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Abstract: Triple-negative breast cancer (TNBC), a highly aggressive subtype characterized by frequent relapse,
metastasis, and poor prognosis, exhibits elevated epidermal growth factor receptor (EGFR) expression. Our prior
research demonstrated that afatinib, a tyrosine kinase inhibitor, effectively suppressed EGFR-mediated
downstream, including AKT and ERK, and reduced epithelial-to-mesenchymal transition (EMT) markers in
human TNBC cell models. This study was designed to extend afatinib’s efficacy in mitigating tumorigenic
potentials in murine TNBC models. We employed cell viability assays, signaling pathway analyses, cytokine
profiling, cell cycle-related protein assessments, and diet-induced obese mouse models to elucidate afatinib’s
therapeutic benefits. Afatinib exhibited superior inhibition on cell viability in murine TNBC cells compared to
erlotinib, gefitinib, and lapatinib. In PY8119 TNBC cells, afatinib inhibited AKT and ERK phosphorylation,
downregulated vimentin and N-cadherin expression, and suppressed cell migration and invasion. Additionally,
afatinib reduced proinflammatory chemokine levels, disrupted cell cycle progression, and upregulated necrosis-
associated proteins. In diet-induced obese mouse models, afatinib significantly reduced tumor burden. Collectively,
these findings suggest that afatinib attenuates TNBC tumorigenicity by inhibiting EGFR-mediated downstream
signaling and EMT markers, downregulating proinflammatory chemokines, and disrupting cell cycle progression,
supporting its potential as a therapeutic agent for TNBC at preclinical evaluation.
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1. Introduction

Triple-negative breast cancer (TNBC) accounts for approximately 15-20% of all breast malignancies and
represents a clinically aggressive entity with frequent metastasis and high disease-related mortality [1]. This
subtype is defined by the lack of estrogen receptor, progesterone receptor, and human epidermal growth factor
receptor 2 (HER2) expression, which severely limits available targeted treatment options and contributes to
unfavorable patient outcomes [1]. At the molecular level, TNBC consists of multiple biologically diverse
subgroups, including basal-like, immunomodulatory, mesenchymal-like, and luminal androgen receptor
phenotypes [2]. Such heterogeneity complicates therapeutic development and underlines the urgent need for
effective subtype-informed therapeutic strategies. Relative to hormone receptor—positive breast cancers, TNBC
exhibits increased expression levels of epidermal growth factor receptor (EGFR) and enhanced production of
proinflammatory chemokines [3]. EGFR-driven signaling pathways have been involved in the regulation of these
chemokines, potentially intensifying inflammatory conditions within the tumor microenvironment and promoting
tumor aggressiveness [4]. These observations suggest that pharmacologic inhibition of EGFR using tyrosine kinase
inhibitors (TKIs) may offer a rational therapeutic approach for TNBC. However, EGFR-targeted treatments have
shown limited efficacy in TNBC, in part due to atypical EGFR localization—particularly nuclear EGFR—which
is frequently observed in this subtype and contributes to therapeutic resistance [5]. The complexity of EGFR-
associated signaling networks across TNBC subtypes further complicates clinical responses, highlighting the
necessity for alternative or optimized therapeutic strategies to overcome drug resistance [6].
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Among EGFR-targeted TKIs, comparative analyses in basal-like and mesenchymal-like TNBC cell models
have demonstrated that afatinib exerts greater antiproliferative activity than lapatinib, gefitinib, or erlotinib [7].
Afatinib effectively attenuates AKT and ERK signaling in both TNBC subtypes and selectively suppresses
mesenchymal markers, including N-cadherin and vimentin, in mesenchymal-like TNBC cells [7]. Nevertheless,
afatinib has been shown to differentially regulate cytokine- and oncology-related signaling pathways across TNBC
subtypes, suggesting that tumor heterogeneity may influence therapeutic responsiveness [7]. The tumor
microenvironment plays a critical role in driving TNBC growth and metastasis [8]. Our previous in vitro study was
limited by only the use of cell culture models [7], not to recapitulate the complex tumor microenvironment. Therefore,
rigorous in vivo validation is essential to evaluate the therapeutic potential of afatinib against TNBC progression.

