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Abstract 

Background: The cellular interactions between cetuximab and antioxidant compounds such as α-

tocopherol remain unclear. The present study investigated the effects of their combined treatment 

on epithelial–mesenchymal transition (EMT) associated cytoskeletal regulators in breast cancer 

cells. 

Method: In this in-vitro experimental study, MCF-7 cells were treated with cetuximab and/or α-

tocopherol, and the effects of the treatments were evaluated at 72 h and 7 days. Cell proliferation 

and colony-forming potential were assessed, and the levels of Vav-1, Rac-1, and F-actin proteins 

were determined. Actin-associated protein distribution was further evaluated by SDS-PAGE 

analysis of ultracentrifugation-derived F-actin- and G-actin-enriched cellular fractions. Statistical 

comparisons were performed using ANOVA. 

Results: Combined treatment with cetuximab (250 µg/mL) and α-tocopherol (50 µM) 

significantly inhibited cell proliferation at 24, 48, and 72 h and suppressed colony formation after 

7 days compared with the control and single-treatment groups. The combined treatment also 

significantly reduced Vav-1 and Rac-1 protein levels and altered F-actin organization. 

Furthermore, the combination treatment was associated with reduced actin-associated protein 

signals in the F-actin-enriched fraction and suppressed the acquisition of a mesenchymal-like 

phenotype in MCF-7 cells. 

Conclusion: Beyond its antioxidant capacity, α-tocopherol modulates intracellular signaling 

pathways involved in cancer inhibition. Despite its therapeutic potential, its dietary administration 

in oncology remains controversial. The combined treatment with cetuximab and α-tocopherol 
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altered EMT signaling and cytoskeletal dynamics in MCF-7 cells, suggesting a potential role in 

modulating cellular processes associated with cancer progression. 

 

Keywords: alpha-tocopherol, Cetuximab, MCF-7, Breast neoplasms, Epithelial-mesenchymal 

transition 

 

Introduction 

Breast cancer is the most commonly 

diagnosed cancer among women worldwide 

and the second most commonly diagnosed 

cancer globally, representing a major public 

health burden due to its substantial morbidity 

and mortality. Therefore, various treatment 

methods have been developed over time, 

including hormonal therapy, chemotherapy, 

targeted therapies, and immunotherapy. 

However, the heterogeneous nature of breast 

cancer makes effective treatment 

challenging. 1, 2 Breast cancer is classified 

based on the presence of receptors such as 

progesterone and estrogen hormone 

receptors, and human epidermal growth 

factor receptor 2 (HER2), which are often 

found in overexpressed on the membranes of 

cancer cells. Breast cancers are commonly 

classified according to the expression of 

estrogen receptor (ER), progesterone 

receptor (PR), and HER2. Tumors expressing 

ER, PR, or HER2 are described as hormone 

receptor-positive or HER2-positive breast 

cancer, respectively. Tumors that co-express 

ER, PR, and HER2 are referred to as 

ER/PR/HER2-positive or triple-positive 

breast cancer. These receptor profiles provide 

important information about tumor biology 

and help guide treatment selection. Clinical 

classifications provide information about 

tumor characteristics, guiding the selection of 

the most appropriate treatment. For example, 

in ER/PR positive tumors, endocrine 

therapies such as tamoxifen or aromatase 

inhibitors are preferred to reduce the risk of 

recurrence after surgery. In tumors with 

HER2 overexpression, monoclonal antibody 

therapy called Herceptin (Trastuzumab), 

which suppresses cell proliferation by 

binding to the receptor, is applied. HER2 and 

epidermal growth factor receptor (EGFR) are 

members of the ErbB receptor tyrosine 

kinase family and can interact through 

receptor heterodimerization and functional 

cross-talk. In breast cancer, EGFR–HER2 

heterodimers have been implicated in 

oncogenic signaling and may contribute to 

tumor cell proliferation, motility, and 

metastatic progression.3 Aberrant EGFR 

signaling has also been associated with 

epithelial-mesenchymal transition (EMT) 

related cellular changes, suggesting that 

interactions between ErbB family receptors 

may influence epithelial and mesenchymal 

phenotypes in breast cancer.4, 5 Therefore, 

targeting EGFR signaling may represent a 

potential complementary strategy in selected 

breast cancer settings. Cetuximab is the first 

chimeric monoclonal antibody to specifically 

bind to the extracellular region of EGFR, and 

is an FDA-approved therapeutic agent.6 

However, the clinical efficacy of EGFR 

inhibitors is limited; this necessitates a better 

understanding of resistance and EMT 

mechanisms.7 EMT is a process involving a 

dynamic transition between epithelial and 

mesenchymal phenotypes, where cells lose 

their epithelial characteristics and acquire 

more motile and invasive mesenchymal 

characteristics due to changes in their 

cytoskeleton and adhesion molecules.8, 9 

Findings from studies investigating the role 

of cytokines in the EMT process in breast 

cancer show that cytokines such as 

transforming growth factor-beta (TGF-β), 

interleukin-6 (IL-6), and tumor necrosis 

factor-alpha (TNF-α) trigger EMT, 
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decreasing epithelial markers such as E-

