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1. Introduction 

Breast cancer is the most common malignancy among women worldwide and a leading cause of 

cancer-related mortality. In 2022, over 2.3 million new cases and approximately 685,000 deaths 

were reported [1]. Despite significant advances in early detection and the application of modern 

therapies, metastatic breast cancer remains a major clinical challenge, as more than 90% of deaths 

are attributable to tumor dissemination, and no fully effective targeted therapy currently exists for 

the metastatic form [2]. 

A key process in metastasis is epithelial–mesenchymal transition (EMT), a reversible mechanism 

whereby epithelial cells acquire mesenchymal characteristics, lose cell–cell adhesion, and develop 

enhanced migratory and invasive capabilities. EMT contributes not only to the initiation of 

metastases but also to drug resistance, immune evasion, and remodeling of the tumor 

microenvironment [3], [4], [5]. 

Among the factors that drive EMT, the high-mobility group box 1 protein (HMGB1) plays a critical 

role. Although initially described as a nuclear protein involved in DNA replication, transcription, 

and repair, HMGB1 has been increasingly recognized for its extracellular functions related to 

inflammation and intercellular communication [6]. Under cellular stress or necrosis, HMGB1 is 

released into the extracellular space, acting as a damage-associated molecular pattern (DAMP) and 

interacting with receptors such as RAGE and TLR2/4 [7], [8], [9]. This leads to activation of 

signaling cascades, including NF-κB, and induces the expression of genes associated with EMT, 

inflammation, and extracellular matrix degradation [10]. Thus, HMGB1 represents a key link 

between inflammation and metastatic progression. 

HMGB1 contains two DNA-binding domains (Box A and Box B) and an intrinsically disordered 

C-terminal acidic tail, which regulates their accessibility through intramolecular interactions [6], 

[11]. This C-terminal tail also plays a critical modulatory role in protein–protein interactions 

between HMGB1 and its receptors; modifications of the tail, including proteolytic shortening, can 

significantly influence the extracellular functions of HMGB1. However, current data regarding its 

role in inflammatory and pro-metastatic processes remain contradictory and incompletely 

understood [12], [13], [14], [15]. 

Consequently, a deeper understanding of the structural and functional mechanisms through which 

HMGB1 interacts with its receptors is essential for the development of new targeted therapies. In 

this context, 3D cell models, which more accurately recapitulate the spatial organization and 

signaling dynamics of the tumor microenvironment, provide a valuable tool for investigating EMT 

and invasive processes [11], [16]. 

From a clinical perspective, HMGB1 emerges as an attractive but complex therapeutic target, as 

its direct inhibition is challenging due to its high structural plasticity and multifunctionality. Recent 

studies have shown that metformin, widely used in the treatment of type 2 diabetes, can interact 

directly with the C-terminal tail of HMGB1 [17], potentially blocking receptor-mediated signaling 



and HMGB1-induced EMT. Nevertheless, the effects of metformin on HMGB1 and its structurally 

modified forms, as well as its impact on tumor cell invasiveness, remain insufficiently clarified. 

These observations highlight a significant research gap and form the motivation for the present 

study, which aims to elucidate the role of the HMGB1 C-terminal tail in regulating EMT and 

invasiveness in breast cancer, assess the effects of its removal on these processes, and evaluate the 

potential of metformin to modulate them. 

  



2. Aims and Objectives 

Based on the analysis of the available literature, the mechanisms underlying HMGB1-dependent 

epithelial–mesenchymal transition (EMT), the role of the C-terminal tail, and the potential for 

pharmacological modulation by metformin, the following aims and objectives were formulated: 

Aim 1: 

To compare the effects of full-length HMGB1 and a truncated variant lacking the C-terminal tail 

(HMGB1ΔC) on EMT activation, cell motility, and invasion in different breast cancer subtypes. 

Objectives related to Aim 1: 

1. To evaluate the effects of recombinant HMGB1 and HMGB1ΔC on cell motility using a 

wound-healing assay. 

2. To investigate the effects of recombinant HMGB1 and HMGB1ΔC on cell invasiveness in 

a 3D spheroid model. 

3. To analyze the expression of EMT markers following treatment with recombinant HMGB1 

and HMGB1ΔC. 

4. To determine whether the observed effects are RAGE-dependent through receptor 

silencing. 

5. To assess NF-κB phosphorylation as an indicator of pathway activation. 

Aim 2: 

To evaluate the potential of metformin as a therapeutic modulator of HMGB1-dependent EMT. 

Objectives related to Aim 2: 

1. To determine sub-inhibitory concentrations of metformin using MTT assays in 2D and 3D 

models. 

2. To investigate the effects of metformin alone and in combination with HMGB1 on cell 

motility and invasion. 

3. To analyze the effects of metformin alone and in combination with HMGB1 on the 

expression of EMT markers. 

4. To assess the effects of metformin alone and in combination with HMGB1 on NF-κB 

phosphorylation. 

5. To analyze the effect of metformin on the interaction between HMGB1 and RAGE. 

  



3. Materials and Methods 

3.1. Materials 

Cell culture 

Human breast cancer cell lines—MDA-MB-231 (triple-negative), MCF-7 (ER+), and SK-BR-3 

(HER2+)—were used in this study and obtained from the American Type Culture Collection 

(ATCC). Cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), antibiotics, and antimycotics. For MCF-7 cells, 

recombinant human insulin (10 μg/mL) was additionally included. All cell cultures were 

maintained under standard conditions (37°C, 5% CO₂). 

For 3D spheroid models, Ultra-Low Attachment U-bottom plates and methylcellulose were used. 

Protein expression and purification 

Recombinant HMGB1 and HMGB1ΔC were expressed using the pET-28a(+) expression system 

and purified by His-tag affinity chromatography followed by dialysis. For co-immunoprecipitation 

experiments involving HMGB1, HMGB1ΔC, and RAGE, Pierce Protein A/G magnetic beads were 

employed. 

