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Triple-negative breast cancer (TNBC) tumors are highly aggressive and typically associated with poor 
prognosis due to limited therapeutic options and significant chemoresistance. This study investigated 
the role of the translation initiation factor eIF4E in doxorubicin (Dox) resistance using a novel TNBC 
model. A doxorubicin-resistant cell variant, MDAR (IC50 = 1.8 µM), was derived from MDA-MB-231 
cells (IC50 = 0.6 µM) following prolonged exposure to Dox at its IC25 concentration. Compared to the 
parental line, MDAR cells exhibited enhanced migration, invasion, and drug efflux capabilities. Dox 
treatment sustained the phosphorylation of eIF4E at Ser209 (eIF4E-pSer209), which promoted activation 
of the VEGF pathway and secretion of matrix metalloproteinase-9 (MMP-9). This dysregulated 
phosphorylation correlated with increased expression of the ABCB1 drug transporter, as confirmed 
by treatment with the eIF4E inhibitor 4E1RCat. In silico molecular docking and dynamics simulations 
further demonstrated the Dox-binding affinity of ABCB1. Moreover, at higher Dox concentrations, 
MDAR cells showed elevated Nrf2 activation. Conversely, eIF4E knockdown via siRNA reduced both 
chemoresistance and Nrf2 expression. These findings suggest that Dox resistance enhances cellular 
invasiveness through an eIF4E-dependent mechanism involving ABCB1 and Nrf2, both of which are 
overexpressed in TNBC transcriptomic datasets, highlighting their potential clinical relevance.
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Breast cancer (BC) is the most frequently diagnosed malignancy and a leading cause of cancer-related mortality 
in women worldwide. According to 2022 data from the International Agency for Research on Cancer (IARC), 
breast cancer accounted for 2.3 million new cases and over 8 million prevalent cases worldwide, with a mortality 
rate ranging from 9 to 13%1,2.

 BC is classified into four subtypes: Luminal A, Luminal B, human epidermal growth factor receptor 2 (HER-
2)-positive, and triple-negative breast cancer (TNBC). This classification is based on immunohistochemistry 
detection of estrogen receptor alpha (ERα), progesterone receptor (PR), HER-2, and the proliferation biomarker, 
Ki-671,3. Tumors with triple-negative features (TNBC: ERα-, PR-, and HER-2-) are highly aggressive. In this 
regard, patients who develop metastatic TNBC typically have a short life expectancy, with relapse occurring in 
less than three years and overall survival not exceeding five years post-diagnosis4,5. During tumor progression, 
several processes, such as cellular invasion, metastasis, angiogenesis6, and chemoresistance7, are critical for 
cancer evolution and clinical outcome.
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Chemotherapy is the standard clinical treatment for TNBC. However, chemoresistance is the main obstacle 
to therapeutic success, especially in metastatic tumors, wherein chemotherapy failure accounts for up to 80–
90%8–10. Chemoresistance mechanisms in TNBC are multifactorial and based on a complex interaction between 
the tumor microenvironment, the expression of transporters for drug efflux, alteration in signaling pathways 
such as PI3K/Akt/mTOR11–13, and overexpression of targets such as vascular endothelial growth factor (VEGF)13. 
These mechanisms regulate the translational modulator complex eukaryotic initiation factor 4 F (eIF4F)14.

Translational control occurs predominantly at the initiation stage, wherein the eIF4F complex plays a key role. 
eIF4F is a heterotrimeric complex composed of protein eukaryotic initiation factor 4E (eIF4E), which binds the 
7-methylguanosine (m7G) cap; eukaryotic initiation factor 4 A (eIF4A), which unwinds secondary structures on 
5´untranslated regions of the mRNA (RNA G-quadruplex), and the scaffold protein eukaryotic initiation factor 
4G (eIF4G). eIF4E has been associated with cancer hallmarks such as invasion capability, impacting metastasis 
development15, and a dependent process on protein translation initiation16.

eIF4E represents the limiting factor in the eIF4F complex activity; the primary eIF4E function is to mediate 
ribosome recruitment on the specific mRNA to begin protein synthesis17. The formation of an active initiation 
complex containing eIF4G is hindered when eIF4E is coupled to the eIF4E-binding proteins 1, 2, and 3 (4EBPs), 
which inhibit cap-dependent translation in their hypophosphorylated state. Their phosphorylation status, 
regulated by the rapamycin (mTOR) pathway’s mammalian target determines their binding affinity to eIF4E18. 
This process is crucial for activating the translation machinery regulated upstream by the mTOR pathway18.

The relative abundance of eIF4G and the regulation of 4EBPs influence cap-dependent translation. Targeting 
eIF4E is a promising strategy to suppress translation in cancer cells using small interfering RNA (siRNA) or 
small molecules. 4E1RCat, for example, inhibits eIF4E activity and has shown efficacy in hepatocarcinoma and 
melanoma cells19.

eIF4E is overexpressed in several cancer types20–22. Its phosphorylation at Ser209 (eIF4E-pSer209), catalyzed by 
MAPK-interacting kinases (Mnks)23, promotes the translation of genes involved in tumorigenesis. However, its 
role in chemoresistance remains to be fully elucidated. Components of the eIF4F complex may also participate 
in the translation of nuclear factor erythroid 2–related factor 2 (Nrf2)24, a transcription factor involved in stress 
responses and detoxification25,26, functions possibly linked to chemoresistance.

Nrf2 is the master regulator of redox homeostasis and is activated under oxidative stress27. Its activation 
contributes to cancer progression and metastasis28 and may enhance drug efflux29. Upon activation, Nrf2 
dissociates from KEAP1, translocates to the nucleus, and heterodimerizes with Maf proteins to promote the 
transcription of genes with antioxidant response elements (AREs), including ATP-binding cassette (ABC) 
transporters30.

ABC subfamily B member 1 (ABCB1) is implicated in the processing of anthracyclines31 and in the 
development of chemoresistance32. An Nrf2-dependent regulation of ABCB1, potentially involving eIF4E, has 
been proposed33,34. ABCB1 overexpression correlates with reduced survival, higher relapse rates, and poor 
prognosis35.

Elucidating the role of eIF4E regulation in a doxorubicin-resistant TNBC model could enhance our 
understanding of the chemoresistance process, particularly those associated with increased migration and 
invasion, key factors in TNBC malignancy. At a cellular level, breast cancer is heterogeneous, with multiple 
subpopulations of breast tumor cells36. Specifically, the MDA-MB-231 cell line is considered a mesenchymal 
stem-like model, making it suitable for studying TNBC. Therefore, we developed a novel strategy using the cell 
viability inhibitory concentration 25 (IC25) of the TNBC MDA-MB-231 cells (denominated MDAN) to generate 
a chemoresistant variant named MDAR. Critically, this MDAR variant showed an inhibitory concentration 50 
(IC50) value three times higher than MDAN and has optimized management of doxorubicin coupled with the 
high capability for cellular migration and invasion. Mechanisms such as ABCB1 expression and Nrf2 activation, 
potentially modulated by eIF4E, may underlie this chemoresistance. These findings are supported by eIF4E 
silencing via siRNA and inhibition by 4E1RCat, suggesting that the eIF4E/Nrf2/ABCB1 axis may play a central 
role in doxorubicin resistance in TNBC.

Results
Generation of doxorubicin-resistant MDA-MB-231 cells
To generate doxorubicin (Dox)-resistant cellular models, we established two protocols based on the IC25 (14 
months or 7 cycles) and IC50 (Sup. Figure 1). Considering the high effectiveness of dox, we employed an IC25 
strategy (0.3 µM) to generate a chemoresistant variant referred to as MDAR (Fig. 1A). Viability assays assessed 
MDAR chemoresistance at increasing concentrations of dox (0–6.4 µM), and the IC50 value was subsequently 
determined. Notably, the MDAR cells (IC50 = 1.883 µM) exhibited significant doxorubicin resistance, displaying 
an IC50 value three times higher than MDAN cells (IC50 = 0.619 µM) under the same conditions (Fig. 1B-C). 
This phenotype may be explained by the cellular processes associated with drug metabolism. MDAR variant 
cells must develop dox-induced mechanisms that favor drug resistance, decreased intracellular accumulation, or 
enhanced efflux of doxorubicin.