cadherin and β-catenin, while increasing 

mesenchymal markers such as vimentin, N-

cadherin, and fibronectin. Furthermore, 

transcription factors such as Snail, Twist, and 

ZEB are activated. These changes increase 

cell motility, invasion, and metastasis, while 

also contributing to treatment resistance. 

Therefore, cytokines and EMT associated 

regulators are considered potential targets in 

breast cancer treatment.10 In addition to these 

canonical EMT markers, alterations in 

intracellular signaling and cytoskeletal 

organization are important components of the 

EMT-associated phenotype. Vav-1 and Rac-

1 are involved in signaling pathways that 

regulate actin cytoskeletal dynamics,11 cell 

shape, and cellular motility, while F-actin 

constitutes a major structural component of 

the cytoskeleton.12 Therefore, changes in 

Vav-1, Rac-1, and F-actin may provide 

complementary information regarding 

cellular and cytoskeletal responses associated 

with EMT. In the present study, these 

molecules were selected to investigate EMT-

associated cytoskeletal and signaling 

processes. Therefore, Vav-1, Rac1, and F-

actin were investigated the effects of 

cetuximab and α-tocopherol on EMT-

associated signaling and cytoskeletal 

components rather than as replacements for 

canonical EMT markers. 

Although cetuximab is not an established 

standard treatment for breast cancer, EGFR-

targeted combination strategies have been 

investigated in advanced and metastatic 

breast cancer, including metastatic triple-

negative breast cancer, where the addition of 

cetuximab to cisplatin showed an 

improvement in progression-free survival 

compared with cisplatin alone. Cetuximab 

has been investigated in relation to EMT in 

several cancer models. In patients with head 

and neck squamous cell carcinoma, 

cetuximab treatment was associated with 

changes in genes and signaling pathways 

related to EMT and cancer-associated 

fibroblasts, suggesting that EMT-related 

processes may contribute to the biological 

response to anti-EGFR therapy. Similarly, in 

feline oral squamous cell carcinoma cells, 

cetuximab was reported to modulate EMT-

associated processes, matrix 

metalloproteinase activity, and cell migration 

in-vitro.13 These findings indicate that the 

effects of cetuximab on EMT-related cellular 

processes may vary according to tumor type 

and cellular context. However, the effects of 

cetuximab in combination with bioactive 

compounds such as α-tocopherol on EMT-

associated cytoskeletal regulation in breast 

cancer cells remain poorly characterized. 

Therefore, rather than focusing exclusively 

on canonical EMT markers, the present study 

investigated complementary EMT-associated 

cellular and cytoskeletal processes, including 

Vav-1 and Rac-1 expression and F-actin 

organization and polymerization, in MCF-7 

breast cancer cells. 

Tocopherols are common fat-soluble 

antioxidants found in vegetable oils.14, 15 Of 

the eight forms of vitamin E, α-tocopherol is 

the most common and biologically active.16, 

17 α-tocopherol provides protection against 

reactive oxidative stress (ROS) induced lipid 

peroxidation through its antioxidant effect.18, 

19 This strong antioxidant effect stems from 

the phenolic structure and electron-donating 

groups in the aromatic ring. ROS are reactive 

molecules formed by electron transfer from 

oxygen and have an impact on chronic 

diseases, food spoilage, and environmental 

systems.20, 21 Developing protective 

strategies against these processes is critical 

for health and food production. α-tocopherol 

acts not only as an antioxidant but also as a 

modulator of intracellular signaling, 

suggesting its potential role in inhibiting 

cancer cell progression. Whether it should be 

included in or excluded from the diets of 
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cancer patients remains a subject of ongoing 

debate. Accordingly, the present study aimed 

to investigate the effects of cetuximab and α-

tocopherol, alone and in combination, on 

MCF-7 breast cancer cells, with particular 

emphasis on cell proliferation, colony-

forming capacity, and the EMT-associated 

signaling and cytoskeletal components Vav-

1, Rac-1, and F-actin. 

 

Materials and Methods 

Cell culture and cell proliferation assay  

This in-vitro experimental study used a 

human breast cancer MCF-7 cell line 

(ATCC® HTB-22™) obtained directly from 

the American Type Culture Collection 

(ATCC, Manassas, VA, USA). The cells 

were used at passage 14. The cells were 

maintained under culture conditions as 

DMEM medium containing 10% fetal bovine 

serum (FBS), 2 mM L-glutamine, 100 U/mL 

penicillin, and 100 μg/mL streptomycin. 