To address this limitation, the present study was designed to evaluate the antitumor efficacy of afatinib in
clinically relevant preclinical TNBC mouse models. Although immunodeficient xenograft models are commonly
used for human TNBC cells, they lack functional adaptive immunity (particularly T and B cells) and thus cannot
accurately reflect the intact tumor immune microenvironment. Given that obesity is associated with worse overall
survival in TNBC patients and has been shown to accelerate tumor progression in experimental models [9], we
employed a diet-induced obesity model in immunocompetent mice. Orthotopic implantation of murine TNBC cells
into the mammary fat pad was used to evaluate afatinib’s therapeutic efficacy in a physiologically relevant setting
that preserves an intact tumor immune microenvironment. We selected murine TNBC models representing the
basal-like and mesenchymal subtypes of human TNBC. Building upon our prior in vitro findings in human TNBC
cells [7], including assessments of cell viability, EGFR-mediated signaling, epithelial-to-mesenchymal transition
(EMT) markers, and cytokine profiles, this study further investigated functional cellular behaviors (migration and
invasion), cell cycle progression and associated gene expressions, as well as in vivo tumor progression using
bioluminescence imaging for tumor tracking in TNBC orthotopic mouse models reflecting the intact tumor
immune microenvironment.

2. Materials and Methods
2.1. Mouse TNBC Cell Lines and Culture

Murine TNBC cell lines representing mesenchymal-like (PY8119) and basal-like (PY230) subtypes [10] were
obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). To ensure culture integrity,
cells were routinely evaluated for mycoplasma contamination using the MycoAlert Detection Kit (Lonza, Allendale,
NJ, USA), and all tests confirmed the absence of contamination. Cells (passage number < 20) were cultured in
Roswell Park Memorial Institute 1640 (RPMI 1640) medium supplemented with 10% fetal bovine serum (FBS), 1%
penicillin—streptomycin, and maintained at 37 °C in a humidified incubator containing 5% CO,. All cell culture
reagents and supplements were purchased from Invitrogen (Grand Island, NY, USA). The TKIs used in this study
(afatinib, lapatinib, gefitinib, and erlotinib) were obtained from Cayman Chemical (Ann Arbor, MI, USA).

2.2. Cell Viability Assay

The MTT assay was conducted for cell viability, which relies on the mitochondrial reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to purple formazan crystals, as outlined in prior work [9].
In brief, cells were plated into 24-well dishes and allowed to grow for 48 h in a humidified incubator at 37 °C with
5% CO,. The medium was then aspirated, and cells were washed twice using PBS (pH 7.4) to eliminate any traces
of serum or debris. Next, 1 mg/mL MTT prepared in phenol red-free medium mixed with PBS (4:1 ratio) was
introduced to the wells, followed by a 3-h incubation period in the dark at 37 °C. After discarding the MTT reagent,
500 uL of isopropanol was dispensed per well to solubilize the intracellular formazan. The plates were placed on a
shaker for 10 min at ambient temperature until the crystals fully dissolved, with visual inspection confirming no
residual precipitates. Absorbance readings were recorded at 595 nm on a Bio-Rad microplate reader (Hercules, CA,
USA). Data were expressed as percentages relative to the vehicle-treated control wells to quantify viability changes.

2.3. Western Blot Analysis

Total cellular proteins were extracted, separated by SDS—polyacrylamide gel electrophoresis (SDS-PAGE),
and electrotransferred onto nitrocellulose membranes as described previously [9]. Membranes were probed with
antibodies recognizing AKT, ERK, SAPK/INK, p38, their corresponding phosphorylated species, and epithelial—
mesenchymal transition markers including E-cadherin, N-cadherin, and vimentin (Cell Signaling Technology,
Beverly, MA, USA). B-Actin (TU-02; Santa Cruz Biotechnology, Dallas, TX, USA) served as an internal loading
reference. Immunoreactive signals were detected using enhanced chemiluminescence reagents (MilliporeSigma,

