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Malignant transformation is largely driven by the accumulation of genetic mutations that confer proliferative advantages, evade various cell death mechanisms, and sustain cell viability under adverse conditions. Nevertheless, it is also widely acknowledged that other internal and external cues contribute to cancer transformation and progression [1]. Internal signaling often depends on epigenetic mechanisms, which may be transient or persist over the long term through diverse inheritance mechanisms [2,3,4]. It is now widely recognized that epigenomic signatures are profoundly disrupted in many cancers [5]. Epigenetic instability may stem from genetic mutations, aberrant expression of proteins involved in epigenetic regulation, or metabolic dysfunctions [6,7,8]. Such modifications support the transcriptional networks underlying the acquisition and maintenance of cancer-associated traits. Unlike largely irreversible genetic mutations, epigenetic alterations are reversible, enabling rapid cellular reprogramming and adaptation under unfavorable conditions [3,4,9]. Epigenetics encompasses interconnected molecular mechanisms that regulate chromatin structure and function. These include DNA methylation, histone modifications, histone variants, nucleosome positioning, three-dimensional chromatin organization, and non-coding RNAs. Acting together, these processes alter DNA accessibility without changing the underlying nucleotide sequence, thereby regulating gene expression and affecting various cancer hallmarks, such as uncontrolled proliferation, resistance to apoptosis, metastatic potential, replicative immortality, and immune signaling [4,5,9].



Immune signaling is widely recognized as a key external factor that may modulate cancer pathogenesis and responses to various therapies. Although the immune system can recognize and eliminate tumor cells in a process known as immunosurveillance, cancer cells may acquire multiple mechanisms of immune evasion during tumor evolution [10]. These include loss of antigenicity through epigenetic silencing of tumor-associated and tumor-specific antigens, defects in MHC I-mediated antigen presentation, and activation of immune checkpoint pathways such as PD-1/PD-L1 and CTLA-4 [11,12,13]. In addition, the tumor microenvironment promotes immunosuppression by limiting immune cell infiltration and recruiting immunosuppressive cell populations, including myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), neutrophils (TANs), and regulatory T cells (Tregs) [14]. As these mechanisms enable tumor cells to evade immune control and promote tumor progression, immunotherapy aimed at restoring or enhancing the immune system’s natural ability to eradicate cancer cells has become a widely used and effective therapeutic approach in recent years. Despite their promise, therapeutic responses can be compromised by tumor-associated immune suppression and adverse autoimmune reactions [10,14]. To improve the overall efficacy of immunotherapeutic approaches, substantial effort has been devoted to identifying biomarker signatures and novel therapeutic options. Many studies reveal the underlying interplay between epigenetic traits and immune signaling, highlighting the importance of both factors as tools that could be incorporated into modern strategies for cancer patient management.



The articles collected in this Special Issue, “Epigenetic Genes, Biomarkers and Immunotherapy in Cancers”, highlight the increasingly recognized interplay among epigenetic regulation, cancer cell biology, and immune system signaling. Some of the contributions focus on immune checkpoint pathways in solid tumors, emphasizing the importance of the Programmed Cell Death 1 (PD-1)/Programmed Cell Death Ligand 1 (PD-L1) axis in immune evasion and the therapeutic exploitation of this axis through immune checkpoint inhibitors [15,16]. Complementing these studies, other papers explore the epigenetic landscape of cancer, from the diagnostic and prognostic value of hTERT promoter methylation patterns [17] to the contribution of non-coding circular RNAs [18], and histone deacetylases (HDACs) in tumor progression [19]. The reported associations between the expression pattern of HDAC family members, cancer stemness, and immune cell infiltration pinpoint the notion that epigenetic dysregulation not only drives malignant transformation but also affects the composition and function of the tumor microenvironment [19]. Collectively, these studies illustrate how epigenetic and immune signatures may serve as novel biomarkers and therapeutic targets, thereby advancing precision oncology approaches to improve immunotherapeutic strategies.



More specifically, the review by Emanuela Germana and colleagues [15] demonstrates the value of PD-L1 expression assessment in guiding clinical decisions and predicting response to immunotherapy with ICIs (immune checkpoint inhibitors) in advanced bladder cancer. The article presents current classification, treatment modalities, and prognosis for three types of bladder cancer: non-muscle invasive bladder cancer, muscle-invasive bladder cancer, and metastatic tumors. As multiple studies have indicated that high PD-L1 expression frequently appears in high-grade bladder tumors, ICIs have emerged as a potential therapeutic regimen for patients with progressive disease [15]. Importantly, the authors emphasized substantial histologic, molecular, and immune heterogeneity of bladder cancer, which may impair precise diagnosis and compromise concordance between transcriptomic and immunohistochemical (IHC) evaluations [20]. Thus, several immunohistochemical assays, scoring systems, and cut-off points have been established to assess PD-L1 expression prior to ICI administration [21,22,23]. These assays were used in several clinical trials that have been comprehensively presented in the review. The trials tested various ICIs in the cohorts with advanced urothelial bladder cancer [15]. Interestingly, a few of the reported studies showed significantly improved ICI efficacy in patients with high PD-L1 expression [24,25]. However, some trials reported benefits of ICI regardless of PD-L1 status, while others showed limited efficacy of ICI compared with standard treatment in metastatic tumors [26]. Although the overall data indicate the effectiveness and safety of ICI treatment in progressive bladder tumors, the authors emphasized that tumor heterogeneity and changes in the dynamic TME composition and cellular epigenomics may account for the limited predictive power of current PD-L1 assays [15].