Cells were maintained in an incubator at 37 

°C in a humidified atmosphere containing 5% 

CO2.  

Cetuximab (Erbitux®; Merck Healthcare 

KGaA, Darmstadt, Germany) was diluted 

with sterile 0.9% sodium chloride solution to 

obtain the desired working concentrations. α-

Tocopherol (catalog no. 258024; Sigma-

Aldrich) was dissolved in dimethyl sulfoxide 

(DMSO) and subsequently diluted to the 

required concentrations. For the vehicle 

control group, sterile 0.9% sodium chloride 

solution and DMSO were added to the culture 

medium at concentrations equivalent to those 

used in the treatment groups, with the final 

DMSO concentration maintained below 1%. 

This vehicle control was used to account for 

any potential effects of the solvents on MCF-

7 cell responses. 

The required sample size was determined 

using the online sample size and power 

calculation tool 

(https://powerandsamplesize.com) based on 

an a priori power analysis. The analysis 

indicated that a minimum of three 

independent experiments was required to 

detect statistically significant differences 

between the experimental groups. All 

experiments were independently repeated 

three times (n = 3 biological replicates). For 

each independent experiment, each treatment 

condition was analyzed in duplicate technical 

replicates, and the mean value of the 

technical replicates was used for statistical 

analysis. 

To determine cell viability, attachment cells 

were treated with trypsin-EDTA and seeded 

in 96-well plates (1 × 104 cells/well). Cells 

were treated with different concentrations of 

Cetuximab (Cet, 50-100-250-500 µg/mL) 

and/or α-Tocopherol (αToc, 10-50-100 µM) 

and incubated for 24, 48, and 72 hours. 

Following incubation, 10 μL of MTT 

labeling reagent was added to each well, and 

the cells were incubated for 4 hours at 37 °C 

in a humidified atmosphere containing 5% 

CO2. After incubation, 100 μL of DMSO was 

added to each well to dissolve the formed 

formazan precipitates. Finally, absorbance 

measurements were performed using a 

microplate reader at a wavelength of 570 nm, 

and each experiment was conducted in triple 

replicates.22 

Vav-1, Rac-1, and F-actin protein 

measurement  

MCF-7 cells were seeded into 12-well plates 

at a concentration of 5 × 104 cells per well in 

800 µL of medium.23 Bright-field 

microscopy images were taken after 24, 48, 

and 72 hours with inverted microscope (Zeiss 

Axio Vert.A1, Germany). After cell 

adherence to the surface, Cet (250 µg/mL) 

and/or αToc (50 µM) were added and 

incubated for 72 hours and 7 days. The cells 

were collected and lysed with RIPA lysis 

buffer (Millipore, 20-188) The protein 

concentrations were measured using BCA 

kits (SMART™ BCA Protein Assay Kit, 

https://powerandsamplesize.com/
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Intron Biotechnology 21071). Vav-1, Rac-1, 

and F-actin levels were determined using 

commercially available ELISA kits for Vav-

1 (SunRed Biotechnology, Cat. No. 201-12-

5233), Rac-1 (SunRed Biotechnology, Cat. 

No. 201-12-6937), and F-actin (SunRed 

Biotechnology, Cat. No. 201-12-7313), 

respectively, according to the manufacturer's 

instructions. The analytical characteristics of 

the ELISA kits were obtained from the 

manufacturer's specifications. The assay 

sensitivity was 0.428 ng/mL for F-actin, 

0.049 ng/mL for Rac-1, and 11.869 ng/mL 

for Vav-1, with corresponding assay ranges 

of 0.5–100 ng/mL, 0.05–15 ng/mL, and 12.5–

3200 ng/mL, respectively. The intra-assay 

coefficient of variation (CV) was <10%, and 

the inter-assay CV was <12%. To account for 

differences in total protein content among 

samples, the measured concentrations of 

Vav-1, Rac-1, and F-actin protein were 

normalized to the corresponding total protein 

concentration of each sample. The 

normalized values were used for subsequent 

statistical analyses. 

Actin-associated protein distribution 

analyses  

MCF-7 cells were seeded into 12-well plates. 