2 of 13



J. Inflamm. Infect. Med. 2026, 2(1), 4 https://doi.org/10.53941/jiim.2026.100004

St. Louis, MO, USA), and band intensities were quantified by densitometric analysis with ImageJ software (v1.54P;
National Institutes of Health, Bethesda, MD, USA; https://imagej.net (accessed on 23 July 2023))

2.4. Migration and Invasion Assay

For Transwell-based motility assays, cells were prepared at a density of 2 x 10° cells/mL in serum-free RPMI-
1640 supplemented with 0.5% bovine serum albumin. Cell migration was assessed using uncoated 24-well
Transwell inserts (Greiner Bio-One), whereas invasion assays were conducted using inserts pre-coated with
Matrigel (BD Biosciences; diluted 1:3 in PBS). Cells were exposed to afatinib at the IC50 concentration and
maintained under these conditions overnight. Following incubation, non-migratory cells were removed, and cells
that traversed the membrane were fixed in 3.7% formaldehyde and subsequently stained with 0.1% crystal violet.
Excess stains were eliminated by PBS washes. Migrated or invaded cells were visualized by light microscopy at
400x magnification and quantified from three randomly selected microscopic fields.

2.5. Proteomic Array Analysis

Cytokine-associated protein expression patterns were analyzed using the Proteome Profiler Mouse XL
Cytokine Array (ARY028; R&D Systems, Minneapolis, MN, USA) in accordance with the manufacturer’s
recommended procedures and our previously published methodology [9]. Membrane spot signals were captured
and quantified using ImageJ software (https://imagej.net). For data processing, background signals were subtracted,
and data were normalized to internal reference spots to ensure consistent quantification across samples.

2.6. Fluorescence-Activated Cell Sorting Analysis

Cells were seeded at uniform density and cultured for 24 h. Subsequently, cells were treated in triplicate with
afatinib or media alone (control) for 24 or 48 h. Both adherent and non-adherent cells were collected using cold
PBS and stained overnight with propidium iodide (50 mg/mL in 0.1% w/v sodium citrate, 0.1% v/v Triton X-100).
Following incubation, samples were analyzed via a FACScan flow cytometry (BD Biosciences), and the
proportions of cells in GO/G1, S, and G2/M phases were quantified using FloJo software (Tree Star Inc., Ashland,
OR). Data were expressed as percentages relative to untreated control cells.

2.7. Polymerase Chain Reaction (PCR) Array

Cell cycle-associated transcriptional changes were examined using the RT? Profiler™ Mouse Cell Cycle
PCR Array (330231; Qiagen, Frederick, MD, USA) in accordance with procedures established in our previous
study [11]. Total RNA was isolated from TNBC cells with elimination of residual genomic DNA. Complementary
DNA synthesis was carried out at 42 °C for 15 min, followed by heat-mediated termination of reverse transcriptase
activity at 94 °C for 5 min. Quantitative PCR amplification was performed on a Bio-Rad CFX96 Touch Real-Time
PCR platform (Hercules, CA, USA) using reagents and protocols provided by the manufacturer. Thermal cycling
included an initial denaturation step at 95 °C for 10 min and 40 subsequent amplification cycles consisting of 95 °C
for 15 s and 60 °C for 60 s. Gene expression data were processed and interpreted using the GeneGlobe Data Analysis
Center (Qiagen; https://geneglobe.qiagen.com/us/analyze/ (accessed on 24 July 2025)) according to the recommended
analysis pipeline.