Immunotherapeutic approaches were also described in the context of gastric cancer [16]. In their narrative review, the authors synthesized current information on the epidemiology and etiology of gastric cancer, highlighting preventive measures, clinically relevant biomarkers, and available treatment options. Various forms of ICI immunotherapy are a major focus of the review. The authors elegantly explained the molecular function of immune checkpoints, including the PD-1/PD-L1 axis and the binding of cytotoxic T-lymphocyte antigen 4 (CTLA-4) to CD80/CD86 molecules. In addition to those two well-studied signaling networks, other immune checkpoint molecules and their roles in the immune network are also listed. Cancer cells hijack mechanisms present in non-cancerous settings to evade immunosurveillance. Under non-malignant conditions, immune checkpoints reduce excessive immune responses, thereby preventing tissue destruction and autoimmunity. In cancer, however, immune checkpoint signaling impairs T cell proliferation, differentiation potential, and activity, which subsequently leads to T cell exhaustion, increased immune tolerance, and, ultimately, cancer cell evasion of immune clearance [27,28,29]. Blocking immune checkpoint molecules is therefore an attractive option to relieve immunosuppression and arm patients’ immune systems against cancerous cells [29,30]. Indeed, some clinical trials demonstrated favorable therapeutic effects in gastric cancer patients treated with various forms of ICIs either as monotherapy or in combination with other drugs, e.g., trastuzumab, an anti-HER2 monoclonal antibody [31,32,33]. Interestingly, patients meeting higher PD-L1 expression cut-offs demonstrated better response to combination therapy with ICIs [31]. Nevertheless, the article also underscores the limited ICI efficacy in some of the gastric cancer patients, e.g., in patients with liver metastasis, pinpointing the need for more precise identification of the factors responsible for the resistance to therapy [16].



Indeed, as highlighted in the perspective by Simeon Santourlidis and colleagues [17], the search for robust biomarkers is essential for the development of reliable diagnostic methods and evidence-based guidance for anti-cancer therapies. The authors focused on the utility of the epigenetic status of Telomerase Reverse Transcriptase (hTERT) as a pan-cancer biomarker to improve diagnosis, prognosis, residual disease detection, and decision-making in the context of chemotherapy [17]. The latter is particularly important for achieving optimal exposure to chemotherapeutic agents while avoiding overtreatment, thereby balancing successful eradication of cancer cells with reduced cytotoxicity to normal tissues [17,34]. Altered methylation profile in the long hTERT promoter region may be successfully assessed using cancer-derived DNA, including cell-free DNA (cfDNA) released into the tumor-surrounding body fluids from dying cancer cells [17,35]. Notably, a liquid biopsy may be collected in a minimally invasive manner. Interestingly, hTERT is broadly expressed across multiple tumor types, as observed in 73% of 6835 tumors [36], thereby enabling the acquisition of replicative immortality [1]. Multiple studies indicate that hTERT re-expression is, at least in part, driven by epigenetic mechanisms [36]. In many tumors, the proximal hTERT promoter region is hypomethylated, whereas the distal region is, counterintuitively, hypermethylated [37,38]. The hypermethylated locus, dubbed TERT Hypermethylated Oncological Region (THOR), encompasses 52 CpG sites upstream of the TERT core promoter [37]. The data suggest that THOR contains sequences that regulate the expression of an antisense promoter-associated (hTAPAS) lncRNA, which may be responsible for the post-transcriptional silencing of hTERT expression [39]. Thus, it has been proposed that hypermethylation within the hTERT distal THOR locus represses hTAPAS, which in turn leads to the hTERT re-expression and, ultimately, to cancer cell immortalization [39,40]. Given the pan-cancer phenomenon of activated hTERT expression, the authors concluded that assays measuring the methylation profile of the hTERT promoter, e.g., via methylation-specific PCR, may be useful in various clinical contexts [17].



