. Cancer Cell 2004, 5, 207-213. [CrossRef]
Jordan, V.C. Tamoxifen (ICI46,474) as a targeted therapy to treat and prevent breast cancer. Br. J. Pharmacol. 2006, 147 (Suppl. 1),
5269-5276. [CrossRef] [PubMed]

Wijayaratne, A.L.; McDonnell, D.P. The human estrogen receptor-alpha is a ubiquitinated protein whose stability is affected
differentially by agonists, antagonists, and selective estrogen receptor modulators. J. Biol. Chem. 2001, 276, 35684-35692.
[CrossRef]

Zhou, C.; Zhong, Q.; Rhodes, L.V.; Townley, I.; Bratton, M.R.; Zhang, Q.; Martin, E.C.; Elliott, S.; Collins-Burow, B.M.; Burow,
M.E,; et al. Proteomic analysis of acquired tamoxifen resistance in MCE-7 cells reveals expression signatures associated with
enhanced migration. Breast Cancer Res. 2012, 14, R45. [CrossRef]

Yao, J.; Deng, K.; Huang, J.; Zeng, R.; Zuo, ]. Progress in the Understanding of the Mechanism of Tamoxifen Resistance in Breast
Cancer. Front. Pharmacol. 2020, 11, 592912. [CrossRef] [PubMed]


https://doi.org/10.1124/mol.110.065250
https://doi.org/10.3390/metabo12080754
https://doi.org/10.1158/1541-7786.MCR-20-0872
https://www.ncbi.nlm.nih.gov/pubmed/33627502
https://doi.org/10.3892/ijo.2020.4987
https://www.ncbi.nlm.nih.gov/pubmed/32319562
https://doi.org/10.3390/ijms12032019
https://doi.org/10.1107/S0907444902003451
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1002/prot.21123
https://doi.org/10.1021/ci6002202
https://doi.org/10.1021/ci7001473
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1016/j.jmgm.2005.12.005
https://www.ncbi.nlm.nih.gov/pubmed/16458552
https://doi.org/10.1016/j.str.2011.03.019
https://www.ncbi.nlm.nih.gov/pubmed/21645855
https://doi.org/10.1007/978-1-61779-821-4_5
https://doi.org/10.1038/srep42717
https://www.ncbi.nlm.nih.gov/pubmed/28256516
https://doi.org/10.1093/nar/gkab255
https://doi.org/10.1177/1758835920927838
https://doi.org/10.1158/0008-5472.CAN-14-2789
https://doi.org/10.3389/fphar.2021.698352
https://doi.org/10.1007/BF01961241
https://doi.org/10.1002/ijc.21355
https://doi.org/10.1016/S1535-6108(04)00059-5
https://doi.org/10.1038/sj.bjp.0706399
https://www.ncbi.nlm.nih.gov/pubmed/16402113
https://doi.org/10.1074/jbc.M101097200
https://doi.org/10.1186/bcr3144
https://doi.org/10.3389/fphar.2020.592912
https://www.ncbi.nlm.nih.gov/pubmed/33362547

Pharmaceutics 2024, 16, 1179 20 of 20

47.

48.

49.

50.

51.

Avdulov, S.; Li, S.; Michalek, V.; Burrichter, D.; Peterson, M.; Perlman, D.M.; Manivel, ].C.; Sonenberg, N.; Yee, D.; Bitterman, P.B.;
et al. Activation of translation complex eIF4F is essential for the genesis and maintenance of the malignant phenotype in human
mammary epithelial cells. Cancer Cell 2004, 5, 553-563. [CrossRef]

Ebrahimi, S.; Soukhtanloo, M.; Mostafavi-Pour, Z. Anti-tumor effects of Auraptene through induction of apoptosis and oxidative
stress in a mouse model of colorectal cancer. Tissue Cell 2023, 81, 102004. [CrossRef]

Chisholm, K,; Bray, B.].; Rosengren, R.J. Tamoxifen and epigallocatechin gallate are synergistically cytotoxic to MDA-MB-231
human breast cancer cells. Anticancer Drugs 2004, 15, 889-897. [CrossRef]

van Dyk, L.; Verhoog, N.J.D.; Louw, A. Combinatorial treatments of tamoxifen and SM6Met, an extract from Cyclopia subternata
Vogel, are superior to either treatment alone in MCF-7 cells. Front. Pharmacol. 2022, 13, 1017690. [CrossRef]

Gupta, S.V,; Sass, E.J.; Davis, M.E.; Edwards, R.B.; Lozanski, G.; Heerema, N.A.; Lehman, A.; Zhang, X.; Jarjoura, D.; Byrd, J.C,;
et al. Resistance to the translation initiation inhibitor silvestrol is mediated by ABCB1/P-glycoprotein overexpression in acute
lymphoblastic leukemia cells. AAPS J. 2011, 13, 357-364. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ccr.2004.05.024
https://doi.org/10.1016/j.tice.2022.102004
https://doi.org/10.1097/00001813-200410000-00010
https://doi.org/10.3389/fphar.2022.1017690
https://doi.org/10.1208/s12248-011-9276-7

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Chemoresistance Protocol 
	Cell Viability 
	Western Blot (WB) Analysis 
	Optical Microscopy 
	Molecular Docking 
	Overexpression and Purification of eIF4A1 
	Fluorescence Assays for Auraptene-eIF4A Binding 
	ATPase Activity Assay for eIF4AI 
	qPCR for ABCC1 and ABCB1 Expression 
	ADME Properties of Auraptene 
	Statistical Analysis 

	Results 
	Resistance Acquisition under Tamoxifen-Derived Metabolites and Estradiol Treatments in ER Cells 
	Effect of Estradiol as a Determinant of Chemoresistance 
	eIF4F Protein Components Are Conserved during Chemoresistance and through Treatment of Tamoxifen-Derived Metabolites Plus E2 
	Regulation of eIF4A by Auraptene Binding 
	Enhancing Chemotherapeutic Sensitivity in ER+ Cells with Auraptene Treatment 
	Auraptene Specificity in ER+ Breast Cancer Cells 
	Characterization of Auraptene Molecular Mechanism of Resistance 
	Auraptene Treatment Could Inhibit Chemoresistance to Tamoxifen Metabolites through Suppression of ABC Transport Expression 
	Pharmacological Potential of Auraptene 

	Discussion 
	Conclusions 
	Patents 
	References