2.8. Diet-Induced Obese Mouse and Orthotopic Mammary Fat Pad Models

All animal experiments were conducted in accordance with protocols approved by the Institutional Animal
Care and Use Committee of Meharry Medical College (eProtocol #16-03-511) and adhered to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Female C57BL/6J mice (4 weeks old)
were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and maintained in a specific pathogen—free
environment under controlled conditions (22 + 2 °C, 40-60% humidity, and a 12-h light/dark cycle). Diet-induced
obesity was established by providing mice with a high-fat diet (D12492; 60% kcal from fat; Research Diets Inc.,
New Brunswick, NJ, USA) for a duration of 9 weeks, as described previously [9]. For orthotopic tumor
implantation, PY8119Luc TNBC cells (3 x 10° cells per mouse) were resuspended in a 1:1 mixture of PBS and
Matrigel and injected into the right fourth mammary fat pad. Beginning one week after tumor inoculation, mice
received afatinib at a dose of 10 mg/kg by oral gavage, formulated in 0.5% (w/v) methylcellulose, five times per
week for four consecutive weeks. Tumor progression was assessed weekly using bioluminescence imaging. Prior
to imaging, mice were anesthetized with 3% isoflurane and administered D-luciferin intraperitoneally (125 mg/kg;
Cayman Chemical, Ann Arbor, MI, USA). Imaging was initiated 5 min after luciferin injection using the In-Vivo
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MS FX PRO optical imaging system (Carestream, NY, USA), with photon emission captured over a 1-min interval.
Quantitative analysis of luminescent signals within defined regions of interest was performed using Molecular
Imaging software (Carestream). In parallel, tumor size was evaluated weekly by caliper measurements, and
volumes were calculated using the formula: (length x width?)/2.

2.9. Statistical Analysis

Results are expressed as the mean =+ standard deviation (SD). Differences were considered statistically
significant at p <0.05. Pairwise comparisons between two groups were performed using Student’s ¢-test. Comparisons
involving more than two groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test for significant findings.

3. Results
3.1. Afatinib Exhibits Superior Cytotoxicity in Mesenchymal and Basal-Like TNBC Cells

The cytotoxicity of four TKIs (erlotinib, gefitinib, lapatinib, and afatinib) was examined in murine TNBC
cell lines representing mesenchymal-like (PY8119) and basal-like (PY230) subtypes. Cell viability was measured
via MTT assay, yielding the following IC50 values: 50.0 uM (erlotinib), 20.4 uM (gefitinib), 6.8 uM (lapatinib),
and 3.3 uM (afatinib) in PY8119 cells; 50.4 uM (erlotinib), 22.1 pM (gefitinib), 3.13 pM (lapatinib), and 1.93 uM
(afatinib) in PY230 cells (Figure 1). In both lines, the rank order of potency remained consistent: afatinib >
lapatinib > gefitinib > erlotinib. Afatinib exhibited the strongest inhibitory activity, achieving half-maximal
inhibition at substantially lower doses than the other agents. Erlotinib and gefitinib displayed comparable efficacy
in the two cell lines, whereas lapatinib and afatinib were markedly more potent in PY230 cells compared to
PYS8119 cells (Figure 1).
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Figure 1. Comparisons of IC50 values for tyrosine kinase inhibitors in mouse mesenchymal-like PY8119 and
basal-like PY230 TNBC cells. Comparison of the effects of erlotinib, gefitinib, lapatinib, and afatinib on cell
viability in mesenchymal-like PY8119 TNBC cells (A) and basal-like PY230 TNBC cells (B). Cells were treated
with various concentrations of each TKIs for 48 h. Data points represent mean values with vertical bars indicating
SD (n = 3). Red trendlines were fitted using exponential, linear, and logarithmic regression models, with the best-
fir model selected based on the highest R? values (calculated with Microsoft Excel’s Data Analysis Toolpak).

3.2. Afatinib Suppresses AKT and ERK Activation, EMT Markers, Cell Migration, and Invasion

Given the superior cytotoxicity of afatinib among the tested TKIs (Figure 1), this agent was chosen for further
investigation of its impact on intracellular signaling in PY8119 and PY230 cells. Treatment with afatinib markedly
suppressed phosphorylation of AKT and ERK in both cell lines, without appreciably altering SAPK/JINK or p38
MAPK activation (Figure 2A). In mesenchymal-like PY8119 cells, afatinib also reduced expression of the EMT
markers vimentin and N-cadherin (Figure 2B) with lack of E-cadherin expression (data not shown). In contrast,
no appreciable alteration in E-cadherin levels was detected in basal-like PY230 cells (Figure 2B) with lack of N-
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cadherin expression (data not shown). Using PY8119 cells, we further evaluated functional effects on motility.
Afatinib treatment substantially inhibited both cell migration and invasion relative to vehicle-treated controls
(Figure 2C,D).
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Figure 2. Afatinib-regulated signaling pathways and cell migration and invasion in TNBC cells. (A) Effects of
afatinib on the phosphorylation of AKT, ERK, SAPK/INK, and p38 in PY8119 and PY230 cells. (B) Effects of
afatinib on EMT-associated proteins (vimentin, N-cadherin, and E-cadherin) in PY8119 and PY230 cells. Cells
were treated with afatinib at its IC50 concentration for 24 and 48 h. -actin served as a loading control. (C) Effects
of afatinib on cell migration in PY8119 cells. (D) Effects of afatinib on cell invasion in PY8119 cells. Cells were
treated with afatinib at its IC50 concentration overnight. # indicates statistical significance (p <0.05, n=3) between
groups, as determined by one-way ANOVA with Tukey’s pairwise comparisons or Student’s z-test.