Chemoresistance is associated with optimized doxorubicin management in MDAR cells
To investigate the mechanisms underlying chemoresistance, we analyzed cellular handling of doxorubicin 
(Dox), by quantifying its concentration in the culture supernatant and through flow cytometry assays. This 
strategy leveraged the intrinsic fluorescence of Dox. Then, we assessed extracellular Dox levels to characterize 
drug management related to either increased efflux or decreased intracellular accumulation (Fig. 2A, B). Cell 
cultures were treated with increasing concentrations of Dox (0–3.2 µM) for 24 h (Fig. 2A) and 48 h (Fig. 2B) to 
evaluate dose- and time-dependent responses. Supernatants were collected and analyzed by spectrofluorometry 
using a previously established standard curve. The data revealed significantly higher Dox concentrations in 
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supernatant media of MDAR cells at 24 h from dox concentration 1.6 to 3.2 µM regarding MDAN (Fig. 2A). For 
48 h of treatment, the difference was significant from dox 1.6 µM (Fig. 2B). In both conditions, 24 h and 48 h, 
cell cultures of MDAR maintained higher dox concentrations in supernatant media compared to MDAN cells, 
suggesting enhanced drug efflux or reduced uptake.

On the other hand, under increasing concentrations of Dox (0–1.6 µM) for 24 h, MDAN cells were analyzed 
by flow cytometry to evaluate their capacity for drug efflux, as cells unable to export Dox would retain it and 
exhibit fluorescence. A progressive increase in fluorescence was observed up to a concentration of 0.8 µM in 
both MDAN and MDAR cells (Fig. 2C). However, at higher concentrations (0.8–1.6 µM), a second population 
of MDAN cells emerged in the region of lower fluorescence intensity, compared to MDAR. This shift is likely 
associated with decreased cell viability.

To further evaluate Dox internalization, we measured the mean fluorescence intensity (MFI), which reflects 
intracellular drug content independently of the number of fluorescent cells.

As shown in the plots, although the MDAN population included fewer viable cells, these exhibited higher 
fluorescence intensity than MDAR cells, indicating greater intracellular accumulation of Dox. Conversely, in the 
MDAR variant, fluorescence intensity decreased as the number of viable cells increased (Fig. 2C). These findings 
suggest that adaptive mechanisms in MDAR cells may regulate intracellular Dox levels by enhancing drug efflux, 
thus contributing to sustained chemoresistance in association with cancer-related hallmarks.

Chemoresistance impact on cellular migration
A key characteristic of triple-negative breast cancer (TNBC) and chemoresistant cells is their high migratory 
capacity. To evaluate this, cell migration was assessed in MDAN and MDAR variants under increasing 
concentrations of doxorubicin (0.05–3.2 µM). Representative images of the migration assay for both cell lines 
are shown in Fig. 3A.

Cells cultured in unsupplemented DMEM were used as a negative control, while cells stimulated with DMEM 
supplemented with 10% fetal bovine serum (FBS) served as a positive control. Treatments with increasing Dox 
concentrations (0.05–3.2 µM) were performed under positive control conditions for both variants.

In MDAN cells, the positive control induced a 2.8-fold increase in cell migration, and exposure to 0.05 µM 
Dox further enhanced migration to 3.12-fold over the negative control, as determined by densitometric analysis 
(Fig.  3B). This stimulatory effect was maintained up to 0.4 µM Dox. However, a significant dose-dependent 
decrease in migration was observed at Dox concentrations ranging from 0.8 to 3.2 µM.

In contrast, MDAR cells displayed a different response: low Dox concentrations (0.05–0.8 µM) led to an 
increase in migration compared to the negative control (5.0 and 5.23-fold respectively), and a reduction in 
migration was only evident at higher concentrations (1.6 and 3.2 µM) (Fig. 3B).

Fig. 1.  Generation of chemoresistance phenotype using doxorubicin IC25 (0.3 µM). (A) General scheme of the 
protocol for chemoresistance generation. (B) Dose-response curve under treatment with dox (0–6.4 µM) in 
MDAN and MDAR variant cells at 48 h treatment. (C) IC50 values for the MDAN and MDAR cell variants, assays 
corresponding to three biological replicates (x ± S.D). The mean values are presented (n = 3, mean ± SD); data 
were statistically analyzed using one-way ANOVA and Newman–Keuls’s multiple comparison test, * p < 0.05. 
(1) FBS: Fetal bovine serum; (2) MDAN: MDA native 3: MDAR: MDA resistant variant.
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Fig. 3.  Low doxorubicin concentrations promote cellular migration in MDAR cells. (A) Representative 
images of wound-healing assays under treatment with increasing dox concentrations (0.05–3.2 µM) in MDAN 
and MDAR cell cultures. (B) Densitometric analysis of migration assays in the MDAN and MDAR variants. 
Results showed three biological replicates’ mean and standard deviation (n = 3, X ± S.D.). To evaluate this 
process, DMEM plus 10% fetal bovine serum (FBS) was used as a positive control, and a non-supplemented 
DMEM medium was used as a negative control. Data were statistically analyzed using one-way ANOVA, and 
Newman–Keuls’s multiple comparison test * represents a p value < 0.05, **represents a p value < 0.01.

 

Fig. 2.  Doxorubicin chemoresistance in MDA-MB-231 cells is associated with an optimized intracellular 
dox excretion. Doxorubicin quantification in supernatant media at 24 (A) and 48 h (B) stimuli (0–3.2.2 µM) 
on MDAN and MDAR cells; values were determined with three replicates, represented as mean and standard 
deviation (n = 3, X ± S.D.). Data were statistically analyzed using one-way ANOVA and Newman–Keuls’s 
multiple comparison test, * represents a p value < 0.05, **represents a p value < 0.01. Dox emission values of 
fluorescence at 560 nm were reported. C) Cytometry assays were performed to evaluate the effects of dox on 
MDAN and MDAR cellular variants under 24 h of treatment; for analysis, mean fluorescence intensity (MFI) 
was evaluated.
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Based on the results, MDAR cells exhibited a higher migratory capacity compared to MDAN cells. Notably, 
this increase was more pronounced at low concentrations of doxorubicin (0.05–0.2 µM), potentially reflecting 
adaptive mechanisms related to drug metabolism. This behavior is consistent with the observed IC50 values: 1.88 
µM for MDAR and 0.619 µM for MDAN, indicating greater sensitivity of the MDAN variant to Dox treatment. 
These findings suggest that specific signaling pathways may regulate chemoresistance, with mechanisms such as 
protein translation initiation playing a critical role. Indeed, components of the eukaryotic initiation factor 4 F 
(eIF4F) complex have been identified as key modulators in the acquisition of chemoresistance37.

Chemoresistance is associated with eIF4E dysregulation
We focused on modulating the eIF4E factor by evaluating its total expression, the phosphorylated form eIF4E-
pSer−209 mediated by MNK activation and associated regulatory mechanisms. For this characterization, Dox 
treatments were used under specific increasing doses (0–1.6.6 µM) for 48 h, according to previous results.

As shown in Fig. 4A, the expression levels of total eIF4E and its active phosphorylated form eIF4E-pSer−209, 
both of which are associated with cancer aggressiveness16, were examined. Under the doxorubicin dose-
dependent treatment (0–1.6.6 µM), the expression of eIF4E was diminished in the MDAN variant. However, 
its levels were constant in the MDAR variant, even at the highest Dox concentration tested (1.6 µM), which 
approximates the IC50 for this variant (Fig. 4A, B). This differential expression pattern may be linked to 
chemoresistance, altered Dox handling, and increased migratory capacity. To explain these phenomena, while a 
diminution of phosphorylation (eIF4E-pSer−209) dependent on the doxorubicin dose was registered in the MDAN 
variant, the eIF4E-pSer−209 levels were maintained constant in the MDAR variant. Notably, a slight increase in 
eIF4E-pSer−209 was observed in MDAR cells at 1.6 µM Dox (Fig. 4A, C), suggesting sustained eIF4E activation 
under chemotherapeutic stress.

In addition, a key regulatory mechanism of eIF4E activity is the role of 4EBPs17, whose phosphorylation 
induced by the Akt/mTORC1 pathway blocks the binding to eIF4E. In the evaluation of the phosphorylation 
levels 4EBP1/2/3, revealed a dose-dependent decrease in phosphorylation in MDAN cells as Dox concentration 
increased (Fig. 4A, D). In contrast, in the MDAR variant, an increase in the phosphorylation of these regulatory 
proteins was registered (Fig. 4A, D). The evidence suggests the conservation of mechanisms such as the Akt/
mTORC1 despite the treatment with high dox concentrations, increasing the 4EBP1/2/3 phosphorylation in the 
MDAR variant.

