Genetic markers in hepatocellular carcinoma
Abstract
Hepatocellular carcinoma (HCC) is a major global health burden and a leading cause of cancer-related mortality, commonly arising in the setting of cirrhosis and chronic liver disease. Hepatocarcinogenesis is driven by complex genetic and epigenetic alterations, including mutations in tumour protein p53, telomerase reverse transcriptase (TERT), and catenin beta 1, as well as dysregulation of microRNAs and long non-coding RNAs (lncRNAs). These molecular changes have been identified as potential diagnostic and prognostic indicators for HCC. Among telomere-related molecules, telomeric repeat-containing RNA (TERRA), an lncRNA involved in telomere regulation and genomic stability, has emerged as a promising biomarker. However, TERRA represents only one component of the broader molecular network involved in HCC development and progression.
A comprehensive literature search of PubMed, Scopus, Web of Science, and Google Scholar was conducted to identify experimental and clinical studies published between 2010 and 2025 investigating genetic, epigenetic, and circulating molecular markers in HCC patients.
Aim: This systematic review aimed to evaluate current evidence regarding genetic, epigenetic, telomere-related, and circulating molecular biomarkers associated with HCC, emphasizing their diagnostic, prognostic, and disease-monitoring potential.
Available evidence indicates that telomere-related alterations, including dysregulated TERRA expression, are associated with enhanced telomerase activity, telomere length changes, tumor aggressiveness, metastasis, and poor clinical outcomes.
Conclusion: Molecular biomarkers, including TERRA, show promising potential as non-invasive tools for early detection, prognostic stratification, and monitoring of HCC. Further large-scale studies are needed to validate their clinical utility.
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Introduction
Hepatocellular carcinoma (HCC), the most common primary liver malignancy, has a remarkable effect on global health. HCC was the sixth most frequently identified cancer, the fourth leading cause of cancer-related mortality, and ranked as the second most frequent cause of cancer mortality in men globally in 2020 [1].
It is the fourth most dominant form of malignancy in Egypt [2]. In Egypt, HCC is regarded as a severe public health concern, causing 33.63% of all malignancies in male and 13.54% in women [3].
Hepatitis B, viral hepatitis C, and alcoholic and non-alcoholic fatty liver disease are the primary risk factors for liver cancer in clinical practice [4]. Cirrhosis, which is induced by HBV and HCV, is the most prevalent risk factor for HCC globally [5]. Additionally, there are numerous genetic and epigenetic factors that contribute to the complex molecular pathogenesis of liver cirrhosis and its progression to HCC [6].
Advancements in genome sequencing and analysis have facilitated the discovery of a multitude of RNA transcripts that exhibit properties similar to mRNAs but are not translated into proteins, known as long noncoding RNAs (lncRNAs). These transcripts are longer than 200 nucleotides. A type of lncRNA is telomeric repeat-containing RNA (TERRA). From subtelomeric regions, RNA polymerase II transcribes telomeres to large noncoding TERRA. The chromosome extremities of telomeres deteriorate in the absence of regulatory mechanisms, resulting in their dysfunction and the promotion of DNA damage. This damage leads to cellular senescence, pervasive genome instability, and apoptosis [7].
Several studies have demonstrated the correlation between deregulated TERRA expression and cancer. Nevertheless, the function of TERRA in human solid malignancies is mainly unexplored [8].
In the tumour tissue of patients diagnosed with HCC, downregulation of TERRA and TTAGGG repeat binding factor-1 (TRF1) and upregulation of TRF2 were observed. In vivo and in vitro, patients' poor prognoses were correlated with a decreased level of TERRA, as well as with accelerated cell proliferation and metastatic progression of HCC. Furthermore, the depletion of TERRA in HCC cell lines resulted in a substantial elevation in telomere elongation, telomerase activity, and metastasis formation, indicating that the metastatic spread of HCC is facilitated by its depletion [9].