3.3. Afatinib Downregulates Proinflammatory Chemokines in Both Mesenchymal-like and Basal-like TNBC Cells

Human basal-like and mesenchymal-like TNBC cells highly express the proinflammatory chemokines
CXCL1 and CXCLS8 [3]. To determine whether PY8119 and PY230 cells recapitulate the cytokine profile of
human TNBC cells and to evaluate the effect of afatinib on these cytokines, we investigated cytokine profiles.
Both PY8119 and PY?230 cells showed high expression of CXCL1 (Figure 3), reflecting the chemokine profile of
human TNBC cells. In PY8119 cells, afatinib reduced CXCL1 and CX3CL1 protein levels at 24 and 48 h, and
PAI-1 levels at 48 h (Figure 3, left panel). In PY230 cells, afatinib decreased CX3CL1 and CXCLI1 protein levels
at 24 and 48 h, respectively (Figure 3, right panel). Furthermore, afatinib reduced CXCL5 and IGFBPS5 protein
levels at 24 and 48 h (Figure 3).

3.4. Afatinib Disrupts Cell Cycles by Modulating Cell Cycle-Related Genes in PY8119 TNBC Cells

PY8119 cells were selected for subsequent experiments because they are highly aggressive in vivo, forming
palpable tumors as early as day 5, whereas PY230 cells are more differentiated and display markedly slower
growth, with palpable tumors appearing only after more than 20 days [10]. Because afatinib attenuated EGFR
downstream significantly AKT and ERK activation (Figure 2A), which are related to cell growth, we further
assessed if afatinib modifies cell cycles using PY8119 cells. Cell cycle analysis revealed that afatinib did not affect
critically sub-G1 phase (Figure 4A), which indicates apoptotic cell portion. Afatinib increased G1 phase at 24 h,
with increased S phase and decreased G2 phase at 48 h (Figure 4A). Continuedly, we assessed afatinib-induced
cell cycle-related genes using human cell cycle PCR array (Figure 4B). Afatinib upregulated GADDA45A, ATR,
RB1, DDIT3, PMP22, and CDKN1B, and downregulated CDKN3, CCND1, CDC25C, MKI167, CDC20, CCNBI,
CCNA2, BIRCS, and CCNB?2 (Figure 4C). Although afatinib modified CDKN1A, AURKA, CDC6, NEK2, and
AURKRB, these are low expression genes in PY8119 cells (Figure 4C).
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Figure 3. Effects of afatinib on cytokine profiles in PY8119 and PY230 TNBC cells. Cells were treated with
afatinib at their respective IC50 concentration for 24 and 48 h. Cytokine expression levels were quantified,
revealing significant changes. Statistical significance was determined by one-way ANOVA followed by Tukey’s
post-hoc test. (# and ## indicate p < 0.05; n = 2 biological duplicates) for comparisons between groups. PAI-1,
plasminogen activator inhibitor-1; IGFBPS5, insulin-like growth factor binding protein 5. See Supplementary
Materials S1 for the full list of cytokines measured.
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Figure 4. Effects of afatinib on cell cycle distribution and cell cycle-related gene expression in PY8119 TNBC
cells. (A) Effect of afatinib on cell cycle progression in PY8119 cells. Cells were treated with afatinib at its IC50
concentrations (3.3 uM) for 24 or 48 h. The percentage of cells in each phase of the cell cycle was determined by
flow cytometry. Statistical significance was determined by one-way ANOVA followed by Tukey’s post-hoc test
(* and # indicate p < 0.05, n = 3) for comparisons between groups. (B) Effects of afatinib on cell cycle-related
genes in PY8119 cells assessed by a human cell cycle PCR array. Total RNA was collected at 0, 24, and 48 h after
afatinib treatment for a time-course study. Dotted lines indicates a 2-fold increase or decrease in expression. Genes
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showing >2-fold change were considered afatinib-regulated genes. Red * and # indicate >2-fold upregulation and
downregulation, respectively. Yellow * and # indicate >2-fold changes of low expression genes (average threshold
cycle >30 in either control or afatinib-treated samples). Fold-change (2742¢Y) represents the normalized gene
expression (274 in the afatinib-treated sample divided by that in the control. ACt is the difference between the
cycle threshold (Ct) value of the gene of interest and the reference gene. AACt is the difference between the ACt of
the afatinib-treated sample and the ACt of the control sample. See Supplementary Materials S2 for gene annotations.
(C) Heatmap of afatinib-regulated genes following analysis of human cell cycle PCR array. Red and blue letters
indicate afatinib-induced up- and down-regulation (fold change), respectively. Black letters indicate low expression
genes despite afatinib-induced genes.