Fig. 4.  In the chemoresistant variant MDAR, eIF4E’s higher expression and activity are registered under high 
dox concentrations. A) Characterization of targets eIF4E, eIF4E-pSer−209, and p-4EBP1/2/3 on MDAN and 
MDAR cellular variants under increasing dox range (0–1.6.6 µM) treatment. Densitometry determinations 
of eIF4E (B) and eIF4E-pSer−209 (C), respectively. D) Detection of phosphorylation levels of eIF4E activity 
regulator 4E-BP1/2/3 under dox range concentration (0–1.6.6 µM); densitometry analysis is shown using 
GAPDH as the control. Three replicates data were statistically analyzed using one-way ANOVA, and Newman–
Keuls’s multiple comparison test * represents a p-value < 0.05, **represents a p-value < 0.01, and *** represents a 
p-value < 0.001.
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eIF4E pathway, a critical factor for chemoresistance
Furthermore, we assessed the expression of the eIF4A and eIF4G factors in the MDAN and MDAR cells under 
treatment with increasing concentrations of Dox (0–1.6.6 µM) (Fig. 5A, B, C). In MDAR cells, eIF4G expression 
increased at 0.4 and 0.8 µM Dox, but decreased at 1.6 µM (Fig. 5A, B). To examine the formation of the eIF4F 
complex, eIF4E was immunoprecipitated from whole-cell lysates, and associated eIF4G and eIF4A were detected 
(Sup. Figure 2 A). Notably, eIF4G recruitment differed between MDAN and MDAR variants, indicating Dox-
induced dynamic regulation of eIF4F complex assembly.

Free eIF4E and its phosphorylated form eIF4E-pSer−209 are implicated in cancer hallmarks such as cell death 
resistance and angiogenesis, by promoting the translation of targets such as Bcl-2 and VEGF, respectively16. 
Critically, in melanoma patients with VEGF overexpression, the VEGF/VEGFR axis can be associated with 
higher levels of tumor invasion and a poor response to therapy38. However, this effect has not yet been clearly 
described in breast cancer models.

Our results demonstrated a direct association in MDAR cells between sustained eIF4E phosphorylation 
(Fig. 4A, C) and VEGF expression (Fig. 5D, E), even under Dox treatment at high concentrations (1.6 µM), a 
dose close to the IC50 (1.88 µM). In contrast, MDAN cells exhibited the opposite response: VEGF expression was 
downregulated in parallel with reduced eIF4E-pSer−209 phosphorylation, particularly at 1.6 µM Dox (Fig. 5D, E).

This phenomenon could contribute to a differential response in processes that support the oncogenic 
pathways, such as cell invasion, and explain the effects of chemoresistance.

The secretion of matrix metalloproteinase-9 (MMP-9) is closely associated with enhanced migratory and 
invasive capabilities in cancer cells39. To assess this, we evaluated MMP-9 activity in the extracellular medium 
of both cell variants under high Dox concentrations (1.6 µM). The results showed elevated MMP-9 activity in 
MDAR cells. In contrast, MMP-9 activity was reduced in MDAN cells treated under the same conditions (Fig. 
5F, G).

This differential response aligns with the regulation of the translational factor eIF4E and is consistent with 
the observed variations in invasive behavior. Notably, increasing Dox concentrations (0–1.6 µM) significantly 
impaired the invasive capacity of MDAN cells, whereas MDAR cells retained their invasive potential (Fig. 5H).

Moreover, invasion activity in MDAR cells was still detected at the highest Dox concentrations (0.8–1.6 µM), 
correlating with sustained MMP-9 activity (Fig.  5I). These findings highlight a key phenotypic difference in 
the chemoresistant MDAR variant, supporting the notion that invasive properties persist despite exposure to 
cytotoxic doses of Dox.

Fig. 5.  eIF4E pathway, a critical factor for chemoresistance. MDAN and MDAR cells were stimulated with dox 
increasing concentrations (0–1.6.6 µM) at 48 h treatment; (A) Western blot analysis of the scaffold protein 
eIF4G and helicase protein eIF4A and their densitometric analysis (B) and (C) respectively. (D)Western-blot of 
VEGF expression in both variants, GAPDH was used as a loading control. (E) Densitometry analysis of VEGF. 
(F) Metalloproteinase-9 activity evaluated by zymography and respective densitometric analysis (G); results 
showed the mean and standard deviation (X ± S.D.) of three biological replicates. To assess this process, MDAN 
control sample was used as control. (H) Representative images of cell invasion experiments in MDAN and 
MDAR cells under treatment with increasing dox concentrations (0–1.6.6 µM) and concomitant FBS (10%). 
(I) Densitometric analysis of invasion assays in the MDAN and MDAR variant. Results showed three biological 
replicates’ mean and standard deviation (n = 3, X ± S.D.). To evaluate this process, DMEM plus 10% fetal 
bovine serum (FBS) was used as a positive control. Data were statistically analyzed using one-way ANOVA and 
Newman–Keuls’s multiple comparison test, * represents a p value < 0.05** represents a p value < 0.01.
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The role of ABC transporters in doxorubicin chemoresistance
We evaluated the implication of the ABC transporters as a determinant of chemoresistance. In the first strategy, 
we selected representative transporters of this superfamily. We established the conditions for ABCC1 and 
ABCB1 characterization through qPCR. Under basal conditions, ABCC1 expression was slightly higher in 
MDAR cells compared to MDAN cells (Fig.  6A). Upon Dox treatment (0–1.6 µM), a modulation in ABCC1 
expression was observed, suggesting a downregulation in MDAR cells (Fig. 6A). However, significant differences 
were not detected between MDAR and MDAN at any Dox concentration tested (0–1.6 µM). These responses may 
correspond with other compensatory mechanisms to maintain cell viability in MDAR cells.

Under the same Dox treatment (0–1.6.6 µM), we reported a crucial cell response, the ABCB1 overexpression 
in both cellular variants, which was dependent on Dox concentrations (Fig. 6B). Notably, this effect was more 
pronounced in the MDAR variant. Based on the results, ABCB1 expression was significantly upregulated in MDAR 
cells starting from 0.4 µM Dox, with a substantial increase observed at 1.6 µM (Fig. 6B). In MDAN cells, ABCB1 
expression also increased in a dose-dependent manner, although to a lesser extent. This response contrasts with 
ABCC1, whose expression remained marginally higher in MDAR cells only under basal conditions and was 
not significantly modulated by Dox treatment. Data suggested ABCB1 could be the determining transporter in 
doxorubicin chemoresistance, which has been described in other types of cancer40.

In this context, molecular docking simulations further support the involvement of ABCB1 in doxorubicin 
transport (Fig. 6C, D). Doxorubicin was found to dock within the transmembrane domains 1 and 2 (TMD1/2) 
of ABCB1, interacting specifically with residues Phe343, Gln347, Glu875, and Gln946, which are known to 
be critical for substrate recognition and stabilization. The calculated S-score of − 8.977 indicates a stable and 
energetically favorable binding conformation. Key interactions included multiple hydrogen bonds, particularly 
with Gln195, Gln347, and Glu875, as well as hydrophobic contacts involving aromatic residues such as Phe343, 
positioning the anthracycline ring within the central substrate-binding cavity of ABCB1.

For the validation of the docking results, Rhodamine 123, a well-characterized ABCB1 substrate, was used 
as a control. Molecular docking simulations revealed that Rhodamine 123 binds within the transmembrane 
substrate-binding cavity of ABCB1, engaging several key residues including Ile340, Gln990, Gln347, Leu65 
and Phe983 (Sup. Figure 3). Notably, several of these residues, particularly Glu875, Gln990 and Phe343 also 
participate in the binding of doxorubicin, indicating a partial overlap in their binding pockets. However, 
doxorubicin interacts with a broader and more intricate network of residues, including Gln946, Met986 and 
Gln195 which are absent in the Rhodamine 123 binding profile. These additional contacts likely contribute to 
the higher binding affinity and enhanced conformational stability observed for doxorubicin within ABCB1. 
The partial overlap in binding sites, along with differences in interaction profiles, suggests that doxorubicin and 
Rhodamine 123 share a common substrate recognition domain within ABCB1, reinforcing the transporter’s role 
in Dox efflux (Fig. 6C).