Immunofluorescence analysis and Western blotting 

The expression of EMT markers and NF-κB signaling components was assessed using antibodies 

against E-cadherin, N-cadherin, vimentin, ZO-1, p65 NF-κB, phosphorylated p65 NF-κB, 

HMGB1, RAGE, β-actin, and PCNA, together with appropriate HRP- or fluorophore-conjugated 

secondary antibodies (Alexa Fluor 488). Non-specific binding was blocked using bovine serum 

albumin (BSA). Coverslips for immunofluorescence analysis were mounted with Fluoromount-G 

containing DAPI. 

Reagents for viability assessment 

Spheroid viability was evaluated using Calcein-AM and propidium iodide (PI) in combination with 

Hank’s Balanced Salt Solution. 

 

3.2. Methods 

1. Expression and purification of recombinant proteins 

2. Cell culture 

3. Analysis of cell motility using a wound-healing assay 

4. Formation of 3D tumor spheroids using methylcellulose 

5. Assessment of viability in 3D tumor spheroid models 



6. Evaluation of the invasive potential of 3D tumor spheroids embedded in collagen gel 

7. Protein expression analysis by SDS-PAGE and Western blotting 

8. Subcellular fractionation 

9. Silencing of RAGE receptor expression using specific esiRNA 

10. Immunofluorescence analysis 

11. MTT assay for assessment of cell viability in 2D and 3D cultures 

12. Co-immunoprecipitation (Co-IP) 

  



4. Results 

4.1. Effects of HMGB1 and HMGB1ΔC on cell motility in different molecular subtypes of 

breast cancer 

Cell motility was assessed using a wound-healing assay in three human breast cancer cell lines—

MDA-MB-231 (triple-negative), MCF-7 (ER⁺), and SK-BR-3 (HER2⁺). Treatment with 

recombinant HMGB1 and HMGB1ΔC (100–1000 ng/mL), as well as with TGF-β (1–10 ng/mL, 

positive control), revealed a pronounced subtype-specific effect. 

A significant increase in cell motility within 48 hours after treatment was observed exclusively in 

MDA-MB-231 cells (Figures 1 and 2). In contrast, MCF-7 (Figures 3 and 4) and SK-BR-3 (Figures 

5 and 6) cells did not exhibit statistically significant wound closure compared to control samples. 

  

 

Figure 1. Effects of HMGB1 and HMGB1ΔC on cell motility of MDA-MB-231 cells assessed by a wound-healing assay. (A) 

Representative images of MDA-MB-231 cells before treatment (0 h) and 48 h after treatment with different concentrations of 

HMGB1. Scale bar: 500 μm. (B) Representative images of MDA-MB-231 cells before treatment (0 h) and 48 h after treatment with 

different concentrations of HMGB1ΔC. Scale bar: 500 μm. (C) Graphical representation of percentage wound closure in MDA-

MB-231 cells 48 h after treatment with HMGB1 and HMGB1ΔC, calculated relative to the initial wound width (0 h). (D) 

Normalized percentage wound closure, with untreated control cells defined as 100%. All results are presented as mean ± standard 

error of the mean (SEM), n = 3. Wound width measurements and percentage wound closure calculations were performed using 

ImageJ software. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test for multiple 

comparisons. Statistically significant differences are indicated by ** (p < 0.01). 

 

  



 

Figure 2. Effects of TGF-β on cell motility of MDA-MB-231 cells assessed by a wound-healing assay. (A) Representative 

images of MDA-MB-231 cells before treatment (0 h) and 48 h after treatment with different concentrations of TGF-β. Scale bar: 

500 μm. (B) Normalized percentage wound closure, with untreated control cells defined as 100%. All results are presented as mean 

± standard error of the mean (SEM), n = 3. Wound width measurements and percentage wound closure calculations were performed 

using ImageJ software. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test for multiple 

comparisons. Statistically significant differences are indicated by * (p < 0.05). 

 

 

 

Figure 3. Effects of HMGB1 and HMGB1ΔC on cell motility of MCF-7 cells assessed by a wound-healing assay. (A) 

Representative images of MCF-7 cells before treatment (0 h) and 48 h after treatment with different concentrations of HMGB1. 

Scale bar: 500 μm. (B) Representative images of MCF-7 cells before treatment (0 h) and 48 h after treatment with different 

concentrations of HMGB1ΔC. Scale bar: 500 μm. (C) Normalized percentage wound closure, with untreated control cells defined 

as 100%. All results are presented as mean ± standard error of the mean (SEM), n = 3. Wound width measurements and percentage 

wound closure calculations were performed using ImageJ software. 

 

  



 

 

Figure 4. Effects of TGF-β on cell motility of MCF-7 cells assessed by a wound-healing assay. (A) Representative images of 

MCF-7 cells before treatment (0 h) and 48 h after treatment with different concentrations of TGF-β. Scale bar: 500 μm. (B) 

Normalized percentage wound closure, with untreated control cells defined as 100%. All results are presented as mean ± standard 

error of the mean (SEM), n = 3. Wound width measurements and percentage wound closure calculations were performed using 

ImageJ software. 

 

 

 

Figure 5. Effects of HMGB1 and HMGB1ΔC on cell motility of SK-BR-3 cells assessed by a wound-healing assay. (A) 

Representative images of SK-BR-3 cells before treatment (0 h) and 48 h after treatment with different concentrations of HMGB1. 

Scale bar: 500 μm. (B) Representative images of SK-BR-3 cells before treatment (0 h) and 48 h after treatment with different 

concentrations of HMGB1ΔC. Scale bar: 500 μm. (C) Normalized percentage wound closure, with untreated control cells defined 

as 100%. All results are presented as mean ± standard error of the mean (SEM), n = 3. Wound width measurements and percentage 

wound closure calculations were performed using ImageJ software. 

 

 

 

 

 



 

Figure 6. Effects of TGF-β on cell motility of SK-BR-3 cells assessed by a wound-healing assay. (A) Representative images of 

SK-BR-3 cells before treatment (0 h) and 48 h after treatment with different concentrations of TGF-β. Scale bar: 500 μm. (B) 

Normalized percentage wound closure, with untreated control cells defined as 100%. All results are presented as mean ± standard 

error of the mean (SEM), n = 3. Wound width measurements and percentage wound closure calculations were performed using 

ImageJ software. 