3.5. Afatinib Diminishes TNBC Progression Intesified by Diet-induced Obese Mouse Model

Obesity led to poorer overall survival in TNBC patients [9], ob/ob female mice show the greater tumor burden
of TNBC compared to wild-type mice [12], and further diet-induced obesity intensified TNBC progression [9].
We used a diet-induced obese mouse model to explore if afatinib diminishes tumor burden intensified by obesity.
The body weight gain was confirmed, PY8119Luc cells were injected, afatinib was given by gavage for 4 weeks
(Figure 5A). Afatinib treatment reduced the body weight gain compared to control (Figure 5SA). We generated
luciferase-expressing PY8119Luc cells from parental PY8119 TNBC cells to monitor the tumor burden imaging.
Bioluminescence imaging showed that afatinib-treated mice exhibited lower bioluminescence intensity compared
to control mice (Figure 5B). Consistent with these findings, afatinib-treated mice displayed reduced tumor volume
and weight compared to the control group (Figure 5C,D).
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Figure 5. Inhibitory effects of afatinib on the progression of PY8119Luc TNBC cells in diet-induced obese mice
using an orthotopic mammary fat pad model. (A) Body weights of mice in the control (n = 7) and afatinib-treated
(n=15) groups. (B) Bioluminescence images and quantification of tumor burden in PY8119Luc cell-bearing control
and afatinib-treated mice. (C) Tumor volume over time in control and afatinib-treated mice. (D) Tumor weights at
the experimental endpoint in control and afatinib-treated mice. Data are expressed as the mean + SD. * and #
indicate statistical significance (p < 0.05), as determined by Student’s #-test.

4. Discussion

This study demonstrated antitumor effects of afatinib in attenuating tumorigenic potential in TNBC using
murine TNBC models. Afatinib exhibited superior inhibition on cell viability compared to other TKIs in mouse
PY8119 and PY230 TNBC cell lines (Figure 1), corroborating prior findings using human BT549 and MDA-MB-
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468 TNBC cells [7]. Notably, afatinib significantly reduced AKT and ERK activation in both murine TNBC cell
lines (Figure 2A), consistent with observations in human TNBC cells [7]. Furthermore, afatinib downregulated the
expression of N-cadherin and vimentin, key EMT markers, in mesenchymal-like PY8119 cells (Figure 2B),
mirroring results in human mesenchymal-like BT549 cells [7]. These findings suggest that PY8119 and PY230
cells reflect human mesenchymal-like and basal-like TNBC subtypes, respectively. Additionally, afatinib
suppressed cell migration and invasion in PY8119 cells (Figure 2C,D), aligning with the observed reduction in N-
cadherin and vimentin expression (Figure 2B).