In a complementary way, we conducted a docking using AutoDock Vina to evaluate further the binding 
affinities and interaction profiles of doxorubicin and Rhodamine 123 with ABCB1 (Sup Fig.  5). The results 
revealed a binding affinity of − 8.977  kcal/mol for doxorubicin and − 7.568  kcal/mol for Rhodamine 123, 
consistent with the binding trends observed in the MOE analysis. Comparative analysis of the docking poses 
revealed that doxorubicin forms multiple stabilizing interactions within the ABCB1 binding pocket, including 
hydrogen bonds with Glu875 and Gln347, as well as hydrophobic interactions with residues Met986 and Phe343, 
which support a tightly anchored conformation.

Additionally, we assessed the dynamic stability of the doxorubicin-ABCB1 complex using a 10-nanosecond 
molecular dynamics (MD) simulation. The Root Mean Square Deviation (RMSD) values of the ligand relative 
to its initial position were calculated (Fig. 6E). As shown in Fig. 6F, these values increased gradually during 
the first 5 ns, reaching a plateau with an RMSD value of 1.5 Å, and remained stable for the remainder of the 
trajectory. The absence of large fluctuations or divergence implies that Dox retained a stable pose within the 
transmembrane domain within the binding site of ABCB1. A structural snapshot of the complex is shown in 
Fig.  6E, where the initial (green) and final (purple) poses of Dox are shown (overlaid). This illustrates that 
Dox remained stably embedded within the ABCB1 structure. Additionally, the ligand-binding cavity of ABCB1, 
formed by multiple α-helices, maintained its shape and continued to enclose the ligand. The overall structural 
integrity of the complex during the simulation supports the hypothesis that Dox is not only efficiently docked but 
also retained in a stable conformation, compatible with subsequent translocation, although further simulations 
would be required to capture the full transport cycle.

To complete the characterization of ABCB1, we analyzed breast cancer prognosis datasets from TCGA 
and GTEx using the GEPIA database41. The data revealed an association between high ABCB1 expression 
and reduced overall survival in breast cancer patients (Fig. 6G), supporting its role in doxorubicin resistance. 
Additionally, GEPIA analysis demonstrated a significant correlation between elevated eIF4E expression and 
poor overall survival in breast cancer patients (Fig. 6H). These observations were further validated using the 
KM-Plot database42. High eIF4E expression was associated with decreased survival in patients treated with 
doxorubicin across all breast cancer subtypes (Sup. Figure 4 A), with the effect being more pronounced in TNBC 
patients (Sup. Figure 4B).

To further elucidate the role of ABCB1 in breast cancer chemoresistance, we used verapamil, a well-recognized 
inhibitor of ABCB1, in functional and in silico analyses (Fig. 7). Given the high ABCB1 expression observed in 
the MDAR variant, chemoresistant cells were treated with 1.6 µM Dox for 12 h to induce ABCB1 overexpression, 
followed by co-treatment with verapamil at 10 µM, an inhibitory concentration43. Quantification of extracellular 
Dox levels revealed a significant reduction upon cotreatment (Fig. 7A), suggesting that verapamil effectively 
inhibited ABCB1-mediated Dox efflux. Moreover, the combined treatment with (Dox-verapamil) resulted in 
enhanced cytotoxicity under the same conditions (Fig. 7B), supporting the hypothesis that verapamil sensitizes 
resistant cells by impairing ABCB1 function.
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To better understand the molecular basis of this inhibition, we performed molecular docking studies using 
the ABCB1 structure (PDB: 7A69) with Dox and verapamil (Fig. 7C, D). Both ligands were localized within 
the transmembrane domains (TMD1/2) of ABCB1, interacting with key residues, such as Gln347, Glu875, and 
Gln946, and positioning the anthracycline ring within the central substrate-binding cavity of ABCB1. A visual 
representation of the binding poses shows that doxorubicin (yellow) and verapamil (magenta) occupy nearly 
identical spatial positions within the ABCB1 binding site (blue), consistent with the overlapping interaction 
profile described above.

These findings reinforce the relevance of eIF4E as a contributor to chemoresistance and to tumor progression 
traits such as increased cell invasion. Notably, eIF4E may also play a regulatory role in the expression of the 
transcription factor Nrf2, a key target in antioxidant responses and chemoresistance. This potential interaction 
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Fig. 6.  Doxorubicin chemoresistance is associated with the ABCB1 transporter. (A) Expression levels of 
ABCC1 in MDAN and MDAR cells under treatment with doxorubicin concentration range (0–1.6.6 µM) 
through qPCR determination; (B) under the same conditions, characterization of ABCB1 levels. In both cases, 
GAPDH was used as a reference gene, Results showed three biological replicates’ mean and standard deviation 
(n = 3, X ± S.D.). Molecular docking assay of ABCB1 (PDB: 7A69) under dox interaction, an increment in the 
interaction region is shown (C), and prediction of ABCB1 residues determinants of doxorubicin interaction 
obtained by MOE program (D). (E) Overlay of the ligand (doxorubicin) in its initial (green) and final (purple) 
conformations within the transmembrane binding pocket after a 10 ns molecular dynamics simulation. (F) 
RMSD of the ligand over the simulation time (10 ns), calculated with respect to the initial docking pose. (G) 
Overall survival plot for low and high expression of the ABCB1 gene in BC patients from GEPIA. (H) The 
overall survival plot for low and high expression of eIF4E in breast cancer patients was obtained from the 
GEPIA database (http://gepia2.cancer-pku.cn/#index). Data were statistically analyzed using one-way ANOVA 
and Newman–Keuls’s multiple comparison test **represents a p value < 0.01 and *** p-value < 0.001.

◂

Fig. 7.  Inhibition of ABCB1 with verapamil promotes significant cytotoxicity in MDAR cells. (A) Evaluation 
of Dox efflux under 24 h treatment with dox (1.6 µM) and concomitant treatment with the ABCB1 inhibitor 
(Verapamil) (10 µM). (B) MTT viability assay under the same conditions. Molecular docking assay of ABCB1 
(PDB: 7A69) under dox and verapamil interaction (C), an approach to the interaction region of the ligands dox 
(yellow) and verapamil (magenta) is shown (D), and prediction of ABCB1 residues determinants of verapamil 
interaction obtained by the MOE program. Results showed three biological replicates’ mean and standard 
deviation (n = 3, X ± S.D.). Data were statistically analyzed using one-way ANOVA and Newman–Keuls’s 
multiple comparison test, * represents a p value < 0.05** represents a p value < 0.01.
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could influence the expression of ABC transporters, further impacting therapeutic response (personal 
communication).

Nrf2, a key factor in regulating chemoresistance
We evaluated Nrf2 expression to determine its potential association with ABCB1 regulation in MDAN and 
MDAR cells under the same range of doxorubicin concentrations (0–1.6 µM) (Fig. 8A, B). The results suggest a 
correlation between Nrf2 and ABCB1 responses, particularly in MDAR cells, wherein Nrf2 expression increased 
at the highest Dox dose (1.6 µM). This phenomenon coincided with sustained eIF4E activity under the same 
treatment conditions. Complementary findings from a spheroid formation assay, used to assess proliferation 
capacity, supported this observation. At high Dox concentrations (1.6 µM), spheroid formation was completely 
suppressed in MDAN cells, whereas only a slight reduction in spheroid size was observed in MDAR cells (Sup. 
Figure  5), suggesting preserved proliferative potential in the chemoresistant variant. This evidence suggests 
differential regulation of Nrf2 and ABCB1 mRNAs by the eIF4E/eIF4F complex in MDAR cells, based on 
previous cytometry data and extracellular doxorubicin quantification assays.

To further investigate this regulatory axis, we employed siRNA-mediated knockdown of eIF4E to assess its 
downstream effects. Optimal knockdown conditions were established after 7 h of siRNA treatment, resulting in 
a reduction of eIF4E expression to 28% relative to control levels (Fig. 8C, D). Notably, this downregulation was 
accompanied by a significant decrease in MMP-9 activity in the extracellular medium (Fig. 8E, F), indicating a 
functional impact on invasive capacity.

We next evaluated the protein levels of eIF4E, eIF4E-pSer−209, and Nrf2 combined treatment with eIF4E 
siRNA and doxorubicin (1.6 µM) for 12 h in both cell variants (Fig. 8G). Both MDAN and MDAR cells responded 
to siRNA treatment with a marked reduction in total eIF4E protein (Fig. 8G, H) and its phosphorylated form 
eIF4E-pSer−209 (Fig. 8G, I), with the effect being particularly pronounced in MDAR cells.