 

The maximal effect on cell motility in MDA-MB-231 cells was observed at 100 ng/mL HMGB1, 

300 ng/mL HMGB1ΔC, and 5 ng/mL TGF-β (Figure 7). These results suggest that cells of the 

triple-negative subtype are more responsive to HMGB1-mediated signaling, which may be 

attributed to differences in the baseline expression levels of the corresponding receptors and 

signaling components. 

 

Figure 7. Effects of HMGB1, HMGB1ΔC, and TGF-β on cell motility in MDA-MB-231 cells. (A) Representative wound-

healing images at 0 h and 48 h after treatment with 100 ng/mL HMGB1, 300 ng/mL HMGB1ΔC, and 5 ng/mL TGF-β. (B) 

Quantitative assessment of cell motility, normalized to the control, which was defined as 100% wound closure. All results are 

presented as mean ± standard error of the mean (SEM), n = 3. Wound width measurements and percentage wound closure 

calculations were performed using ImageJ software. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s 

post hoc test for multiple comparisons. Statistically significant differences are indicated by ** (p < 0.01). 

 

 

 



4.2. HMGB1 and HMGB1ΔC induce EMT marker expression in MDA-MB-231 cells 

To confirm that the observed changes in cell motility were associated with EMT activation, the 

expression of characteristic EMT markers was analyzed in each cell line. Specifically, N-cadherin 

and vimentin were examined in MDA-MB-231 cells (Figure 8), E-cadherin in MCF-7 cells (Figure 

9), and ZO-1 in SK-BR-3 cells (Figure 10) by Western blot analysis. 

 

Figure 8. Analysis of EMT marker expression in MDA-MB-231 cells following treatment with HMGB1, HMGB1ΔC, and 

TGF-β. (A) Representative Western blot images showing changes in N-cadherin and vimentin expression levels in MDA-MB-231 

cells after HMGB1 treatment. (B) Normalized expression values presented as fold change relative to the control (untreated) group, 

where protein expression levels were set to 1. (C) Western blot images following treatment with HMGB1ΔC. (D) Normalized 

expression values for HMGB1ΔC. (E) Western blot images following treatment with TGF-β. (F) Normalized expression values for 

TGF-β. All results are presented as mean ± standard error of the mean (SEM), n = 3. Densitometric analysis of protein expression 

was performed using ImageJ software. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc 

test for multiple comparisons. Statistically significant differences are indicated by * (p < 0.05) and ** (p < 0.01). Values are 

presented in arbitrary units (A.U.). 

 

 



  

 

Figure 9. Analysis of EMT marker expression in MCF-7 cells following treatment with HMGB1, HMGB1ΔC, and TGF-β. 

(A) Representative Western blot images showing E-cadherin expression levels in MCF-7 cells after HMGB1 treatment. (B) 

Normalized expression values presented as fold change relative to the control (untreated) group, where protein expression levels 

were set to 1. (C) Western blot images following treatment with HMGB1ΔC. (D) Normalized expression values for HMGB1ΔC. 

(E) Western blot images following treatment with TGF-β. (F) Normalized expression values for TGF-β. Densitometric analysis of 

protein expression was performed using ImageJ software. Values are presented in arbitrary units (A.U.). 

  



  

  

Figure 10. Analysis of EMT marker expression in SK-BR-3 cells following treatment with HMGB1, HMGB1ΔC, and TGF-

β. (A) Representative Western blot images showing ZO-1 expression levels in SK-BR-3 cells after HMGB1 treatment. (B) 

Normalized expression values presented as fold change relative to the control (untreated) group, where protein expression levels 

were set to 1. (C) Western blot images following treatment with HMGB1ΔC. (D) Normalized expression values for HMGB1ΔC. 

(E) Western blot images following treatment with TGF-β. (F) Normalized expression values for TGF-β. Densitometric analysis of 

protein expression was performed using ImageJ software. Values are presented in arbitrary units (A.U.). 

 

In MDA-MB-231 cells, a clear increase in N-cadherin and vimentin expression was observed 

following treatment with 100 ng/mL HMGB1, 300 ng/mL HMGB1ΔC, and 5 ng/mL TGF-β 

(Figure 11), whereas no changes were detected in MCF-7 cells (E-cadherin) or SK-BR-3 cells 

(ZO-1). These results correlate with the observed differences in cell motility. 

  



  

Figure 11. Analysis of EMT marker expression in MDA-MB-231 cells following treatment with HMGB1, HMGB1ΔC, and 

TGF-β. (A) Representative Western blot images showing changes in N-cadherin and vimentin expression levels in MDA-MB-231 

cells treated with 100 ng/mL HMGB1, 300 ng/mL HMGB1ΔC, and 5 ng/mL TGF-β. (B) Quantification of protein expression based 

on densitometric analysis of Western blot signals from three independent experiments (n = 3) using ImageJ software. Values are 

presented as mean ± standard deviation and normalized as fold change relative to the control (untreated) group, where protein 

expression levels were set to 1. Densitometric analysis was performed using ImageJ software. Statistical analysis was conducted 

using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Statistically significant differences are 

indicated by ** (p < 0.01). Values are presented in arbitrary units (A.U.). 

 

4.3. Comparative analysis of baseline HMGB1, RAGE, and NF-κB expression across 

different molecular subtypes of breast cancer 

To clarify why only MDA-MB-231 cells exhibited sensitivity to recombinant proteins and whether 

this could be attributed to intrinsic differences in EMT-related components, baseline levels of 

HMGB1, RAGE, p65 NF-κB, and phosphorylated p65 NF-κB were analyzed in MDA-MB-231, 

MCF-7, SK-BR-3, as well as in the non-tumorigenic epithelial line MCF-10A (used as a negative 

control). 

The results revealed significantly higher expression of all analyzed proteins in MDA-MB-231 cells 

compared to the other cell lines (Figure 12), which likely explains the enhanced sensitivity of this 

cell line to HMGB1-mediated signaling. Consequently, all subsequent experimental studies were 

focused exclusively on MDA-MB-231 cells. 