They were then treated with Cet (250 µg/mL) 

and/or αToc (50 µM) and incubated at 37 °C 

for 72 hours. After incubation, the wells were 

washed with phosphate buffered saline 

(PBS). For cellular fractionation, cells were 

lysed using commercially RIPA lysis buffer 

(Millipore, 20-188) supplemented with 

protease inhibitor cocktail (Sigma-Aldrich, 

P8340). Briefly, 200 µL of ice-cold RIPA 

lysis buffer containing protease inhibitor 

cocktail was added to each well, and the cells 

were incubated on ice for 15 min. The cells 

were then mechanically disrupted, and the 

lysates were transferred to ultracentrifuge 

tubes. Equal volumes of the samples were 

subjected to ultracentrifugation at 100.000 × 

g for 1 h at 4°C using an Optima MAX-XP 

ultracentrifuge (Beckman Coulter). 

Following centrifugation, F-actin-enriched 

pellet fraction and G-actin-enriched 

supernatant fraction were carefully separated. 

The pellet was resuspended in an equal 

volume of RIPA lysis buffer supplemented 

with protease inhibitor cocktail. F-actin/G-

actin enriched fractions were evaluated by 

SDS-PAGE.24 A resolving SDS-PAGE gel 

with a resolving power of 14% was prepared 

and run at 120 volts for a duration of one 

hour. The samples were loaded at a 

concentration of 30 µg per well. A volume of 

5 µL marker (GangNam-STAIN Prestained 

Protein Ladder, Intron Biotechnology 24052) 

was used. Quantification analyses were then 

compared using a gel imaging system 

(Syngene GBOX image system).  

Colony formation assay 

MCF-7 cells were seeded into 12-well plates 

at a concentration of 1000 cells per well. 

They were then treated with Cet (250 µg/mL) 

and/or αToc (50 µM) and incubated at 37°C 

for 7 days. The culture medium was changed 

every 3 days. At the end of the incubation 

period, each well in the plate was washed 

with PBS. The cells were then fixed with cold 

methanol/acetic acid, stained with 0.5% 

crystal violet staining solution for 15 

minutes, and washed with double distilled 

water (ddH2O). The stained cells were 

examined and visualized under a microscope. 

The number of colonies in each well was 

counted and analyzed with microscope (Zeiss 

Axio Vert.A1, Germany).22 

Statistical analysis 

The statistical analysis of the data was 

conducted using GraphPad Prism 7.0 

(GraphPad Software, USA). Quantitative 

data are expressed as mean ± standard 

deviation (SD). The Kolmogorov-Smirnov 

and Shapiro-Wilk tests were used to ascertain 

the normal distribution of the obtained data. 

The analysis performed was a one-way 

analysis of variance (ANOVA) test, which 
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was used to facilitate the undertaking of 

multiple comparisons (Tukey's HSD). 

Statistically significant results were 

considered to be those with P-values of 0.05 

or less. 

Results 

Cell proliferation was evaluated at 24-, 48-, 

and 72-hours following treatment with 

cetuximab and/or α-tocopherol in MCF-7 

cells. When the same number of cells was 

seeded, a progressive increase in cell number 

was observed in the control group at all time 

points (24, 48, and 72 hours, Figure 1a). No 

significant changes were observed in the Cet 

and/or αToc groups compared with the 

control group after 24 hours of incubation. 

After 48 and 72 hours of incubation, a 

significant decrease was observed in each 

group in the Cet and/or αToc groups 

compared with the control group (P < 0.001). 

In the groups where combinations were used, 

comparisons were made between the 

amounts of Cet and αToc added to the cells 

and the amounts added individually over the 

same time period. Accordingly, in the Cet 

(100 µg/mL) + αToc (10 µM) group, cell 

proliferation decreased significantly after 48 

hours of incubation compared with the αToc 

(10 µM) group alone, but this change was not 

observed after 72 hours (P < 0.05). In the Cet 

(250 µg/mL) + αToc (50 µM) group, cell 

proliferation was significantly reduced after 

48 hours of incubation compared with the 

αToc (50 µM) group alone (P < 0.05) and the 

Cet (250 µg/mL) group alone (P < 0.05). 

After 72 hours of incubation, cell 

proliferation was also reduced in the Cet (250 

µg/mL) + αToc (50 µM) group compared 

with the αToc (50 µM) group alone (P < 0.05) 

and the Cet (250 µg/mL) group alone (P < 

0.01). Morphological evaluation revealed 

that cells in the control group tended to 

aggregate and maintained their typical 

epithelial morphology after 72 hours (Figure 

1b). Treatment with Cet (250 µg/mL) and 

αToc (50 µM) resulted in visible changes in 

cell morphology and cellular organization, 

including increased cell rounding and 

irregular cell shapes compared with the 

corresponding untreated controls.  

Colony formation capacity was evaluated in 

MCF-7 cells following treatment with Cet 

(250 µg/mL) and/or αToc (50 µM) for 7 days. 