Importantly, under these same conditions, Nrf2 expression was also reduced in response to eIF4E knockdown, 
even in the presence of Dox (Fig. 8G). These results support the existence of a functional eIF4E/Nrf2 regulatory 
axis in doxorubicin-treated TNBC cells.

Interestingly, we have previously reported the involvement of Nrf2 in tamoxifen resistance in ER⁺ breast 
cancer cells44, further reinforcing its role in treatment response across BC subtypes.

Effect of eIF4E regulation mediated by the molecule 4E1RCat
As a complementary approach to studying eIF4E regulation, we evaluated the effect of the eIF4E inhibitor 
4E1RCat on TNBC cellular variants. We evaluated a range of doses of 4E1RCat (0.5–4 µM) on key cell processes, 
including cell migration using the wound closure assay, as well as MMP-9 secretion in MDAR cells. The results 

Fig. 8.  Nrf2 is associated with the eIF4E expression. (A) WB evaluated Nrf2 protein expression levels in 
MDAN and MDAR variants under increasing dox concentrations (0–1.6.6 µM); (B) Densitometry analysis of 
Nrf2. (C) WB of control eIF4E expression using siRNA on MDAN cells with respective densitometric analysis 
(D). (E) MMP-9 activity was evaluated by zymography after treatment with siRNA eIF4E and densitometric 
analysis (F). (G) WB evaluated eIF4E, p-eIF4E, and Nrf2 expression under eIF4E siRNA and concomitant 
treatment with dox (1.6 µM). Densitometric analysis of eIF4E (H) and p-eIF4E (I). Results showed three 
biological replicates mean and standard deviation (n = 3, X ± S.D.). Data were statistically analyzed using one-
way ANOVA and Newman–Keuls’s multiple comparison test, *represents a p-value < 0.05, and **represents a p 
value < 0.01 concerning the control. GAPDH was used as a loading control for WB.
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led to the selection of 3 µM as the optimal dose for eIF4E inhibition (Sup. Figure 7). Therefore, to further explore 
the relationship between ABCB1 expression and eIF4E activity, we analyzed the effect of 4E1RCat in the context 
of Dox treatment (1.6 µM). As expected, Dox alone induced ABCB1 expression in both MDAN and MDAR cells, 
with a more pronounced effect in MDAR (Fig. 9A). Interestingly, co-treatment with 4E1RCat (3 µM) led to a 
decrease in ABCB1 expression only in MDAN cells. In contrast, expression remained elevated in MDAR cells 
despite treatment with the inhibitor (Fig. 9A).

These observations suggest that ABCB1 regulation in MDAR cells may be less sensitive to eIF4E inhibition, 
possibly due to sustained phosphorylation of eIF4E at Ser209. Supporting this hypothesis, we detected higher 
eIF4E-pSer−209 levels in MDAR cells compared to MDAN cells under both Dox (1.6 µM) and Dox + 4E1RCat (3 
µM) treatments (Fig. 9B, C). This phenomenon indicates that the phosphorylation stage of eIF4E may play a 
pivotal role in maintaining ABCB1 expression in chemoresistant TNBC cells.

In silico docking simulations revealed that the binding site of 4E1RCat on the eIF4E structure (PDB: 4UED) 
shifts depending on the presence of the 4EBP1 peptide bound to the N-terminal region of eIF4E (Fig. 9D, E). 
The interaction between 4EBP1 and eIF4E is likely promoted under conditions of low 4EBP1 phosphorylation, 
as observed in MDAN cells treated with increasing concentrations of doxorubicin (1.6 µM) (Fig. 4A, D).

When 4EBP1 was included in the docking simulation, 4E1RCat was found to bind near Ser209, a residue 
associated with eIF4E activation through phosphorylation (Fig. 9D). In contrast, when 4EBP1 was excluded, 
representing a condition akin to MDAR cells, where 4EBP1/2/3 phosphorylation prevents its binding to eIF4E; 
4E1RCat was located near the cap-binding pocket, interacting with key residues such as Trp102 and Trp56 on 
the eIF4E structure (Fig. 9E).

These structural insights support the hypothesis that phosphorylation-dependent accessibility of eIF4E 
domains modulates the binding mode of 4E1RCat, potentially influencing its inhibitory efficacy in different 
TNBC cellular contexts.

Discussion
TNBC is characterized by poor prognosis and frequent development of chemoresistance. To model this clinically 
relevant feature, we established a new strategy to generate a doxorubicin-resistant variant of the MDA-MB-231 
TNBC cell line. By treating the parental line (referred to as MDAN) with the IC25 dose of doxorubicin, we were 
able to develop a chemoresistant variant, MDAR (Fig. 1). The MDAR cells exhibited a 3.1-fold increase in IC50 
compared to MDAN cells, suggesting their resistant phenotype. Significantly, the IC50 of doxorubicin in MDAN 
cells (0.619 µM) falls within the range reported in breast cancer patients (0.023–1.14 µM)45. In contrast, the 
MDAR IC50 (1.8 µM) exceeds this clinical range, further supporting its resistance status. This approach appears to 
provide an innovative platform for modeling acquired chemoresistance, particularly for compounds or regimens 

Fig. 9.  The eIF4E/ABCB1 axis in chemoresistance, the role of the 4E1RCat molecule. (A) Expression levels of 
ABCB1 in MDAN and MDAR cells under treatment with dox (1.6 µM) and 4E1RCat (3 µM) for 48 h through 
qPCR determination, GAPDH was used as a reference gene. (B) p-eIF4E expresión levels evaluated by WB 
under dox (1.6 µM) and 4E1RCat (3 µM) concomitant treatment, MDAN and MDAR variants were treated 
for 48 h. (C) Densitometry analysis of p-eIF4E; Results showed three biological replicates’ mean and standard 
deviation (n = 3, X ± S.D.) and expressed as % of control; data were statistically analyzed using one-way 
ANOVA and Newman–Keuls’s multiple comparison test ** represents a p-value < 0.01 concerning the control. 
GAPDH was used as a control. (D, E) Molecular docking assay of eIF4E (PDB used 4UED) under 4E1RCat 
and concomitant interaction of 4E1RCat and 4EBP-1. Cyan: eIF4E, Green: Tryptophan, Red: 4E Binding 
Protein − 1.
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with high cytotoxicity, wherein resistance development is often limited under standard culture conditions46. Our 
model could serve as a foundation for testing therapeutic strategies targeting resistance mechanisms in TNBC.

Evidence suggested improved doxorubicin handling in the MDAR variant compared to the parental MDAN 
cells (Fig. 2). Despite its well-documented side effects, doxorubicin remains a first-line anthracycline used in 
breast cancer treatment. However, while initially effective, the development of chemoresistance can reduce 
its efficacy and is often associated with increased tumor aggressiveness47. To explore this phenomenon, we 
performed a series of cell biology assays aimed at characterizing key features of resistance. Notably, TNBC is 
known for its high metastatic potential, a trait that is further exacerbated in cases of chemoresistance48.

The development of chemoresistance following prolonged exposure to chemotherapeutic agents is commonly 
associated with an enhanced ability of tumor cells to migrate and metastasize44,49. The data obtained in this 
study are consistent with these observations, as demonstrated by our in vitro experiments (Fig. 3). However, 
additional validation using in vivo models would be necessary to gain a more comprehensive understanding of 
the mechanisms involved.

The results indicate enhanced migratory activity in MDAR cells compared to the parental MDAN variant. 
Notably, low concentrations of doxorubicin (0.05–0.8 µM) promoted migration in MDAR cells. This finding is in 
agreement with previous reports showing that sub-cytotoxic doses of Dox can activate the Src signaling pathway, 
thereby promoting cell motility50. The concentrations used in this study are within the range reported in plasma 
samples from breast cancer patients43, suggesting clinical relevance. Importantly, invasive behavior and MMP-9 
secretion were maintained in MDAR cells even under high Dox concentrations (0.8–1.6 µM) (Fig. 5), in contrast 
to the marked suppression observed in MDAN cells. This pattern was further supported by spheroid formation 
assays, in which MDAR cells retained the ability to form spheroids despite Dox exposure, whereas MDAN cells 
showed complete suppression (Sup. Figure 5).