 

  



  

 

Figure 12. Baseline expression of p65 NF-κB, phospho-p65 NF-κB, RAGE, and HMGB1 in breast cancer and normal 

epithelial cell lines. (A) Representative Western blot images of total protein extracts from four cell lines: MCF-10A, MCF-7, 

MDA-MB-231, and SK-BR-3. (B) Quantitative analysis of relative RAGE, HMGB1, and phospho-p65 NF-κB expression 

normalized to total p65 NF-κB and β-actin, presented as mean ± SD from three independent experiments (n = 3). Densitometric 

analysis of protein expression was performed using ImageJ software. Values are presented in arbitrary units (A.U.). 

 

4.4. Optimization of a 3D spheroid model for the assessment of cell invasion 

To establish a reliable 3D model for evaluating the invasive potential of cells, MDA-MB-231 

spheroids were generated using methylcellulose at various concentrations (1.25–5 mg/mL) and 

seeding densities (10,000, 30,000, and 50,000 cells/mL) (Figure 13). 

Analysis of spheroid morphology and viability indicated that the most compact and well-formed 

spheroids, with an optimal ratio of live to dead cells, were obtained at a seeding density of 30,000 

cells/mL and 2.5 mg/mL methylcellulose. This condition was adopted as optimal and used in all 

subsequent experiments (Figure 14). 

 

  



 

Figure 13. Effect of methylcellulose concentration and seeding density on MDA-MB-231 spheroid formation. Formation of 

three-dimensional cell spheroids is shown at different initial seeding densities (10,000, 30,000, and 50,000 cells/mL) under the 

following conditions: (A) Cells cultured without methylcellulose; (B) Cells cultured with 1.25 mg/mL methylcellulose; (C) Cells 

cultured with 2.5 mg/mL methylcellulose; (D) Cells cultured with 5 mg/mL methylcellulose. Images were acquired using an 

inverted microscope (AxioVert 200M, Zeiss) with a 10× objective. Scale bar: 500 μm. Shown images are representative of three 

independent experiments. 

 

  



 

 

Figure 14. Cell viability in spheroids formed at different methylcellulose concentrations and seeding densities. Cell viability 

was assessed after 72 h of culture using a dual-fluorescence staining approach: live cells were labeled with Calcein-AM (green), 

and necrotic cells with propidium iodide (red). Images were acquired using an inverted fluorescence microscope (AxioVert 200M, 

Zeiss) with a 10× objective and appropriate filters for the green and red spectra. Scale bar: 500 μm. (A) Effect of 1.25 mg/mL 

methylcellulose on cell viability at different seeding densities; (B) Effect of 2.5 mg/mL methylcellulose; (C) Effect of 5 mg/mL 

methylcellulose; (D) Quantitative analysis of the live/dead cell ratio, presented graphically. Data are summarized from three 

independent experiments. Quantitative analysis was performed using ImageJ, with three spheroids analyzed per condition. 

Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. LD: low-

density (10,000 cells/mL); MD: mid-density (30,000 cells/mL); HD: high-density (50,000 cells/mL). Statistically significant 

differences are indicated by *** (p < 0.001). 

 

4.5. HMGB1 and HMGB1ΔC stimulate invasion of 3D tumor spheroids in collagen gel 

Optimized MDA-MB-231 spheroids were embedded in type I collagen matrix (2.5 mg/mL) to 

model a three-dimensional tumor microenvironment. After gel polymerization, spheroids were 

treated with HMGB1, HMGB1ΔC, and TGF-β at the same concentrations used in the two-

dimensional wound-healing assays (Figure 15). 

 

  



 

Figure 15. Effects of HMGB1, HMGB1ΔC, and TGF-β on MDA-MB-231 cell invasion assessed using a 3D spheroid invasion 

assay in type I collagen matrix. (A) Representative images of MDA-MB-231 spheroids at 0 h, 24 h, and 48 h after treatment with 

various concentrations of HMGB1. Scale bar: 500 µm. (B) Normalized invasion values, defined as 100% for untreated control 

spheroids. (C) Representative images of MDA-MB-231 spheroids at 0 h, 24 h, and 48 h after treatment with various concentrations 

of HMGB1ΔC. Scale bar: 500 µm. (D) Normalized invasion values for HMGB1ΔC, with untreated controls set to 100%. (E) 

Representative images of MDA-MB-231 spheroids at 0 h, 24 h, and 48 h after treatment with various concentrations of TGF-β. 

Scale bar: 500 µm. (F) Normalized invasion values for TGF-β, with untreated controls set to 100%. All results are presented as 

mean ± standard error of the mean (SEM), n = 3. Spheroid diameters and percentage invasion were measured and calculated using 

ImageJ software. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test for multiple 

comparisons. Statistically significant differences are indicated by ** (p < 0.01). 

 

The results showed that both forms of HMGB1 induced cell invasion from spheroids into the 

surrounding collagen matrix, with HMGB1ΔC exhibiting a stronger pro-invasive effect at lower 

concentrations compared to full-length HMGB1. The most pronounced invasion was observed 

following treatment with 500 ng/mL HMGB1ΔC and 1 ng/mL TGF-β, followed by 700 ng/mL 

HMGB1 (Figure 16). 



 

Figure 16. Effects of HMGB1, HMGB1ΔC, and TGF-β on MDA-MB-231 cell invasion. (A) Representative images of spheroid 

invasion at 0 h and 48 h after treatment with 700 ng/mL HMGB1, 500 ng/mL HMGB1ΔC, and 1 ng/mL TGF-β. (B) Quantitative 

assessment of cell invasion, normalized to the control, which was set as 100% invasion. Spheroid measurements and calculation of 

invasion percentages were performed using ImageJ software. Statistical analysis was conducted using one-way ANOVA followed 

by Tukey’s post hoc test for multiple comparisons. Statistically significant differences are indicated by * (p < 0.05) and ** (p < 

0.01). 

 

4.6. RAGE receptor silencing confirms a distinct mechanism of action for HMGB1ΔC 

Since HMGB1 typically induces EMT through interaction with the RAGE receptor, we 

investigated whether the truncated variant HMGB1ΔC utilizes the same mechanism. To this end, 

RAGE expression was effectively silenced using specific esiRNA, achieving approximately 80% 

reduction in protein levels (Figure 17). 