After the incubation period, prominent 

colony formation was observed in the control 

group, whereas colony formation was 

markedly suppressed in cells treated with Cet 

alone and in the combination treatment with 

Cet and αToc. Morphological evaluation 

revealed that cellular clustering and colony 

expansion were significantly reduced in the 

treated groups (Figure 2a). In particular, 

reduced cellular protrusions and decreased 

cell–cell interactions suggested that EGFR 

inhibition by Cet disrupted cellular 

communication and colony expansion. 

Quantitative analysis (Figure 2b) based on 

colony counting demonstrated a significant 

reduction in colony numbers in all treatment 

groups compared with the control group (Cet, 

P < 0.001; αToc, P < 0.001; Cet+αToc, P < 

0.001). Notably, the combination of Cet and 

αToc resulted in a significantly greater 

suppression of colony formation compared 

with Cet (P < 0.01) and αToc (P < 0.01), 

indicating an enhanced inhibitory effect on 

the clonogenic potential of MCF-7 cells. 

The levels of Vav-1, Rac-1, and F-actin 

protein, key markers involved in EMT 

signaling, were evaluated in both cell 

secretions (supernatant) and cell pellets of 

MCF-7 cells following treatment with 

cetuximab (250 µg/mL) and/or α-tocopherol 

(50 µM) at 72 hours and 7 days (Figure 3). 

At 72 hours, Vav-1 protein levels in the cell-

derived supernatant were increased in the Cet 

group, whereas the Cet + αToc group showed 

lower Vav-1 levels compared with cetuximab 

alone (Figure 3a). No significant differences 
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were detected among groups in the 72-hours 

cell pellets. At 7 days, Vav-1 levels in the 

cell-derived supernatant were significantly 

reduced in both the αToc (P < 0.01) and Cet 

+ αToc (P < 0.01) groups compared with the 

corresponding control group. In the 7-day 

cell pellets, Vav-1 protein levels were 

significantly increased in the Cet group 

compared with the control group (P < 0.001), 

whereas the Cet + αToc group showed a 

significant reduction compared with the Cet 

group (P < 0.01). No significant changes 

were observed in Vav-1 levels in the αToc 

group in either the supernatant or pellet 

fractions. Overall, these findings demonstrate 

time- and fraction-dependent changes in 

Vav-1 protein levels following treatment. 

Rac-1 protein levels in the 72-hours cell-

derived supernatant were significantly 

decreased in both the αToc (P < 0.05) and Cet 

+ αToc (P < 0.05) groups compared with the 

corresponding control group, whereas no 

significant changes were observed in the 72-

hours cell pellets (Figure 3b). At 7 days, Rac-

1 protein levels in the cell-derived 

supernatant were significantly reduced in the 

Cet + αToc group compared with both the 

control (P < 0.05) and Cet (P < 0.05) groups. 

In the 7-day cell pellets, Rac-1 protein levels 

were significantly decreased in the Cet (P < 

0.01), αToc (P < 0.01), and Cet + αToc (P < 

0.001) groups compared with the 

corresponding control group. Furthermore, 

Rac-1 protein levels in the Cet + αToc group 

were significantly lower than those in the Cet 

group (P < 0.01). Overall, these findings 

demonstrate differential, time- and fraction-

dependent changes in Rac-1 protein levels 

following treatment, with changes observed 

in both cell-derived supernatant and cell-

associated fractions. 

For F-actin protein levels, no significant 

differences were observed among the 

treatment groups at 72 hours in either the cell-

derived supernatant or cell pellet fractions 

(Figure 3c). At 7 days, F-actin protein levels 

in the cell-derived supernatant were 

significantly reduced in the αToc (P < 0.05) 

and Cet + αToc (P < 0.01) groups compared 

with the corresponding control group. In 

addition, F-actin protein levels were 

significantly lower in the Cet + αToc group 

than in the αToc group (P < 0.05). Similarly, 

in the 7-days cell pellet fractions, F-actin 

levels were significantly decreased in the Cet 

+ αToc group compared with the control (P < 

0.05), αToc (P < 0.05), and Cet (P < 0.05) 

groups. F-actin- and G-actin-enriched 

fractions were further evaluated by SDS-

PAGE following ultracentrifugation (Figure 

3d). The F-actin-enriched pellet fraction 

showed qualitatively weaker actin-associated 

bands in the Cet + αToc group compared with 

the control and single-treatment groups. A 

similar reduction in band intensity was 

observed in the corresponding G-actin-

enriched supernatant fraction. These findings 

suggest treatment-associated alterations in 

the distribution of actin between the F-actin- 

and G-actin-enriched fractions.  
 