Additionally, we evaluated doxorubicin internalization and elimination. MDAN cells showed a reduced 
capacity for drug efflux, as evidenced by lower levels of extracellular Dox. In contrast, MDAR cells retained 
greater viability and higher extracellular Dox levels following treatment, particularly at elevated concentrations 
(Fig.  2). These findings may indicate that MDAR cells have acquired adaptive mechanisms that counteract 
the cytotoxic effects of high Dox concentrations. One key contributor to this phenotype could be the ABCB1 
transporter, which may mediate enhanced drug efflux and confer chemoresistance.

The implication of the ABC transporters as a determinant of chemoresistance, in this instance ABCB1 
expression, was significantly induced by Dox in a dose-dependent manner, with MDAR cells exhibiting 
significantly greater upregulation in comparison with MDAN cells. This supports the notion that ABCB1 acts as 
a major mediator of Dox efflux and resistance. Molecular docking simulations confirmed a specific interaction 
between Dox and key residues in ABCB1’s transmembrane domains, including Leu236, Glu243, and Lys826. 
These interactions were stabilized by hydrogen bonding and van der Waals forces, suggesting a high-affinity 
binding conformation. Further validation with Rhodamine 123, a known ABCB1 substrate, showed a partial 
overlapping, reinforcing the selectivity of Dox for this transporter. AutoDock Vina simulations revealed a 
stronger binding affinity for Dox (− 8.977 kcal/mol) compared to Rhodamine 123 (− 7.568 kcal/mol), which is 
consistent with its tighter docking profile. Importantly, molecular dynamics simulations over a 10- nanosecond 
trajectory supported these findings, revealing minimal ligand displacement and sustained retention of Dox 
within the transmembrane cavity.

Moreover, despite the importance of verapamil, the exact site where it binds to the ABCB1 structure has not 
been described. Importantly, we observed that the inhibition of ABCB1 with verapamil at the MDAR reduces 
the export of Dox. This process was coupled with cell viability (Fig. 7). A Molecular Docking assay supported 
this interpretation, revealing that Doxorubicin and verapamil bound to the same region of the ABCB1 binding 
pocket, which is consistent with the hypothesis that verapamil inhibits Doxorubicin efflux by competitively 
occupying the same site. Although we do not rule out the possibility that other transporters and Dox resistance 
mechanisms may be involved, the data underscore the likely importance of ABCB1, and therefore of the 
mechanisms that regulate its expression.

Results suggest that ABCB1 mediated drug efflux represents one axis of chemoresistance, which might be 
further reinforced by translational control mechanisms, such as eIF4E regulation and changes in 4EBP activity 
in the presence of doxorubicin. Therefore, we investigated how eIF4E is modulated in response to doxorubicin. 
Our data indicates that both eIF4E expression and its phosphorylated form (eIF4E-pSer−209) were maintained as 
Dox concentration increased, particularly in the MDAR variant. This may suggest that eIF4E activity is preserved 
in chemoresistant cells under therapeutic stress. While our primary focus was on eIF4E, we acknowledge that 
further exploration of the MAPK signaling pathway, including p38/MNK activation50, could provide additional 
insight into the mechanisms sustaining eIF4E phosphorylation. In parallel, eIF4E regulation appears to be linked 
to a reduction in the phosphorylation of its modulatory binding proteins, 4EBP1/2/3, as evidenced by our data 
(Fig. 4A, D). These findings point toward an adaptive response in the eIF4F complex in MDAR cells, reflecting 
dynamic regulation in response to Dox treatment.

Moreover, our analysis of protein–protein interactions using the STRING database (https://string-db.org/)51 
supports the potential functional relevance of the MNK–eIF4E signaling axis in the context of chemoresistance. 
The interaction network highlights high-confidence associations among eIF4E, its upstream kinases MNK1 
and MNK2, and the scaffolding protein eIF4G1, which facilitates eIF4E phosphorylation at Ser209. This post-
translational modification has been implicated in the selective translation of mRNAs involved in cell survival and 
stress response pathways (Sup. Figure 6). Among the candidate downstream targets, Nrf2 emerges as a plausible 
effector, as previous studies have suggested its translation may be regulated by eIF4E activity16. In turn, Nrf2 is 
known to transcriptionally activate ABCB1, a key transporter associated with drug efflux and chemotherapy 
resistance52,53. This interaction patterns align with the model proposed in this study, in which sustained eIF4E 
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activity could contibute to increased ABCB1 expression via a Nrf2-dependent mechanism, ultimately reducing 
intracellular doxorubicin levels and contributing to the chemoresistant phenotype observed in MDAR cells.

Our data suggests that the translation factor eIF4E remains functionally active at elevated doxorubicin 
concentrations in MDAR cells, promoting the selective translation of targets such as Nrf2 and ABCB1. The 
sustained activity of the mTOR/eIF4E axis at 1.6 µM, above clinically reported plasma concentrations, appears 
to correlate with increased cellular invasion (Fig. 5). Additionally, lipid overload has been proposed to potentiate 
these oncogenic processes13,54. In previous work, we demonstrated the role of eIF4E as a key regulator of protein 
synthesis and lipogenesis, establishing a link between eIF4E activity, mRNA processing, and carcinogenesis, 
with potential implications for chemoresistance. This hypothesis is further supported by the results of our 
eIF4E siRNA experiments, which showed that silencing eIF4E impairs downstream targets and reduces cellular 
invasion and survival pathways (Fig. 8), reinforcing its possible role as a central mediator of the chemoresistant 
phenotype.

As a complementary approach, we employed a small molecule-based regulatory strategy targeting 
eIF4E. Treatment with the eIF4E inhibitor 4E1RCat55 further support the potential involvement eIF4E in 
chemoresistance mechanisms, as evidenced by changes in ABCB1 expression (Fig. 9). Additionally, our docking 
simulations provided further insight into the structural interactions between eIF4E, 4EBP1, and 4E1RCat. The 
results suggest that the presence of 4EBP1 promotes the localization of 4E1RCat near Ser209, a key regulatory 
site on eIF4E, thereby potentially inhibiting its activity. This observation is consistent with the experimental 
data presented in Fig. 9. Nonetheless, further validation using three-dimensional structural analyses, such 
as crystallography, would help to strengthen our understanding of the binding interactions and inhibitory 
mechanism of 4E1RCat on eIF4E.

4E1RCat inhibits the translation process by competing with the eIF4G binding site on eIF4E, thereby 
preventing the formation of the eIF4F complex. This mechanism allows for the direct evaluation of eIF4E 
functional involvement and its regulatory relationship with downstream proteins that rely on its activity55. 
Other molecules, such as Ribavirin, have shown similar effects on eIF4E function, although through indirect 
mechanisms56. Our findings support the activation hypothesis of the eIF4E–Nrf2–ABCB1 axis in MDAR cells, 
which may contribute to the observed chemoresistance phenotype. Previous data from our group have also 
indicated a Nrf2-dependent transition from an ER⁺ phenotype to a TNBC-like profile in response to tamoxifen-
derived metabolites44. Building on this evidence, our team is currently developing Nrf2 inhibitors through in 
silico screening and molecular docking approaches using a large chemical compound library. These efforts aim 
to identify compounds capable of targeting Nrf2 as a strategy to overcome doxorubicin resistance in TNBC 
MDAR cells (personal communication).

An additional therapeutic strategy might involve the concomitant inhibition of eIF4E and MNK kinases, 
which could effectively disrupt eIF4E function and allow for a more precise assessment of its impact on ABCB1 
expression. Alternatively, the use of Proteolysis Targeting Chimeras (PROTACs) represents a promising approach 
to selectively degrade eIF4E, thereby enabling functional studies on the eIF4E–Nrf2–ABCB1 axis. Such strategies 
could provide valuable insights into the translational regulation underlying doxorubicin resistance in TNBC, 
supporting the development of targeted therapeutic interventions.

Our research team plans to further evaluate the eIF4E–Nrf2–ABCB1 axis in in vivo models to validate 
the functional relevance of our findings. We will use the BALB/c murine model, in which 4T1 cells will be 
orthotopically inoculated. To assess the specific role of eIF4E, we will employ CRISPR-Cas9 genome editing to 
generate eIF4E knockout in 4T1 cells, enabling the evaluation of its impact on chemoresistance and metastatic 
potential. These experiments are expected to provide essential validation of our in vitro observations.