Subsequently, cell motility (wound healing assay), EMT marker expression, and 3D invasion 

analyses were repeated using the optimal concentrations of HMGB1 and HMGB1ΔC that showed 

the strongest effects in previous experiments—100 ng/mL HMGB1 and 300 ng/mL HMGB1ΔC 

for motility and EMT assays, and 700 ng/mL HMGB1 and 500 ng/mL HMGB1ΔC for invasion 

assays. 

RAGE silencing resulted in a significant suppression of HMGB1-induced cell motility (Figure 18), 

EMT (Figure 19), and invasion (Figure 20), whereas HMGB1ΔC retained its pro-invasive and 

EMT-inducing effects. These data indicate that HMGB1ΔC can activate EMT through alternative 

receptor pathways independent of RAGE, highlighting a distinct mechanism of action compared 

to full-length HMGB1. 

  



 

Figure 17. RAGE receptor silencing. 

Representative Western blot images showing RAGE expression in MDA-MB-231 cell lysates with and without esiRAGE treatment, 

and quantitative analysis of relative RAGE expression normalized to β-actin. Data are presented as mean ± SD from three 

independent experiments (n = 3). Quantitative analysis was performed using ImageJ, and statistical significance was assessed using 

an unpaired t-test. Statistically significant differences between groups are indicated by *** (p < 0.001). 

 

 

 

Figure 18. Effect of RAGE silencing on MDA-MB-231 cell motility. (A) Representative images of MDA-MB-231 cells at 0 h 

and 48 h after treatment with 100 ng/mL HMGB1 and 300 ng/mL HMGB1ΔC in cells with (esiRAGE) or without (WT) RAGE 

silencing. (B) Quantitative analysis of cell motility, normalized to the control, which was set as 100% motility. All results are 

presented as mean ± standard error of the mean (SEM), n = 3. Wound widths and percentage closure were measured and calculated 

using ImageJ software. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test for multiple 

comparisons. Statistically significant differences are indicated by ** (p < 0.01). 

  



 

Figure 19. Effect of RAGE silencing on Vimentin expression. (A) Representative Western blot images showing Vimentin 

expression in MDA-MB-231 cells 48 h after treatment with 100 ng/mL HMGB1 and 300 ng/mL HMGB1ΔC in cells with 

(esiRAGE) or without (WT) RAGE silencing. (B) Quantitative analysis of Vimentin expression, normalized to the control, which 

was set to 1. All results are presented as mean ± standard error of the mean (SEM), n = 3. Densitometric analysis of protein 

expression was performed using ImageJ software. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s 

post hoc test for multiple comparisons. Statistically significant differences are indicated by * (p < 0.05) and *** (p < 0.001). Values 

are expressed in arbitrary units (A.U). 

 

 

Figure 20. Effect of RAGE silencing on MDA-MB-231 cell invasion. (A) Representative images of MDA-MB-231 spheroids at 

0 h and 48 h after treatment with 700 ng/mL HMGB1 and 500 ng/mL HMGB1ΔC in cells with (esiRAGE) or without (WT) RAGE 

silencing. (B) Quantitative analysis of cell invasion, normalized to the control, which was set as 100% invasion. All results are 

presented as mean ± standard error of the mean (SEM), n = 3. Spheroid measurements and calculation of invasion percentages 

were performed using ImageJ software. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc 

test for multiple comparisons. Statistically significant differences are indicated by ** (p < 0.01). 

  



4.7. HMGB1ΔC induces nuclear accumulation of phosphorylated NF-κB (p65) 

Since the interaction between HMGB1 and RAGE is known to induce phosphorylation of the 

transcription factor NF-κB, and previous results indicated that HMGB1ΔC can act independently 

of this receptor, we investigated its effect on NF-κB activity. NF-κB activation was analyzed using 

immunofluorescence staining and subcellular fractionation of nuclear and cytoplasmic 

compartments. 

The results demonstrated pronounced nuclear accumulation of phosphorylated p65 NF-κB 

following treatment with 300 ng/mL HMGB1ΔC compared to 100 ng/mL full-length HMGB1 

(Figure 21). Western blot analysis confirmed these observations, showing higher levels of 

phosphorylated NF-κB in the nuclear fraction after HMGB1ΔC treatment (Figure 22). 

These data indicate that HMGB1ΔC is capable of activating NF-κB signaling through a RAGE-

independent mechanism, which likely contributes to its stronger pro-invasive effect. 

 

 

Figure 21. Immunofluorescence analysis of phosphorylated and total p65 NF-κB translocation in MDA-MB-231 cells after 

treatment with 100 ng/mL HMGB1 and 300 ng/mL HMGB1ΔC. (A) Representative images showing the effect of 100 ng/mL 

HMGB1 and 300 ng/mL HMGB1ΔC on the subcellular localization of phosphorylated p65 NF-κB. Fluorescence exposure: 800.0 

ms. Scale bar: 20 μm. (B) Representative images showing the effect of 100 ng/mL HMGB1 and 300 ng/mL HMGB1ΔC on the 

localization of total p65 NF-κB. Fluorescence exposure: 600.0 ms. Images were captured using an inverted fluorescence microscope 

AxioVert 200M (Zeiss) with a 63× oil immersion objective and appropriate filters for green and blue spectra. All results are 

presented as mean ± standard error of the mean (SEM), n = 3. Images were processed using ImageJ software. 

 

 

  



 

Figure 22. Subcellular fractionation and quantitative analysis of phosphorylated p65 NF-κB relative to total p65 NF-κB in 

the nuclear and cytoplasmic fractions of MDA-MB-231 cells. (A) Representative Western blot images showing the expression 

of phosphorylated p65 NF-κB and total p65 NF-κB relative to PCNA in the nuclear fraction and β-actin in the cytoplasmic fraction. 

(B) Quantitative analysis of phosphorylated p65 NF-κB relative to total p65 NF-κB in the nuclear and cytoplasmic fractions, 

presented as mean ± standard deviation (SD) from three independent experiments (n = 3). Statistical analysis was performed using 

ImageJ and one-way ANOVA followed by Tukey post-hoc tests for multiple comparisons. Statistically significant differences 

between groups are indicated as follows: *p < 0.05; ** p < 0.01. Values are presented in arbitrary units (A.U). 

