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ABSTRACT 

Introduction: TNBC is a highly advanced, molecular subtype of breast cancer, characterized by lack of gene expression 

of the estrogen receptor, progesterone receptor and HEGF-2 (human epidermal growth factor receptor-2). Additionally, 

patients with TNBC, the absence of particular therapeutic targets are associated with unfavorable clinical results, while the 

high risk of metastasis and recurrence. There is increasing evidence that epigenetic modifications, such as methylation of 

DNA and demethylation events, are important factors in the spread and development of TNBC, also in metastasis and 

treatment resistance. While active demethylation of DNA through 5-hydroxymethyl-cytosine (5-hmC) has been connected 

to chromatin remodeling and gene regulation, DNA methylation through 5-methyl-cytosine (5-mC) is a crucial mechanism 

for silencing genes. Tumor suppressor genes, oncogenic signaling pathways, and all cellular differentiation pathways have 

been linked to the abnormal levels of 5-mC and 5-hmC found in TNBC samples.  

Method: The research investigated how DNA methylation and demethylation markers in tumor tissue affect the response 

of TNBC patients to neoadjuvant chemotherapy (NACT) compared to those who did not receive NACT, while exploring 

the relationship between 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC), revealing new insights into the 

predictive significance of these epigenetic indicators. The study comprised 40 female patients with TNBC, where 15 

underwent neoadjuvant chemotherapy (NACT) and 25 did not. Global DNA methylation and demethylation levels were 

measured using an ELISA-based technique to investigate the content of 5-mC and 5-hmC levels in DNA extracted from 

biopsy samples of patients receiving NACT and postoperative tissues from those without NACT. 

Results: There was a significant positive correlation found between two global methylation markers (rs=0.929, p < 

0.0001).Favorable association between 5-hmc and 5-mC was observed (rs= 0.017, p < 0.951 and rs= 0.069, p < 0.743, 

respectively). Hence we propose that 5-methylcytosine and 5-hydroxymethylcytosine to be consider as key molecular 

markers of pathogenesis of TNBC. Moreover, the findings support epigenetic interventions aimed to restore DNA 

methylation dynamics to a "normal" state. 
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1. INTRODUCTION 

1.1 TNBC 

Breast cancer is the most prevalent cancer in women worldwide, and a leading cause of mortality in women [1]. The 

molecular subtype triple-negative breast cancer, which represents about 15-20% of all type of breast cancers, and is an 

aggressive clinical phenotype [2].TNBC is characterized by the lack of expression of human epidermal growth factor 

receptor-2 (HER2), progesterone receptor (PR), and estrogen receptor (ER) [3].This molecular signature makes it possible 

to use some of the targeted endocrine treatments and HER2 targeting therapies, and offers few options. TNBC is known to 

have high tumor size, genomic instability, distant metastasis and tumor recurrence. Patients with larger tumors, a higher 

grade and worse prognosis compared to other type of breast cancer [4]. Additionally, the therapeutic management of TNBC 

is further complicated by its biological heterogeneity, and new molecular mechanisms contributing to the progression of 

the disease need to be identified [5].Epigenetic changes have been highlighted in recent studies as important in the 

pathogenesis of TNBC. In contrast to mutations, epigenetic changes may be reversible, which opens the opportunity to the 

discovery of biomarkers and therapeutic intervention [1]. 

 

1.2 Epigenetic Regulation in Cancer  

Epigenetic is the study of changes in gene expression that occur without altering the DNA sequence [6]. Components of 

epigenetic mechanisms are— DNA methylation, chromatin remodeling, histone modifications and non-coding RNA 

chromatin regulation [7]. These processes act together to control the activity of transcription and cell identity. One example 

of an epigenetic alteration that has been extensively studied is DNA methylation. The methylation occurs at the 5th carbon 

of cytosine residues that are the part of CpG dinucleotide, creating 5-methylcytosine [8]. Gene silencing, genomic stability, 

X-chromosome inactivation and DNA methylation is linked to the repression of repetitive sequences [9].In normal tissues, 

methylation of DNA is well regulated. However, in most cases there exists a general methylation defect, hypomethylation 



 

Genetics and Molecular Research 25 (14s): 2026                2 

of the whole genome and hypermethylation of tumor suppressor gene promoter regions. These alterations are all associated 

with oncogene activation. Chromosomal instability and malignant transformation [10]. 