The TGFa-EGFR-Akt signaling axis enhances the expression of proinflammatory chemokines in TNBC cells [3].
Proinflammatory chemokines, including CXCL1, CXCLS5, and CX3CL1, promote tumor growth and metastasis
by fostering an inflammatory tumor microenvironment [13,14]. Afatinib treatment significantly reduced the
expression of CXCL1 and CX3CLI1 (Figure 3), likely contributing to reducing the inflammatory burden and
inhibiting tumor progression. Additionally, afatinib downregulated PAI-1 in PY8119 cells (Figure 3). Given that
PAI-1 enhances TNBC cell proliferation, migration, invasion, and tumor growth [15], its reduction by afatinib
may attenuate the aggressive behavior of mesenchymal-like TNBC. IGFBP5 exerts context-dependent effects in
breast cancer. In MCF-7 cells, IGFBP5 promotes cell adhesion and survival while inhibiting migration and
spheroid formation [16,17], indicating dual roles of IGFBP5 as a tumor suppressor or promoter [18]. However,
afatinib reduced IGFBPS5 expression in basal-like PY230 cells (Figure 3), and the specific role of IGFBPS in TNBC
remains poorly understood, warranting further investigation. Similarly, CXCLS is known to drive breast cancer
cell proliferation and bone colonization [14]. The afatinib-induced reduction of CXCLS5 in PY230 cells (Figure 3)
may therefore attenuate the progression of basal-like TNBC by limiting these processes.

Afatinib treatment significantly upregulated GADD45A, ATR, RB1, DDIT3, PMP22, and CDKNI1B in
PY81109 cells (Figure 4B,C). As a stress sensor, GADD45A induces cell cycle arrest [19]. Similar to thymoquinone-
induced GADD45A upregulation in MDA-MB-231 cells, which causes cell cycle arrest and cytotoxicity [20],
afatinib-induced GADD45A likely contributes to cell cycle disruption and cytotoxic effects in TNBC. ATR, a key
mediator of DNA damage-induced cell cycle arrest [21], when upregulated by afatinib may may disrupt
progression and enhance chemotherapy sensitivity, consistent with the therapeutic potential of ATR pathway
modulation in TNBC [22,23]. RB1 regulates the G1/S transition [24]; its afatinib-induced upregulation may
increase S-phase accumulation and contribute to cell cycle disruption (Figure 4A), despite variable RB1 status in
TNBC [25]. DDIT3 (CHOP) induces G1 arrest [26] and suppresses tumor growth via AKT/mTOR inhibition [27,28];
afatinib-induced DDIT3 likely enhances G1 arrest and cytotoxicity. PMP22 regulates cell cycle, adhesion, and
migration [29]; its upregulation (opposite to pro-proliferative effects of PMP22 knockdown in TNBC [30]) may
inhibit proliferation, though its precise role in TNBC cell cycle remains unclear. CDKNI1B (p27/KIP1), a key cell
cycle inhibitor [31], when induced by afatinib likely promotes arrest and cell death, as seen with FOXE3
knockdown in TNBC [32]. Collectively, afatinib-induced upregulation of these genes synergizes to disrupt cell
cycle progression and enhance cytotoxicity in TNBC.

Afatinib significantly downregulated CDKN3, CCND1, CDC25C, MKI67, CDC20, CCNB1, CCNA2,
BIRCS, and CCNB2 in TNBC cells (Figure 4B,C). CDKN3 regulates G2/M transition; its downregulation may
suppress G2 progression and proliferation [33]. CCNDI1 (cyclin D1) drives G1/S transition; its downregulation
inhibits proliferation, invasion, and colony formation while increasing S-phase accumulation [34]. CDC25C
promotes G2/M entry; its suppression may impair progression and viability, similar to G2 arrest via CDC25C-
Cyclin B1/CDC2 inhibition [35]. MKI67, a proliferation marker in G2/M [36], downregulation correlates with
reduced G2 progression and viability (Figures 1 and 4A). CDC20 is critical for mitotic progression; its
downregulation disrupts mitosis and inhibits migration/metastasis [37]. CCNB1 and CCNA2, overexpressed in
TNBC with poor prognosis [38—41], when downregulated reduce G2 progression and increase S-phase
accumulation (Figure 4A). BIRCS (survivin) promotes chemotherapy resistance [42]; its downregulation may
enhance chemosensitivity and reduce colony formation [43]. CCNB2 drives G2/M and proliferation with poor
prognosis [44—46]; its downregulation reduces G2 progression and induces cytotoxicity. Overall, afatinib’s
downregulation of these genes disrupts key cell cycle transitions, inhibits proliferation and metastasis, and
highlights its potential as a targeted TNBC therapy.