While DNA methylation is a classical epigenetic marker, Karolina Włodarczyk and colleagues, in their review [18], highlighted cancer-related aspects of circular RNAs (circRNAs), an emerging and rapidly evolving field of epigenetic research. The authors focused mainly on the impact of circRNAs in endometrial cancer (EC). After a detailed overview of EC epidemiology, risk factors, genetic background, heterogeneity, staging, and molecular classification, the authors explored multiple aspects of circRNA research. CircRNAs, formed from pre-mRNA via back-splicing, may contain a variable composition of exonic, intronic, and/or intergenic sequences. They lack a 5′ end cap and a 3′ end poly(A) tail, and both ends are covalently connected, generating a circular entity [41]. Such a structure protects against RNase R exonuclease digestion, thereby rendering circRNAs highly stable [42]. They may arise via different biogenesis mechanisms, including exon skipping, intron pairing, interaction with RNA-binding proteins, tRNA-dependent circularization, and other mechanisms [41]. Some circRNAs act as miRNA sponges, sequestering miRNAs and preventing their interaction with target mRNAs, thereby promoting mRNA stability and translation. For instance, in EC, hsa_circ_0002577 binds miR-197, which is responsible for CTNND1 silencing, thereby mediating Wnt/β-catenin signaling and, consequently, cell proliferation, migration, and invasion [43]. CircRNAs may also sponge RNA-binding proteins, as shown with circCHD7. CircCDH7 binds insulin-like growth factor RNA-binding protein 2 (IGFBP2), thereby activating JAK/STAT signaling and promoting proliferation in EC cells [44]. Furthermore, some circRNAs regulate parental gene transcription through interaction with RNA polymerase II (e.g., EIciRNA in the complex with U1 snRNP) [45]. The review systematically compiled current evidence on various circRNAs dysregulated in EC, along with their reported molecular and functional properties. Application of circRNAs was also discussed in the context of immunotherapy [18]. For example, circRNAs may serve as carriers of antigen-encoding sequences, similarly to mRNA-based cancer vaccines, but with superior stability. They may also be used to modulate the expression of immune checkpoint proteins or other immune modulators to improve ICI- or CAR-based therapies [46,47]. Despite growing interest in circRNAs, further research is needed to develop robust circRNA-based methodologies for clinical application.



As mentioned earlier, epigenetic dysregulation is a crucial component modulating tumor biology. This phenomenon was also confirmed in the study on the histone deacetylase (HDAC) signature in solid tumors [19]. HDACs enzymatically remove acetyl groups from histone and non-histone proteins [5,48]. From the epigenetic perspective, histone deacetylation promotes chromatin compaction due to increased affinity between DNA and histones, thereby impairing transcriptional activity within an affected region [5,48]. Based on their homology, structure, and cofactor usage, HDACs are divided into four classes: class I (comprising HDAC1/2/3/8), class II (HDAC4/5/6/7/9/10), class III (sirtuins), and class IV (HDAC11) [49]. Their expression patterns vary across tissues, and their regulatory effects on gene expression depend on cellular context and interactions with specific proteins [49]. The study by Kacper Maciejewski and colleagues [19] encompassed all HDAC family members and their transcriptomic profiles across 22 distinct tumor types available from publicly available The Cancer Genome Atlas (TCGA) datasets [50]. Several online bioinformatics applications, including GEPIA2, TISIDB, GSCA, Enrichr, and GSEA supported the analyses.



The findings indicate that class I HDACs are uniformly upregulated across all tested tumor types compared to adjacent normal samples. In contrast, class III and IV HDACs are generally upregulated, but not in all tumor types. HDAC upregulation was observed to positively correlate with various clinicopathological parameters, such as tumor stage, grade, and TNM classification, but in a cancer- and gene-dependent manner. Most importantly, the analyses revealed that the expression patterns of class I HDACs, especially HDAC2, are strongly associated with stemness-related features (including published signatures) and an immunosuppressive tumor microenvironment across diverse solid tumors. Interestingly, the transcriptomic profiles of class II HDACs, and HDAC7 in particular, showed opposite associations. Class II HDACs demonstrated a negative correlation with stemness and a positive association with immune-related terms, including increased immune cell infiltration and expression of chemokines and their receptors, collectively indicating enhanced tumor immunogenicity. The study suggests that a therapeutic strategy combining class I HDAC inhibitors with ICI immunotherapy may help attenuate cancer stemness, while enhancing antitumor immunity [19].



In summary, the papers gathered in this Special Issue advance our understanding of how epigenetic and immune mechanisms shape tumor behavior, immune evasion, and responses to immunotherapy, while highlighting the growing value of epigenetic biomarkers in precision oncology. These articles demonstrate that epigenetic mechanisms influence not only intrinsic cancer cell programs, such as stemness, but also the composition and function of the tumor microenvironment. Moreover, the studies highlight the clinical potential of biomarkers such as PD-L1, hTERT methylation, circRNAs, and HDAC expression profiles for patient stratification and therapeutic decision-making. Despite the remarkable success of immunotherapies, many questions remain unanswered, including the mechanisms underlying primary and acquired resistance, the dynamic interaction between epigenetic states and antitumor immunity, and the reliability of current predictive biomarkers across heterogeneous tumors. Future research should focus on integrating epigenetic and immune profiling, validating novel biomarkers in prospective clinical trials, and developing innovative therapeutic strategies, including epigenetic modulators, circRNA-based technologies, and rational combinations of immunotherapy with epigenetic drugs, to further improve personalized cancer treatment.
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