Discussion 

In the present study, combined treatment with 

cetuximab and α-tocopherol produced a 

greater inhibitory effect on MCF-7 cell 

proliferation and colony formation than 

either treatment alone and was associated 

with time- and fraction-dependent alterations 

in Vav-1, Rac-1, and F-actin, indicating 

modulation of cellular and cytoskeletal 

processes associated with EMT. These 

findings provide preliminary evidence that α-

tocopherol may modify the cellular response 

to cetuximab through changes in cytoskeletal 

organization and EMT-associated signaling, 

although the present data do not establish 

direct inhibition of EMT or specific 

resistance mechanisms. 

EGFR is generally expressed higher levels in 

tumor cells than in normal cells. Because of 
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this overexpression, EGFR represents an 

important target for cancer therapy.25 EGFR 

plays a critical role in the regulation of 

growth, proliferation, survival, and 

differentiation processes in mammalian 

cells.26 

When cetuximab blocks the EGFR receptor 

and interrupts growth signaling, cancer cells 

tend to activate alternative pathways to 

overcome this blockade and maintain 

survival. The concentrations of cetuximab 

used in the present study should be 

considered within the context of an in-vitro 

experimental model rather than direct 

equivalents of clinical exposure. The 250–

500 µg/mL concentrations of cetuximab are 

higher than the average circulating 

concentrations reported in patients receiving 

standard cetuximab treatment. However, 

relatively high concentrations of cetuximab 

have been used in previous in-vitro studies, 

particularly in MCF-7 cells, which have been 

reported to exhibit relatively low sensitivity 

to cetuximab, with an IC50 not reached even 

at concentrations up to 100 µg/mL. 

Therefore, the higher concentrations used in 

the present study were selected to obtain a 

measurable pharmacological response in the 

MCF-7 model, and to evaluate the potential 

modulatory effect of α-tocopherol under 

conditions of cetuximab exposure. Although 

cetuximab is not an established standard 

treatment for breast cancer, EGFR-targeted 

therapeutic strategies have been investigated 

in combination with other agents in selected 

breast cancer settings. However, the potential 

interactions between EGFR-targeted 

therapies and bioactive compounds 

commonly used as nutritional supplements, 

such as α-tocopherol, remain insufficiently 

characterized. In many cases, tumor cells 

upregulate other receptor tyrosine kinases 

such as Axl, MET, or HER3. These receptors 

activate Rac-1, a cytoskeletal regulator, 

enabling cancer cells to maintain 

proliferation and survival despite EGFR 

inhibition. Rac-1 is frequently overexpressed 

in colorectal cancer and has been implicated 

in the development of resistance to 

cetuximab therapy. In addition, Rac1-

mediated cytoskeletal remodeling 

contributes to increased cell migration and 

motility.27 Indeed, Rac-1 overexpression has 

been reported as a potential biomarker in 

colon cancer patients and has been associated 

with patient survival outcomes. In human 

tumor-derived organoid cultures, suppression 

of Rac-1 has been shown to significantly 

reduce the clonogenic capacity of tumor cells 

and enhance responses to cetuximab, 

suggesting a potential role in limiting 

metastatic potential.28 On the other hand, 

although increased Rac-1 expression has 

been reported in several types of breast 

cancer, it has also been suggested that cellular 

dynamics associated with Rac1 can be 

suppressed following radiotherapy.29 

Furthermore, the inhibition of Rac-1 has been 

proposed as a promising therapeutic strategy 

for ER-positive breast cancer.30 Rac1 

regulates the organization of F-actin, which 

is essential for changes in cell morphology 

and motility. During this process, cells may 

also influence surrounding cells through 

secretory mechanisms.31 Accordingly, in the 

present study we investigated Rac-1, Vav-1, 

and F-actin levels both in the cell supernatant 

and in cell pellets. Our findings suggest that 

α-tocopherol may enhance the cellular effects 

of cetuximab, as reflected by alterations in 

Vav-1, Rac-1, and F-actin levels. The 

differential Rac-1 responses observed 

between the supernatant and cell pellet 

fractions suggest that treatment effects may 

vary between extracellular/released and cell-

associated Rac-1; however, the present data 

cannot distinguish altered secretion or protein 

release from changes in intracellular protein 

turnover or cellular composition. 
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Vav-1 is a signaling molecule that functions 

as a guanine nucleotide exchange factor 

activating Rho family GTPases, particularly 

Rac-1. Increased Vav-1 expression in cancer 

cells has been associated with enhanced cell 

motility, increased invasive capacity, and 

sustained proliferative signaling. In early-

stage breast cancer, Vav1 expression has 

been reported to correlate with Akt 

phosphorylation.32 In ER-positive breast 

cancer, estrogen has been shown to modulate 

the transcription and expression of Vav-1, 

thereby contributing to the proliferation of 

cancer cells. Vav-1 activation is frequently 

regulated by protein kinase C (PKC) and 

tyrosine kinases. α-tocopherol is known to 

inhibit PKC activity, and effects of α-

tocopherol on Vav1 signaling have also been 

reported. Therefore, α-tocopherol may 

interfere at this stage and suppress excessive 

activation or synthesis of Vav-1. 