 

1.3 Biological Significance of 5-Methylcytosine  

In mammals, epigenetic alteration most commonly associated with transcriptional regulation is cytosine methylation [8]. 

DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B) have the ability to methylate cytosine using S-

adenosylmethionine. The methylation pattern is maintained by DNMT1 during DNA replication, and the establishment of 

the methylation pattern involves DNMT3A and DNMT3B during development and differentiation. DNA 

methyltransferases are overexpressed in a number of malignancies such as liver cancer, leukemia and breast cancer [11]. 

In TNBC, abnormal 5-mC deposition has been linked to the repression of numerous significant tumor suppressor genes 

which regulate DNA repair, the cell cycle, and apoptosis, and immune surveillance. Tumors exhibit hypermethylation of 

the promoters of genes (such as BRCA1, RASSF1A, APC, CDH1 and PTEN) that play key role in tumor progression and 

resistance to therapy [12]. 5-mC in promoter regions blocks access by transcription factors, favoring binding of methyl-

binding proteins leading to chromatin condensation and repression of genes [13]. This results in the abnormal methylation 

pattern to allow disease to progress and oncogenic transformation.  

 

1.4 Biological Significance of 5-Hydroxymethylcytosine  

The discovery of 5-hmC added a new dimension to the world of DNA methylation. Ten-eleven translocation enzymes 

(TET1, TET2, and TET3) are responsible for the production of 5-hmC through oxidation of 5-mC [14]. This modification 

is a reversible demethylation intermediate in active demethylation pathways and which is a consistent epigenetic mark with 

unique epigenetic regulatory characteristics.5-hmC is generally associated with genome differentiation of cells and active 

transcription [14].Numerous investigations have revealed a significant drop in 5-hmC in many cancer types. Decreased 

levels of 5-hmC is thought to be linked to high aggressive tumor behavior, poorer prognosis and high metastatic potential 

[15]. Epigenetic dysregulation and stem cell-like phenotypes have been associated to the reduced TET activity and reduced 

5-hmC in TNBC [1]. The low level of 5hmC results in gene expression that  make it easier for cells to become malignant. 

Thus, hydroxymethylation landscape characterization could help to insight into the biology and prognosis of tumors [9].   

 

1.5 Rationale of the Study  

Many researchers focused DNA methylation in breast cancer, but there are few studies, that thoroughly examined the 

methylation and demethylation dynamics in TNBC [4].The co-ordinated epigenetic regulation of 5-mC modification and 

5-hmC modification suggests that there is a joint mechanism of epigenetic regulation could lead to the progression of 

cancer [10].A comprehensive characterization of these epigenetic modifications could be beneficial to understand the 

heterogeneity of TNBC, as well as the identification of novel biomarkers for prognosis, diagnosis, and treatment targeting 

[5]. The goal of the current study was to assess the changes of global and gene specific 5-mC and 5-hmC levels and their 

function in TNBC pathogenesis.   

 

2. RESEARCH GAP 

Despite existing evidence supporting the level of abnormal methylation of DNA in TNBC, comprehensive investigations 

of demethylation and methylation processes have been insufficient so far. The current literature frequently emphasizes the 

connection between 5-mC and 5-hmC tumor levels prior to therapy and TNBC patient’s reaction to NACT. Furthermore, 

we evaluated the association between these markers. A thorough assessment of 5-hmC and 5-mC is necessary to understand 

the function of methylation of DNA alterations in TNBC. These analyses might be utilized to determine novel biomarkers 

and therapeutic targets for precision oncology applications.   

  

3. METHODOLOGY 

3.1 Study Design and sample Collection 

The study included biopsy tumor samples from forty female patients (age 45-55 years), who had triple-negative breast 

cancer (TNBC). These forty samples were divided into two groups: Before surgery, 15 patients received neoadjuvant 

chemotherapy (NACT), whereas 25 patients did not. Patients admitted in surgical oncology department of HSK Hospital 

and Research Centre, Bagalkot included in the study. 