 

4.8. Determination of metformin cytotoxicity in 2D and 3D MDA-MB-231 cell models 

The aim was to determine the concentration range at which metformin exhibits minimal 

cytotoxicity, allowing the use of sub-inhibitory doses that primarily reflect its functional effects 

rather than cell death induction. 

Cytotoxicity was assessed via MTT assay in both two-dimensional (2D) and three-dimensional 

(3D) models of the MDA-MB-231 cell line, using metformin concentrations ranging from 0.625 

mM to 80 mM. 

The results demonstrated that inhibitory concentrations (IC₁₀–IC₅₀) in 3D models were 

approximately twofold higher than those observed in 2D cultures. This finding confirms the 

increased drug resistance of cells in a three-dimensional configuration and highlights the relevance 

of 3D models as a physiologically more representative tool for evaluating drug sensitivity (Figure 

23). 

  



 

 

Figure 23. Dose-dependent effect of metformin on the viability of 2D and 3D MDA-MB-231 models. (A) MTT assay of MDA-

MB-231 cells cultured in a two-dimensional monolayer and treated with increasing concentrations of metformin (0.625–80 mM) 

for 72 hours. Data are presented as mean ± standard deviation (SD) from at least three independent biological experiments, each 

performed in triplicate. The accompanying table shows the calculated inhibitory concentrations (IC₁₀–IC₅₀) for the 2D model. (B) 

MTT assay of MDA-MB-231 cells cultured as three-dimensional tumor spheroids and treated with increasing concentrations of 

metformin (0.625–80 mM) for 96 hours. The accompanying table shows the calculated IC₁₀–IC₅₀ values for the 3D model. Data 

analysis was performed using GraphPad Prism 7. Statistical analysis was conducted via one-way ANOVA, followed by Tukey’s 

post-hoc test for multiple comparisons. Values for both models were normalized to the untreated control, which was set as 100% 

cell viability. 

 

4.9. Effect of metformin on HMGB1- and HMGB1ΔC-induced cell motility, EMT, and 

invasion 

To evaluate the functional impact of metformin, an initial screening was performed to determine a 

sub-inhibitory concentration capable of maximally suppressing HMGB1- and/or HMGB1ΔC-

induced cellular processes. The IC₃₀ concentration was identified as optimal for subsequent 

experiments (Figures 24, 26, and 28). 

At this concentration, analyses of cell motility (wound healing assay), EMT marker expression (N-

cadherin and Vimentin), and 3D spheroid invasion were conducted. 

Metformin alone moderately reduced cell motility, invasion, and EMT marker expression. 

However, co-treatment with 100 ng/mL HMGB1 significantly attenuated the pro-invasive effects 

of HMGB1 across all measured parameters. In contrast, metformin did not affect 300 ng/mL 

HMGB1ΔC-induced processes, suggesting that its inhibitory effect depends on the presence of the 

C-terminal tail of HMGB1 (Figures 25, 27, and 29). 

 

 



 

Figure 24. Effect of metformin alone and in combination with HMGB1 or HMGB1ΔC on MDA-MB-231 cell motility, 

assessed by wound healing assay. (A) Representative wound healing images of MDA-MB-231 cells treated with metformin at 

IC10, IC20, IC30, IC40, and IC50 concentrations. (B) Effect of combined treatment with metformin (IC10–IC50) and 100 ng/mL 

HMGB1. (C) Effect of combined treatment with metformin (IC10–IC50) and 300 ng/mL HMGB1ΔC. (D) Quantitative analysis of 

wound closure, normalized to the untreated control (100%). Data are presented as mean ± SD from three independent experiments 



(n = 3). Wound width measurements and calculation of percentage motility were performed using ImageJ. Statistical analysis was 

conducted using one-way ANOVA followed by Tukey post-hoc test for multiple comparisons. Significant differences are indicated 

as *p < 0.05; **p < 0.01. All images were captured with an AxioVert 200M microscope, 10× objective. Scale bar: 500 µm. 

 

 

Figure 25. Effect of IC30 metformin on HMGB1- and HMGB1ΔC-induced MDA-MB-231 cell motility. (A) Representative 

wound healing images of MDA-MB-231 cells at 0 and 48 hours after treatment with 100 ng/mL HMGB1, 300 ng/mL HMGB1ΔC, 

IC30 metformin, and combinations of metformin with HMGB1 or HMGB1ΔC. (B) Quantitative analysis of cell motility, 

normalized to the untreated control (100% wound closure). Data are presented as mean ± SD from three independent experiments, 

each performed in triplicate (n = 3). Wound width measurements and calculation of motility percentage were performed using 

ImageJ. Statistical analysis was conducted using one-way ANOVA followed by Tukey post-hoc test for multiple comparisons. 

Significant differences are indicated as *p < 0.05; **p < 0.01. 

 

 

 

 

 

 

 

 

 



  

Figure 26. Effect of metformin alone and in combination with HMGB1 and HMGB1ΔC on 3D invasion of MDA-MB-231 

spheroids in type I collagen matrix. (A) Representative images of spheroids treated with metformin at IC10, IC20, IC30, IC40, 

and IC50 concentrations. (B) Effect of combined treatment of metformin (IC10–IC50) with 700 ng/mL HMGB1. (C) Effect of 

combined treatment of metformin (IC10–IC50) with 500 ng/mL HMGB1ΔC. All images were acquired using an AxioVert 200M 

microscope with a 10× objective. Scale bar: 500 µm. (D) Quantitative analysis of spheroid invasion, normalized to the untreated 

control (100%). Data are presented as mean ± SD from three independent experiments (n = 3). Spheroid diameters and invasion 

percentages were measured and calculated using ImageJ. Statistical analysis was performed using one-way ANOVA followed by 

Tukey post-hoc test for multiple comparisons. Significant differences are indicated as **p < 0.01. 



 

Figure 27. Effect of IC30 metformin on HMGB1- and HMGB1ΔC-induced invasion of MDA-MB-231 cells. (A) 

Representative images of spheroid invasion at 0 and 48 hours following treatment with 700 ng/mL HMGB1, 500 ng/mL 

HMGB1ΔC, IC30 metformin, and combinations of metformin with HMGB1 or HMGB1ΔC. (B) Quantitative analysis of spheroid 

invasion, normalized to the untreated control (100% invasion). Data are presented as mean ± SD from three independent 

experiments, each performed in triplicate. Spheroid diameters and invasion percentages were measured and calculated using 

ImageJ. Statistical analysis was performed using one-way ANOVA followed by Tukey post-hoc test for multiple comparisons. 