Vav-1 activation is also sensitive to oxidative 

stress.33 By balancing intracellular ROS, α-

tocopherol may stabilize stress-induced 

upregulation of Vav-1. The increase in Vav-

1 levels observed after prolonged exposure 

(e.g., 72 hours) may represent an adaptive 

escape mechanism developed by cells in 

response to cetuximab treatment. When 

EGFR signaling is inhibited, cells may 

upregulate Vav-1 to activate Rho GTPases as 

an alternative pathway. The increase in Vav-

1 induced by cetuximab alone, representing a 

potential drug-escape response, appears to be 

suppressed in the presence of α-tocopherol. 

Through regulation of F-actin organization, 

Vav-1 can promote the transition of cells 

toward a mesenchymal phenotype. In breast 

cancer, actin and actin-binding proteins 

regulate key processes involved in tumor 

progression, including migration, invasion, 

and metastasis. When F-actin forms 

membrane protrusions, it facilitates directed 

cell movement and enhances adhesion to the 

extracellular matrix, and this can occur 

independently of receptor signaling pathways 

in breast cancer cells.34 Alterations in Rho 

GTPases such as Rac-1 and Vav-1 can also 

promote protease secretion, leading to 

extracellular matrix degradation and enabling 

cancer cells to overcome tissue barriers and 

metastasize. These findings identify Vav-1 

and Rac-1 as potential molecular candidates 

associated with the cellular response to 

combined cetuximab and α-tocopherol 

treatment and provide a basis for future 

mechanistic studies. The absence of 

significant changes in F-actin protein levels 

at 72 hours, followed by a significant 

reduction after 7 days, suggests a time-

dependent response to the treatments. This 

delayed alteration may reflect cumulative 

effects of prolonged treatment on cellular 

organization and cytoskeletal remodeling. 

However, the present findings do not 

establish the precise mechanism underlying 

this temporal response, and changes in cell 

number, protein turnover, or cytoskeletal 

organization may contribute to the observed 

reduction in F-actin levels.  

α-tocopherol may contribute to the cellular 

effects observed with cetuximab through 

alterations in Vav-1-associated signaling and 

actin-related cellular organization. When 

evaluated in terms of the F-actin-enriched 

and G-actin-enriched fractions, our results 

showed that the combination of cetuximab 

and α-tocopherol was associated with 

changes in actin distribution. The 50 µM 

concentration of α-tocopherol should 

similarly not be considered a direct 

representation of routine dietary exposure. 

Nevertheless, human pharmacokinetic 

studies indicate that α-tocopherol 

concentrations in the micromolar range can 

be achieved following supplementation, with 

substantially increased circulating 

concentrations reported after high-dose 

supplementation. Thus, the concentration 

used in the present study represents a 
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pharmacologically relevant experimental 

exposure rather than a physiological dietary 

concentration.35 

From the perspective of EMT-associated 

cellular processes, these findings suggest that 

the combination treatment may modulate 

cytoskeletal organization and cellular 

processes related to tumor progression. 

However, the observed changes in Vav-1, 

Rac-1, and F-actin cannot be considered 

definitive evidence of EMT inhibition or 

suppression of specific resistance pathways, 

particularly in the absence of direct canonical 

EMT and functional assays.  

Although the present findings provide 

preliminary evidence for the potential effects 

of combined cetuximab and α-tocopherol 

treatment on cellular proliferation, colony 

formation, and EMT-related processes, 

several limitations should be acknowledged. 

The morphological changes observed in the 

present study, including increased cell 

rounding and irregular cell shapes, may 

reflect alterations in cellular organization and 

cytoskeletal dynamics; however, these 

changes cannot be specifically attributed to 

EMT, as similar morphological features may 

also occur in response to cellular stress, 

reduced proliferation, or apoptosis. First, this 

study was conducted using an in-vitro MCF-

7 breast cancer cell model, and therefore the 

findings may not fully reflect the complex 

tumor microenvironment and 

pharmacological conditions observed in 

patients. In particular, the present results 

cannot be directly extrapolated to the use of 

α-tocopherol supplementation in patients 

receiving cetuximab treatment. Further 

studies using additional breast cancer 

models, followed by well-designed clinical 

studies with larger patient populations, are 

required to determine whether α-tocopherol 

supplementation has clinically relevant 

effects in patients receiving cetuximab-based 

therapy. Nevertheless, the present findings 

may provide preliminary experimental 

evidence and a basis for future translational 

investigations. 