 

15 patients underwent neoadjuvant chemotherapy, as below – 

 

4 cycles of AC (doxorubicin and cyclophosphamide every 2-3 weeks) followed by 12 cycles of paclitaxel (administered 

weekly).The Institutional Ethics Certificate was obtained (approval no: BLDE (DU)/IEC/1054/2023-24 dated 13/03/2023) 

from BLDE (DU) Shri B.M. Patil Medical College, Hospital and Research Centre, Vijayapura, India. 

 

3.2 DNA Isolation  

Genomic DNA extraction in tumor samples of TNBC patients was done using the HiGenoMB, Unzipping Genes DNA 

purification kit (HiMedia Laboratories Pvt Ltd.).Immediately after isolation of DNA the sample was stored at -200C till 

further analysis [16]. 

 

3.3 Quantification Global Methylation and Demethylation Levels  

The percentage of global 5-hmC and 5-mC levels were measured by ELISA kit. [17].  

 

 

3.4 Statistical Analysis 
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Statistical analysis was done using ‘Student t Test’ and comparisons involving more than two groups, and SPSS software 

version 20 was used to evaluate group differences. Pearson's correlation coefficient was used to analyze the link between 

continuous variables. Scatter plots are used to show correlation findings, and bar graphs with their interquartile ranges and 

medians are used to show differences. 

 

4. RESULTS 

4.1 Comparison of 5-mC and 5-hmC Levels in triple-negative breast cancer patients with NACT & without NACT. 

The median levels of 5-mC and 5-hmC in biopsy samples from before surgery subject with NACT accounted for 0.690% 

and 0.070%, respectively, and were both significantly lower than those observed in tumor samples obtained from subjects 

without NACT at the time of surgery (2.890% and 0.212 %, respectively, p< 0.0001 for 5-mC, p<0.0001 for 5-hmC;.The 

two patient groups were statistically Significant. 

 

Table1. Markers of DNA methylation (5-mC) and DNA demethylation (5-hmC) in triple-negative breast cancer 

Patients with NACT and without NACT. 

 

Methylation 

and 

Demethylation 

Markers 

Total Samples 

(n=40) 

Biopsy Samples 

with 

NACT 

(n=15) 

Biopsy Samples 

Without NACT 

(n=25) 

 

P* 

 

5-mC[%] 

2.008 ± 1.102 

(0.570 -3.000) 

0.685 ± 0.064 

(0.570 – 0.785) 

2.801 ± 0.471 

(0.585 – 3.000) 

 

< 0.0001 

 

5-hmC[%] 

0.156 ± 0.068 

(0.067 – 0.224) 

0.070 ± 0.002 

( 0.067 – 0.073) 

0.207 ± 0.014 

( 0.185 – 0.224) 

 

< 0.0001 

 

 
Figure 2 Relationship between markers of DNA methylation (5-mC) and demethylation (5-hmC) in all biopsy samples. 

[Biopsy samples from all TNBC patients (a), biopsy sample from patients with neoadjuvant chemotherapy (b), and biopsy 

samples from patients without chemotherapy (c)]. 
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(a) Correlation among DNA methylation of total samples with and without neoadjuvant chemotherapy—(rs = 

0.926, p < 0.0001) 

 

 

 

b). Correlation between5-mC and 5-hmCin biopsy samples with neoadjuvant chemotherapy– ( rs = -0.134, 

p=0.635) 

 

 
 

C). Correlation between5-mC and 5-hmCin biopsy samples without neoadjuvant chemotherapy–(rs = - 0.051, 

P=810) 
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5.  DISCUSSION 

In this study, we aimed to assess the global DNA methylation marker 5-mC and demethylation marker 5-hmC in TNBC 

patients. These two epigenetic markers are interconnected, as 5-hmC is derived from 5-mC through the action of TET (Ten-