Specifically, our results suggest that sustained eIF4E expression in MDAR cells is associated with the enhanced 
translation of the drug efflux transporter ABCB1, contributing to reduced intracellular doxorubicin accumulation. 
Therefore, our findings point toward the involvement of the eIF4E–Nrf2–ABCB1 axis in chemoresistance and 
identify potential molecular targets for both pharmacological and genetic modulation. To provide an integrative 
perspective, Fig. 10 summarizes the main mechanisms proposed in this work, highlighting the interplay between 
eIF4E activation, Nrf2 regulation, and ABCB1-mediated efflux. This schematic representation offers a visual 
overview of our proposed model of chemoresistance, facilitating the interpretation of how translational control 
and stress response pathways converge in TNBC.

Methods
Cell culture
The triple-negative breast cancer cell line MDA-MB-231 from the American Type Culture Collection (ATCC 
HTB-26) was used as the parental cell line to generate the doxorubicin-resistant cell variant and the internal 
control to perform comparative studies. Unless otherwise stated, cells were proliferated in a DMEM medium 
supplemented with fetal bovine serum (FBS) and 10% and antibiotics (50 U/mL penicillin and 50  µg/mL 
streptomycin).

Generation of the doxorubicin-resistant cell variant
In this work, we decided to evaluate the MDA-MB-231 cell line since it is classified as a mesenchymal stem-
like cell, which allows us to study the molecular phenomena associated with chemoresistance57. Then, we 
implemented three protocols to generate the doxorubicin-resistant cell variant. The first consisted of treatment 
with increased concentrations of doxorubicin, with an initial dose of 0.05 µM. Treatment periods of 4–6 days 
were performed, and a recovery period of 20–30 days was made. In this case, the protocol was based on the 
experimental approach established by García-Gonzalez et al.54 with modifications.

In the second one, the IC50 of the parental cell line was confirmed (0.6 µM) by performing a dose-response 
assay using increasing concentrations of doxorubicin (0–3.2.2 µM). Later, cells were treated with half-maximal 
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inhibitory concentration IC50 (0.6 µM of doxorubicin) for 3 days and a recovery period of 3–4 weeks; this protocol 
was performed seven times. However, for this protocol, only the IC50 value was suitable. Finally, in the third 
protocol (Fig. 1A), the doxorubicin-resistant cells obtained were reached using treatments with the doxorubicin 
IC25 (0.3 µM) for 72 h and a recovery period of 24–27 days. This treatment scheme was implemented for 7 cycles. 
Cells were maintained under a low dox concentration (15 nM) during the recovery and proliferation periods. 
This variant generated under the scheme of IC25 was named MDAR, and as a control, we evaluated the parental 
MDA-MB-231 cells denominated as MDAN cells.

Cell viability assays
3-(4,5- dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide (MTT) reduction assays were used with a 
modification to the protocol of Hernandez-Valencia et al.46 to evaluate the chemoresistance. Proliferating cells 
were seeded in 24-well plates at a density of 40,000 cells per well with 500 µL of supplemented DMEM medium 
for 24 h at 37 °C/5% CO2. Cell cultures were maintained in a non-supplemented DMEM medium for 24 h. Then, 
cell cultures were treated with increasing doxorubicin concentrations (0.05–6.4 µM) for 48 h. In addition, the 
effect of concomitant treatment of Dox (1.6 µM) and verapamil (10 µM) for 24 h was characterized. Later, 250 
µL per well of MTT solution (0.5 mg/mL of MTT dissolved in non-supplemented DMEM medium) was added, 
and the plate was incubated at 37 °C/5% CO2 for 3 h. The medium was removed, and the cell monolayer was 
lysed with 250 µL of DMSO, collected in 1.5 mL conical tubes, and centrifuged at 2504 xg for 10 min at 20 °C. 
Absorbance measures were collected at 595 nm.

Doxorubicin internalization by cytometer analysis
Cells were incubated under several treatments with doxorubicin in a DMEM medium for 24 h, with a previous 
fasting period of 24 h. Next, the cells were washed twice with PBS 1X. The monolayer recovered in PBS (300 
µL), and the cell suspension was mixed gently. Cellular characterization was performed in a Beckman-Coulter 
cytometer Cytoflex (Pasadena, CA, USA); 15, 000 events were characterized using the PC7-A filter to record 
doxorubicin-associated fluorescence, and median fluorescence intensity was used for analysis37,58,59.

Dox quantification in extracellular media
Cell cultures were grown to reach a confluence of 90% in the complete DMEM medium. Cultures were fasted for 
24 h with a non-supplemented medium. Stimuli with increasing dox concentrations (0–1.6.6 µM) were prepared 
in OptiMEM medium, low in phenol-Red. Cells were incubated for 24 and 48  h. Likewise, we performed 
experiments under the treatment with verapamil molecule (10 µM), a reported ABCB1 inhibitor; we evaluated 

Fig. 10.  Integrative model of the eIF4E–Nrf2–ABCB1 axis in doxorubicin resistance. Schematic summary of 
the proposed mechanism by which sustained eIF4E activation in MDAR cells promotes the selective translation 
of Nrf2 and ABCB1, enhancing antioxidant response and drug efflux. The convergence of translational 
control and stress-adaptive signaling reduces intracellular doxorubicin accumulation, thereby reinforcing the 
chemoresistant phenotype in triple-negative breast cancer cells.
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its effect on Dox cellular exportation. Supernatants were collected and centrifuged at 3170 xg at 4 °C for 10 min, 
for cellular detritus elimination. Supernatants were collected and centrifuged at 3170 x g at 4 °C for 5 min. The 
supernatant was collected and evaluated in a CaryEclipse Variant fluorometer (Agilent Technologies, Inc., Santa 
Clara, CA, USA) with a 470 nm and 595 nm excitation and emission wavelength, respectively. A standard curve 
was constructed to ascertain the concentration.

Wound-healing migration assays
The effect of doxorubicin chemoresistance on migration was evaluated by wound healing assay as described 
by Leal-Orta et al.60. Cells were seeded in 6-well dishes at a density of 200,000 cells per well and incubated at 
37 °C/5% CO2 for 48 h until complete confluence was reached. The medium was removed, and 1 mL of non-
supplemented DMEM medium was plated for 24 h. Before stimulation, cells were pretreated with mitomycin-C 
for 2 h (8 µg/mL). Wound healing was performed using a sterile 200 µL tip, two washes with PBS were performed, 
and cells were incubated for 48 h with several treatments. Positive control DMEM medium supplemented with 
10% FBS and negative control with non-supplemented DMEM were included. After 48 h, supernatant media was 
collected for zymogram assays, and the cells were fixed with cold methanol for 10 min under gentle agitation at 
4 °C. Methanol was removed, and the cells were stained with Coomassie blue for 10 min under gentle agitation 
at 4 °C. Final washes were performed with cold PBS and observed under an inverted microscope.

Invasion assays
The modified transwell method performed invasion experiments in 24-well plates containing 12 cell culture 
inserts with 8 μm pore size (NEST, Wuxi Nest Biotechnology Co. Jiangsu, China). Briefly, 50 µL of BD Matrigel 
(Corning, Somerville, MA, USA) was added into culture inserts and maintained at 37 °C for 45 min. MDAN and 
MDAR cells were plated at 1 × 105 cells per insert in serum-free DMEM on the top chamber. The lower chamber 
contained 600 µL DMEM and FBS 10% with the doxorubicin range treatment concentration (0–1.6.6 µM). 
DMEM medium with FBS 10% was used as a positive control; Boyden chambers were incubated for 48 h at 37 
°C in a 5% CO2 atmosphere. Then, cells and matrigel on the upper surface of the membranes were removed with 
cotton swabs, and the cells on the lower surface of the membrane were washed and fixed in methanol for 5 min61; 
three biological replicates were performed for statistical analysis.

qPCR
MDAN and MDAR cellular variants under 90% confluence were treated under the specific schemes. Then, 
total RNA from cellular variants was obtained with Trizol reagent, following the supplier’s instructions. cDNA 
was synthesized using 1  µg of RNA and the Primer Script RT-PCR Kit (Takara Inc, Tokyo, Japan). cDNA 
concentration was standardized for qPCR with the PowerUp Sybr Green Master Mix 2X (Applied Biosystems, 
Waltham, MA, USA) according to the manufacturer’s instructions, and 4 µL of the resultant cDNAs were used 
for each PCR reaction  (62). Primers sequences were ABCB1 forward 5-​G​C​C​A​G​C​T​G​A​A​C​T​C​C​T​T​A​G​A​C-3, 
ABCB1 reverse 5-​G​A​T​T​C​G​T​G​C​A​C​A​G​C​A​G​C​A-3, ABCC1 forward 5-​G​G​C​T​C​A​A​G​G​A​G​T​A​T​T​C​A​G​A​G-3, 
ABCC1 reverse 5’-CCATCG ​A​T​G​A​T​G​A​T​C​T​C​T​C​C-3, GAPDH forward 5′AGACAGCCGCATCTTCTTGT3′, 
and GADPH reverse 5′CTTGCCGTGGGTAGAGTCAT3′. qPCR reactions were performed in triplicate using 
an ABI PRISM 7000 sequence detection system (Applied Biosystem); data were analyzed using the 2−∆∆Ct 
method with GAPDH as a reference calibrator and reported as fold change.