Afatinib also modulated additional regulators in PY8119 cells by upregulating CDKNI1A (p21, a cell cycle
inhibitor [47]) while downregulating AURKA, AURKB, CDC6, and NEK2 (Figure 4C). AURKA/B facilitate
G2/M transition and contribute to paclitaxel resistance in TNBC [48,49]; their inhibition suppresses metastasis
and colony formation [50,51]. CDC6 aids G1/S transition and serves as a prognostic marker [52—54]. NEK2, an
oncogenic kinase overexpressed in TNBC, promotes proliferation and migration [55-57]. Despite low baseline
expression of some genes, afatinib’s regulation of these genes likely disrupts cell cycle dynamics, suppresses
viability, and inhibits migration, attenuating TNBC tumorigenicity.
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Diet-induced obesity promotes TNBC progression, whereas intermittent fasting attenuated this effect [9].
Using a diet-induced obese mouse model, this study demonstrated that afatinib significantly reduces TNBC tumor
burden (Figure 5). Notably, afatinib treatment led to reduced body weight (Figure SA). Weight loss is recognized
as a potential side effect of afatinib, which has a predictable and manageable side effect profile in advanced non-
small cell lung cancer [58,59]. As afatinib-treated mice exhibited no clinical signs of distress compared to controls,
afatinib appears to be well-tolerated in this TNBC mouse model.

Clinical trials of EGFR inhibitors in breast cancer have generally shown limited response rates [60].
Overexpression of insulin-like growth factor binding protein 2 (IGFBP2) has been associated with afatinib
resistance in TNBC cells [61], suggesting a potential resistance mechanism in TNBC patients. In contrast, TNBC
patients with DAXX gene amplification exhibited favorable responses to afatinib [62], underscoring the influence
of molecular heterogeneity on afatinib efficacy in TNBC. As a monotherapy, afatinib showed limited activity in
TNBC [63]. However, the combination of afatinib with dasatinib has shown promising clinical benefits in TNBC [64].
Additionally, combining afatinib with a palmitoylation inhibitor significantly suppressed tumor growth and
metastasis in 4T1 tumor-bearing mice and prolonged survival [65]. These findings suggest that combining afatinib
with other targeted therapies or chemotherapy may help overcome resistance and improve its therapeutic efficacy
in TNBC.

This study has several limitations that may hinder direct recapitulation of human TNBC progression and
complicate immediate clinical translation. Human TNBC is a highly heterogeneous disease comprising multiple
molecular subtypes, including basal-like 1, basal-like 2, immunomodulatory, mesenchymal, mesenchymal stem-
like, and luminal androgen receptor subtypes [2]. However, the present study was restricted to a limited number
of cell lines representing the basal-like and mesenchymal-like subtypes only through each cell line. This narrow
selection fails to capture the full spectrum of TNBC molecular and phenotypic diversity observed in patients. Our
findings may not be generalizable across all TNBC subtypes. Future studies should expand the panel to include a
broader repertoire of well-characterized TNBC cell lines that comprehensively represent all major subtypes. In
addition, functional validation should be performed by comparing cytokine profiles, immune-related gene
signatures, and microenvironmental interactions across these subtypes to better define subtype-specific behaviors
and therapeutic vulnerabilities.

In conclusion, afatinib attenuates tumorigenic potentials of TNBC by inhibiting EGFR-mediated downstream
signaling and EMT, reducing proinflammatory chemokine expression, and disrupting cell cycle progression,
highlighting it as a promising therapeutic agent for TNBC. Combining afatinib with chemotherapeutic agents
supports further preclinical evaluation to overcome resistance and enhance therapeutic efficacy in TNBC.
Furthermore, afatinib-induced downregulation of proinflammatory chemokines may help support the efficacy of
immunotherapy by favorably remodeling the tumor immune microenvironment when combined with immune-
modulating agents.
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