Eleven-Translocation) enzymes)[18].In our study we found a positive correlation (rs=0.926, p<0.0001) between these two 

markers. This equilibrium signifies the functioning of DNA methylation and demethylation processes. We also observed 

that decreased levels of 5-mC and 5-hmC (0.690% and 0.070%, respectively) in biopsy samples of patients with NACT as 

compared to without NACT (2.890% and 0.212%, respectively).  Some researcher suggested that DNA methylation can 

be a powerful molecular tool to identify TNB (triple-negative breast cancer) subtypes [19].The study identified that the 

epigenetic markers are linked to increased levels of differentiation, genome instability, proliferation rate and prognosis of 

the disease. The report pointed out that alterations in the methylation of DNA suppress the function of genes without 

altering the sequence of the nucleotides. These epigenetic changes impact the pathways involved in cellular proliferation, 

apoptosis, invasion and metastasis. Promoter hypomethylation encourages the activation of carcinogenic pathways that aid 

in malignant transformation, while promoter hypermethylation frequently results in the silence of tumor suppressor genes. 

Hypermethylation patterns have been linked to a short recurrence-free duration, regardless of whether patients took 

chemotherapy or not. 

Tarhonska et al (2025) has reported that triple-negative breast cancer (TNBC) methylation and demethylation play essential 

function in controlling biological behavior and treatment response of TNBCs. The study aimed to correlate epigenetic 

modifications and clinicopathological characteristics with TNBC chemotherapeutic response [4]. 

We observed that the intensity of the illness and prognosis was strongly correlated with aberrant methylation. Elevated 5-

mC and 5-hmC DNA levels were linked to higher proliferation, improved metastatic potential, and a worse response to 

neoadjuvant chemotherapy (NACT). Concurrently, alterations in the epigenetic process contributed to the ongoing 

silencing of genes involved in apoptosis, immune regulation, and genomic stability, which implies more aggressive and 

proliferative features of tumors. 

We also observed positive relationship between methylation status and the resistance to chemotherapy. The neoadjuvant 

Chemotherapeutic drug treatment has different effects on patients with different methylation patterns. Some methylation 

patterns were linked to treatment sensitivity, while others were linked to the therapeutic resistance. These observations 

indicate that epigenetic markers are useful in monitoring personalized treatment decisions and clinical outcome. Higher 

levels of global 5-mC and 5-hmC DNA methylation in TNBC tissues were associated with greater cell proliferation, 

increased metastatic potential, and a poorer response to neoadjuvant chemotherapy (NACT). 

Our findings imply that the combination of DNA methyltransferase inhibitors and neoadjuvant chemotherapy may improve 

treatment outcomes in patients with triple-negative breast cancer, who have elevated levels of DNA methylation markers. 

Our results are inconsistent with the researcher that these epigenetic modifications may alter the expression of cancer-

related genes, impacting medication susceptibility or resistance. [20-22]. 

ELISA assays are generally susceptible to significant variability; therefore, this method is suitable for providing rough 

estimates of gene methylation patterns. Nonetheless, this method is straightforward and fast, making it useful for identifying 

major genetic changes in the DNA methylome, which potentially indicate a quick screening tool for evaluation of responses 

to neoadjuvant chemotherapy.  

Our findings demonstrated that higher levels of 5-mC and 5-hmC indicators were associated with a poorer response to 

neoadjuvant treatment in triple-negative breast cancer tissues. These results suggest that hypermethylation could be used 

as a marker to identify triple-negative breast cancer patients, who are more likely to respond poorly to chemotherapy and 

have an aggressive course of illness. Understanding these relationships are essential for creating individualized treatment 

plans and enhancing patient outcomes. 

 

6. LIMITATIONS 

Due to relatively low frequency of this specific subtype of breast cancer, we had trouble in obtaining sufficient number of 

TNBC samples, which limited our sample size. Repeated assessments with and without NACT may reveal the dynamic 

nature of DNA patterns in response to treatment and its potential as a predictive biomarker for breast cancer survival 

following neoadjuvant chemotherapy. 

 

7. CONCLUSIONS 

The strong positive correlation between 5-mC and 5-hmC levels in TNBC patients' tumor sample suggests that global DNA 

methylation and demethylation markers may be prognostic of TNBC. Additionally, 5-hmC and 5-mC concentrations in 

tumor tissues seem to be linked to TNBC patients' response to neoadjuvant chemotherapy, suggesting that these epigenetic 

changes may be predictive of treatment outcome. Validating these findings in larger cohorts could advance triple-negative 

breast cancer (TNBC) research and help personalize patient treatment plans.  
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