Immunoprecipitation (IP) assays
MDAN and MDAR cell cultures were treated under an increasing doxorubicin concentration range (0–1.6.6 µM). 
For these experiments, 250 µg of protein cell lysates were used. For the total protein lysates, 2 µL of anti-eIF4E 
(sc-9976) was employed. All samples were incubated for 3 h at 4 °C with mild agitation. Further, 10 µL of protein 
A/G plus agarose (sc-2003) was added, and incubation was maintained for 12 h at 4 °C with mild agitation. Then, 
samples were centrifuged at 1,409 xg for 5 min at 4 °C. The supernatant was discarded. The obtained pellets 
were resuspended and washed with mild agitation using STE 1x buffer (TBS, EDTA 100 mM, NP40 10%), and 
centrifugation at 1,409 x g for 5 min was made. This process was performed twice. Next, 40 µL of Laemmli buffer 
1x was added to the pellet, mild mixing, and heated for 2 min at 90 °C. The solution was centrifuged at 1,409 
x g for 3 min. Immune complexes were evaluated, as well as SDS-PAGE, PVDF transference, and western-blot 
identification by processing 20 µL of the supernatant samples. GAPDH was used as a loading protein.

Molecular docking
 The atomic coordinates of the protein ABCB1, Protein Data Bank (PDB) ID: 7A69, with a resolution of 3.2 Å, were 
used for molecular docking experimentation. The structure of doxorubicin (CID 31703) and verapamil (2520) 
was obtained from the PubChem database. The protein structure was prepared; water and small molecules were 
removed. Ligands and proteins were 3D protonated, and energy was minimized using a Molecular Operating 
Environment (MOE) with default parameters (Placement: Triangle Matcher, Rescoring 1: London G, AMBER99 
forcefield). Each ligand was generated by many different conformations, and the protein was visualized using the 
ligand interactions implemented in MOE. A similar strategy was used for ABCC1 characterization (PDB 6UY0) 
with doxorubicin. For the characterization of the eIF4E factor, the PDB structure 4UED was evaluated, including 
the interaction with 4E-BP1 and the small molecule 4E1RCat (CID 1619554). Docking results are analyzed using 
the S-score values.

The S-score in the Molecular Operating Environment (MOE) is a composite scoring function used to 
estimate the binding affinity between a ligand and a protein target during molecular docking simulations. It 
integrates multiple energetic terms, including van der Waals interactions, electrostatics, hydrogen bonding, 
desolvation, and torsional strain, to approximate the free energy of binding. The score is expressed in arbitrary 
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units correlating with binding strength, where more negative values suggest more favorable ligand-receptor 
interactions.

AutoDock Vina (version 1.2.7). The crystal structure of human ABCB1 is the same as MOE and was 
prepared by removing water molecules and non-essential co-crystallized ligands. Polar hydrogens were added, 
and Gasteiger charges were assigned using AutoDock Tools 1.5.7 (ADT). Ligands, including Doxorubicin and 
Rhodamine 123, were prepared in their energy-minimized conformations, and torsional flexibility was defined 
within ADT.

A grid box was defined to encompass the transmembrane substrate-binding region of ABCB1, with 
dimensions of 73 × 92 × 82 Å. Docking was performed using default Vina parameters with an exhaustiveness 
level of 8, and the top-scoring binding pose (lowest binding free energy) was selected for further analysis. 
Binding affinities were recorded in kcal/mol, and ligand–protein interactions were visualized using MOE.

SiRNA experimentation
Cells were seeded at a density of 7.5 × 104 cells/plates and incubated overnight in a standard growth medium 
without antibiotics. eIF4E siRNA (h) (sc-35284) and control siRNA-A (sc-37007) were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Transfection was performed according to the following conditions: 
4 µL of siRNA was diluted on 50 µL of transfection medium (Solution A), on the other hand, the transfection 
reactive (3 µL) was homogenized with 50 µL of transfection (Solution B). Then, solution A was added to solution 
B, mixed kindly, and incubated for 30 min at room temperature. Next, 400 µL of transfection was added and 
mixed, and 500 µL of total solution was added per well. Cells were incubated at 37 °C for 6 h, and 500 µL of 
complete medium (2x) was added and incubated for 24 h. The medium was withdrawn, and 500 µL of complete 
medium (1x) for 12 h, subsequently dox treatment was added. After verifying the transfection efficiency by WB, 
experimentation with dox was performed using a final concentration of dox 1.6 µM and 12 h treatment.

Zymography
MDAN and MDAR cell cultures were incubated under different treatments, and the conditioned medium was 
collected. Volumes of 40 µL non-heated conditioned medium samples were mixed with 5× sample buffer (0.313 M 
Tris pH 6.8, 10% SDS, 50% glycerol, and 0.05% bromophenol blue) and processed on 8% polyacrylamide gels 
copolymerized with gelatin (1% w/v). Gels were rinsed twice with 2.5% Triton X-100 and then incubated in 
a development buffer (50 mM Tris–HCl pH 7.4, 10 mM CaCl2, and 0.02% NaN3) for 48 h at 37 °C. Gels were 
fixed and stained with 0.25% Coomassie Brilliant Blue G-250 in 10% acetic acid and 30% methanol. Proteolytic 
activity was detected as clear bands against the background stain of the unprocessed substrate.

GEPIA analysis
We used the GEPIA database to evaluate the potential implications of protein targets eIF4E and ABCB1 in 
breast cancer. We analyzed the mRNA expression levels of eIF4E (EIF4E coding gene, Gene ID: 1977) and 
ABCB1 (ABCB1 coding gene, Gene ID: 5243) and their relationship with overall survival in BC patients using 
GEPIA, which collects information from the The Cancer Genome Atlas (TCGA)and GTEx (Genotype-Tissue-
Expression)41,63.

KM-PLOT analysis
Similarly, we use the KM-plot database42 to evaluate the implication of eIF4E protein (UniProt ID: P06730) 
expression and its relationship with survival TNBC patients and TNBC patients with dox treatment. We selected 
the TCGA-RPPA database for the KM analysis.

Molecular dynamics (MD)
MD simulation was performed using the QwikMD 1.3 plugin64 in VMD and the NAMD 2.14 simulation 
engine65 to evaluate the stability of the ABCB1-Dox complex derived from molecular docking. The simulation 
was carried out in an explicit solvent to streamline the analysis and avoid the added complexity of embedding 
the transmembrane protein in a lipid bilayer. Harmonic positional restraints were applied to the Cα atoms of the 
protein throughout the simulation to preserve the overall architecture of the transmembrane pore in the absence 
of a bilayer membrane environment.

The ABCB1-Dox complex was solvated in a rectangular box of TIP3P water molecules with an 18 Å buffer, 
and the system was neutralized with Na⁺ and Cl⁻ ions to achieve a physiological ionic strength of 0.15 M. The 
CHARMM36 force field was used for the ABCB1 protein. The Dox topology and parameters were generated 
using CHARMM-GUI66however, due to the structural complexity of this ligand, several parameters were 
missing or incorrect, including bond definitions, angles, dihedrals, and improper torsions, which all were 
manually corrected prior to simulation.

The ligand-receptor system was subjected to energy minimization (20,000 steps), followed by annealing in 
the NPT ensemble (0.24 ns, heating from 60 K to 298 K), and equilibration (1.0 ns) at 298 K and 1 atm using the 
Nosé–Hoover Langevin piston. A production MD run of 10 ns was then performed under NPT conditions at 
298 K. The r-RESPA multiple time step scheme was used, with short-range interactions updated every single step 
and long-range electrostatics every two steps. A 2 fs integration time step was used, and long-range electrostatic 
interactions were computed using the particle mesh Ewald (PME) method. All bonds involving hydrogen atoms 
were constrained using the SHAKE algorithm. The analysis tools included in QwikMD were used to calculate 
RMSD.

Data availability
Data is contained within the article.
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