Significant differences between groups are indicated as *p < 0.05; **p < 0.01. 

  



   

 

Figure 28. Effect of metformin alone and in combination with HMGB1 and HMGB1ΔC on N-cadherin and Vimentin 

expression in MDA-MB-231 cells. (A) Representative Western blot images showing N-cadherin and Vimentin expression in cell 

lysates treated with increasing concentrations of metformin (IC10, IC20, IC30, IC40, IC50). (B) Quantitative analysis of N-cadherin 

and Vimentin expression normalized to the untreated control (set as 1). (C) Representative Western blot images showing N-cadherin 

and Vimentin expression after treatment with metformin and 100 ng/mL HMGB1. (D) Quantitative analysis of expression 

normalized to the untreated control. (E) Representative Western blot images showing N-cadherin and Vimentin expression after 

treatment with metformin and 300 ng/mL HMGB1ΔC. (F) Quantitative analysis of expression normalized to the untreated control. 

Data are presented as mean ± SD from three independent experiments (n = 3). Densitometric analysis was performed using ImageJ. 

Statistical analysis was performed using one-way ANOVA followed by Tukey post-hoc test for multiple comparisons. Significant 

differences are indicated as *p < 0.05; **p < 0.01. Values are expressed in arbitrary units (A.U). 

  



  

 

Figure 29. Analysis of EMT marker expression in MDA-MB-231 cells following treatment with HMGB1, HMGB1ΔC, 

metformin, and combinations of metformin with HMGB1 or HMGB1ΔC. (A) Representative Western blot images showing 

changes in N-cadherin and Vimentin expression in MDA-MB-231 cells treated with 100 ng/mL HMGB1, 300 ng/mL HMGB1ΔC, 

IC30 metformin, metformin in combination with HMGB1, and metformin in combination with HMGB1ΔC. (B) Quantitative 

analysis of N-cadherin and Vimentin expression based on densitometric analysis of Western blot signals from three independent 

experiments (n = 3). Densitometric analysis was performed using ImageJ. Values are presented as mean ± SD and normalized as 

fold change relative to the untreated control (set as 1). Statistical analysis was performed using one-way ANOVA followed by 

Tukey post-hoc test for multiple comparisons. Statistically significant differences are indicated as ***p < 0.001. Values are 

expressed in arbitrary units (A.U). 

 

4.10. Metformin inhibits HMGB1-dependent NF-κB activation but does not affect 

HMGB1ΔC 

Phosphorylation of NF-κB was assessed by immunofluorescence and subcellular fractionation. 

Combined treatment of MDA-MB-231 cells with 100 ng/mL HMGB1 and a subinhibitory 

concentration of metformin (IC₃₀) resulted in a marked reduction of phosphorylated p65 NF-κB 

levels in the nuclear fraction compared to cells treated with HMGB1 alone. 

This effect was not observed following treatment with HMGB1ΔC, further supporting the 

hypothesis that metformin interacts with the C-terminal tail of HMGB1, thereby inhibiting 

HMGB1–RAGE-mediated signaling (Figures 30 and 31). 

 

 

  



 

 

Figure 30. Immunofluorescence analysis of phosphorylated p65 NF-κB and total p65 NF-κB translocation in MDA-MB-231 

cells treated with IC₃₀ metformin alone and in combination with 100 ng/mL HMGB1 or 300 ng/mL HMGB1ΔC. (A) 

Representative images showing the effect of IC₃₀ metformin alone or in combination with 100 ng/mL HMGB1 and 300 ng/mL 

HMGB1ΔC on the localization of phosphorylated p65 NF-κB. Fluorescence intensity: 870.0 ms. Scale bar: 20 μm. (B) 

Representative images showing the effect of IC₃₀ metformin alone or in combination with 100 ng/mL HMGB1 and 300 ng/mL 

HMGB1ΔC on the localization of total p65 NF-κB. Fluorescence intensity: 670.0 ms. Scale bar: 20 μm. Images were acquired 

using an AxioVert 200M inverted fluorescence microscope (Zeiss) with a 63× immersion oil objective and appropriate filters for 

the green and blue channels. 

 

 

Figure 31. Subcellular fractionation and quantitative analysis of phosphorylated p65 NF-κB relative to total p65 NF-κB in 

nuclear and cytoplasmic fractions of MDA-MB-231 cells treated with metformin alone or in combination with HMGB1 or 

HMGB1ΔC. (A) Representative Western blot images showing phosphorylated p65 NF-κB and total p65 NF-κB in nuclear 

(normalized to PCNA) and cytoplasmic (normalized to β-actin) fractions. (B) Quantitative analysis of phosphorylated p65 NF-κB 

relative to total p65 NF-κB in nuclear and cytoplasmic fractions. Data are presented as mean ± SD from three independent 

experiments (n = 3). Statistical analysis was performed using ImageJ and one-way ANOVA followed by Tukey post-hoc multiple 

comparisons. Statistically significant differences between groups are indicated as ** p < 0.01. Values are expressed in arbitrary 

units (A.U). 

  



4.11. Metformin disrupts the interaction between HMGB1 and RAGE 

To evaluate whether metformin directly affects the HMGB1–RAGE complex, co-

immunoprecipitation analysis was performed. Treatment with 100 ng/mL HMGB1 resulted in a 

stable interaction between HMGB1 and RAGE, whereas no interaction was detected following 

treatment with 300 ng/mL HMGB1ΔC. The addition of IC₃₀ metformin to HMGB1-treated cells 

significantly reduced HMGB1–RAGE binding, indicating that metformin can interfere with the 

formation of the HMGB1–RAGE complex. This effect likely underlies the subsequent inhibition 

of NF-κB phosphorylation and EMT observed under HMGB1 stimulation (Figure 32). 