Conclusion 

Dietary supplements commonly used by 

cancer patients during treatment may 

significantly influence the therapeutic 

efficacy of anticancer agents. Therefore, 

studies investigating the dose- and time-

dependent interactions between 

pharmacological treatments and nutritional 

supplements are essential for improving 

treatment outcomes. In the present study, the 

effects of α-tocopherol during cetuximab 

treatment were evaluated in MCF-7 breast 

cancer cells, with particular emphasis on cell 

proliferation, colony-forming capacity, and 

selected EMT-associated cellular and 

cytoskeletal components. 

Our findings suggest that α-tocopherol may 

enhance the cellular effects of cetuximab and 

is associated with alterations in Vav-1, Rac-

1, and F-actin levels, particularly following 

prolonged treatment. The differential 

responses observed in cell-derived 

supernatant and cell-associated fractions 

further indicate that the effects of the 

combination treatment may vary according to 

the cellular fraction and treatment duration. 

These findings provide preliminary evidence 

that α-tocopherol may modulate cellular and 

cytoskeletal processes associated with EMT; 

however, they do not establish direct 

inhibition of EMT, cellular escape 

mechanisms, or therapeutic resistance. 

Although the results of this study are limited 

by its in-vitro design and the absence of direct 

assessment of canonical EMT markers, 

apoptosis, and migration/invasion, the 

findings provide preliminary data that may 

guide future mechanistic and preclinical 

studies. Further investigations using 

canonical EMT markers, functional 

migration and invasion assays, apoptosis 

analysis, and molecular inhibition or 
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knockdown approaches will be required to 

clarify the mechanisms underlying the 

combined effects of α-tocopherol and 

cetuximab. 
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Figure 1. This figure shows the effects of cetuximab and/or α-tocopherol treatment on cell 

proliferation and morphology of MCF-7 cells. (a) Cell proliferation was evaluated in MCF-7 cells 

treated with cetuximab at concentrations of 50, 100, 250, and 500 µg/mL or α-tocopherol at 

concentrations of 10, 50, and 100 µM for 24, 48, and 72 h. The results show the effects of 

individual treatments on cell proliferation, with statistically significant differences indicated as 

versus the control group, α-tocopherol-treated group, and cetuximab-treated group. Statistical 

comparisons were performed within each corresponding time point (24, 48, and 72 h); therefore, 

each treatment group was compared with its respective time-matched control group. Statistical 

significance is indicated as *** versus the corresponding control group, + versus the corresponding 

α-tocopherol-treated group, and ## versus the corresponding cetuximab-treated group. Data are 

presented as mean ± SD. (b) Representative bright-field microscopy illustrating treatment-

associated changes in cellular morphology and organization in MCF-7 cells following treatment 

with Cet (250 µg/mL) and/or αToc (50 µM) for 24, 48, and 72 h. 
SD: Standard deviation; Cet: Cetuximab; αToc: α-tocopherol    
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Figure 2. This figure shows the effects of cetuximab and/or α-tocopherol treatment on colony 

formation and organization in MCF-7 cells. (a) Representative microscopic images show colony 

formation and cellular interactions in MCF-7 cells following treatment with cetuximab (250 

µg/mL) and/or α-tocopherol (50 µM) for 7 days. (b) Quantitative analysis shows the number of 

colonies formed per well following the indicated treatments. Statistical significance is indicated as 
*** versus the control group, ++ versus the α-tocopherol-treated group, and ## versus the cetuximab-

treated group. Data are presented as mean ± SD. 
SD: Standard deviation; Cet: Cetuximab; αToc: α-tocopherol    
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Figure 3. This figure shows the effects of cetuximab and/or α-tocopherol treatment on Vav-1, Rac-

1, and F-actin protein levels in MCF-7 cells. (a) Vav-1 protein levels, (b) Rac-1 protein levels, and 

(c) F-actin protein levels were determined in cell supernatant and pellet samples collected at 72 h 

and 7 days following treatment with cetuximab (250 µg/mL) and/or α-tocopherol (50 µM) (*, **, 
*** versus the control group, + versus the α-tocopherol-treated group, and #, ## versus the cetuximab-

treated group) (d) Representative SDS-PAGE analysis of F-actin- and G-actin-enriched fractions 

obtained after ultracentrifugation. Following ultracentrifugation, the pellet and supernatant 

fractions were considered F-actin- and G-actin-enriched fractions, respectively. The band patterns 

provide qualitative information on actin-associated protein distribution. Data are presented as 

mean ± SD, with statistical significance indicated in the corresponding panels. 
SD: Standard deviation; Cet: Cetuximab; αToc: α-tocopherol; UC: Ultracentrifugation    

 

 

 