 

Figure 32. Co-immunoprecipitation analysis assessing the interaction between HMGB1 and RAGE in MDA-MB-231 cells 

and the effect of metformin on this interaction. (A) Representative Western blot images of co-immunoprecipitates showing the 

presence of RAGE and HMGB1 in the complex following treatment with 100 ng/mL HMGB1, and the absence of such a complex 

after treatment with 300 ng/mL HMGB1ΔC. Furthermore, the addition of IC₃₀ metformin to 100 ng/mL HMGB1 reduces HMGB1–

RAGE binding. (B) Quantitative analysis of HMGB1–RAGE interaction, presented as mean ± SD from three independent 

experiments (n = 3). Quantification was performed using ImageJ. Statistical analysis was conducted using one-way ANOVA 

followed by Tukey post-hoc test for multiple comparisons. Statistically significant differences are indicated by *** p < 0.001. 

Values are presented in arbitrary units (A.U). 

  



5. Discussion 

The analysis of the effects of HMGB1, its truncated variant lacking the C-terminal tail 

(HMGB1ΔC), and TGF-β on cell motility and EMT revealed a pronounced cell-type specificity, 

dependent on the molecular context. The use of TGF-β as a classical EMT inducer [18] provides 

methodological validity and allows direct comparison with established models [19]. Our results 

demonstrate that both HMGB1 and HMGB1ΔC induce EMT and motility exclusively in MDA-

MB-231 cells, but not in MCF-7 or SK-BR-3, highlighting that the pro-metastatic effects of 

HMGB1 are contingent upon an aggressive cellular phenotype [20]. This observation is explained 

by the elevated baseline expression of HMGB1, RAGE, and phosphorylated NF-κB in MDA-MB-

231, creating an auto-inductive HMGB1–RAGE–NF-κB loop [21]. 

The observed dose-dependent effect, where higher concentrations attenuate pro-EMT activity, 

aligns with the non-linear regulation of HMGB1 signaling. Potential mechanisms include receptor 

saturation, negative feedback through the NF-κB pathway, or HMGB1 oxidation leading to 

functional inactivation [21]. 

A key finding is that HMGB1ΔC induces stronger EMT and invasiveness compared to full-length 

HMGB1, supporting the hypothesis of an autoinhibitory role of the C-terminal tail. Its removal 

“unmasks” receptor-binding motifs within the Box A/B domains, enhancing affinity for RAGE 

and TLR receptors [6, 11, 12]. This likely facilitates ligand oligomerization, receptor clustering, 

and sustained NF-κB signaling. Consequently, the expression of EMT transcription factors (Snail, 

Twist, ZEB1) and matrix metalloproteinases is likely increased, resulting in a more invasive 

phenotype [6]. 

The redox state and post-translational modifications further modulate HMGB1 activity [6]. Within 

a tumor microenvironment rich in oxidative stress, HMGB1ΔC may be more stable and 

functionally active. In 3D cultures, which better mimic physiological tissue architecture, 

HMGB1ΔC’s effect on invasion is even more pronounced, likely due to improved diffusion and 

more efficient receptor engagement. This underscores the importance of three-dimensional cell 

models as a physiologically relevant tool to assess metastatic potential. 

Our study also demonstrates that metformin, a well-established anti-diabetic drug, inhibits 

HMGB1-induced EMT, cell motility, and invasion in a concentration-dependent manner. 

Metformin reduces NF-κB phosphorylation and disrupts HMGB1–RAGE interaction, suggesting 

a direct interaction between metformin and the C-terminal tail of HMGB1. The absence of effect 

on HMGB1ΔC confirms that this structural region represents the critical target of metformin. 

These findings are consistent with previous reports indicating that metformin suppresses motility 

and EMT across various tumor cell lines [22]. 

In conclusion, the present work outlines a novel mechanistic model in which removal of HMGB1’s 

C-terminal tail enhances its extracellular pro-tumor activity, while metformin, through interaction 

with this tail, selectively blocks the HMGB1/RAGE/NF-κB axis. This positions HMGB1 as a 



structurally and therapeutically vulnerable factor in breast cancer metastasis and highlights the 

potential for repurposing metformin as an anti-cancer agent [23, 24]. 

 

6. Conclusion 

This study demonstrates that the effects of HMGB1 and HMGB1ΔC on EMT, cell motility, and 

invasion in breast cancer are subtype-specific and most pronounced in triple-negative MDA-MB-

231 cells, which are characterized by an active HMGB1–RAGE–NF-κB signaling axis. The 

removal of the C-terminal tail enhances the protein’s pro-invasive properties, likely through more 

efficient interaction with receptors other than RAGE and prolonged NF-κB activation. Metformin 

effectively suppresses HMGB1-induced effects by blocking its interaction with RAGE, yet does 

not affect HMGB1ΔC activity, highlighting the structural dependence of this mechanism. These 

findings reveal a novel therapeutic opportunity to target HMGB1-mediated signaling in aggressive 

breast cancer subtypes using an accessible, low-cost, and minimally cytotoxic drug such as 

metformin. 

 

7. Key Findings and Contributions 

Key findings from this dissertation include: 

1. The triple-negative breast cancer subtype exhibits the highest baseline levels of HMGB1, 

RAGE, and phosphorylated NF-κB compared to other subtypes, rendering it likely the most 

responsive to HMGB1- and HMGB1ΔC-induced cell motility and EMT activation. 

2. HMGB1ΔC induces EMT, as evidenced by increased expression of EMT markers (N-

cadherin and Vimentin) and elevated NF-κB phosphorylation, but likely operates via a 

RAGE-independent mechanism. 

3. Metformin prevents HMGB1–RAGE interaction, leading to reduced cell motility, invasion, 

NF-κB activation, and EMT. 

 

Key contributions of this dissertation are: 

1. The first study investigating the effects of C-terminal truncated HMGB1 on EMT in a 

breast cancer model. 

2. The first evidence that HMGB1ΔC activates EMT more strongly than the native protein, 

yet via a RAGE-independent pathway. 

3. The first study evaluating the effect of metformin on HMGB1-induced EMT. 

4. The first evidence that metformin effectively inhibits HMGB1-induced EMT, cell motility, 

and invasion. 

5. Development and optimization of a protocol for forming 3D spheroids with high viability, 

allowing straightforward cultivation and experimental manipulation. 
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