The current comprehension of the molecular basis of hephepatoatocellular carcinoma has been substantially enhanced by recent advancements in the field of genomics and molecular profiling. Various genetic alterations have been identified as important factors involved in the hepatocarcinogenesis process. Mutations in the telomerase reverse transcriptase (TERT), tumour protein p53 (TP53), and catenin beta-1 (CTNNB1) genes are among the most frequently identified genetic alterations. These genetic alterations are considered to be the most important driver genes involved in the HCC development process. These genetic alterations are responsible for the genomic instability, uncontrolled cell growth, and tumor development. These genetic alterations are considered to be the most important genetic alterations involved in the HCC development process. These genetic alterations are considered to be the most important genetic alterations involved in the HCC development process [10].
[bookmark: _GoBack]Apart from protein-coding genes, non-coding RNAs have been identified as essential regulators of the expression of genes and tumor characteristics in HCC. MicroRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are implicated in numerous biological processes that are related to the HCC development. The expression of various non-coding RNAs, including miR-122, miR-21, HULC, and MALAT1, was found to be altered in HCC patients. The expression of these non-coding RNAs has the potential to serve as an indicator for the early detection of HCC. The preoccupation with the potential of non-coding RNA molecules as minimally invasive biomarkers for the diagnosis of HCC is on the rise [11].
In HCC, the expressions of TERRA and telomerase RNA component (TERC) are dysregulated on both the cellular and extracellular levels. A promising method for non-invasive diagnostic molecular marker of HCC may involve the combined identification of TERC and TERRA in plasma [12]. So, this systematic review aimed to evaluate current evidence regarding genetic, epigenetic, telomere-related, and circulating molecular biomarkers associated with HCC, emphasizing their diagnostic, prognostic, and disease-monitoring potential. 
Methodology
Literature Search Strategy
This systematic review was carried out in conformance with the PRISMA 2020 guidelines. A comprehensive and structured literature search was conducted across multiple electronic databases, such as PubMed, Scopus, Web of Science, and the Cochrane Library, to identify pertinent studies published between January 2010 and September 2025 that investigated genetic and molecular biomarkers associated with HCC, with particular focus on telomere-related molecules such as TERRA. Approval code: MD 8-10-2023
The following keywords and Medical Subject Headings (MeSH) terms were incorporated in the search strategy using the appropriate Boolean operators (AND/OR): “hepatocellular carcinoma”, “liver cancer”, “genetic biomarkers”, “molecular markers”, “long non-coding RNA”, “microRNA”, “telomere”, “telomerase”, “TERRA”, “TERT”, “TERC”, “TP53”, “CTNNB1”, “cirrhosis”, and “liquid biopsy”. Furthermore, the reference listings of all eligible studies and pertinent review articles were manually screened to identify any supplementary studies and guarantee comprehensive coverage of the available literature.
Eligibility Criteria
Inclusion Criteria
Studies were considered eligible if they:
Included adult cases diagnosed with chronic liver disease (CLD), predominantly liver cirrhosis with or without HCC.
Assessed genetic or molecular biomarkers associated with HCC, including telomere-related molecules such as TERRA telomerase components (TERT and TERC), or other molecular markers involved in hepatocarcinogenesis.
Evaluated circulating or tissue-based biomarkers in relation to the presence of HCC, disease progression, or prognostic outcomes.
Implemented one of the following study designs: cross-sectional clinical studies, case–control studies, cohort studies, or randomised controlled trials.
Included a minimum sample size of five participants.
Were published in English between January 2010 and September 2025.
Exclusion Criteria
Studies were excluded if they:
Were case reports, conference abstracts, editorials, or letters to the editor.
Were animal or in vitro studies.
Lacked relevant outcome measures related to genetic or molecular biomarkers in HCC.
Did not provide sufficient data for qualitative or quantitative synthesis.
Case reports and studies lacking quantitative outcome data were excluded from the meta-analytic synthesis but were considered in the narrative discussion when relevant.
Study Selection Process
EndNote X9 software was employed to import all retrieved citations, and duplicates were eliminated. Potentially eligible studies were identified through the screening of titles and abstracts by two independent reviewers. The eligibility of full-text articles from selected studies was subsequently evaluated in accordance with the predetermined inclusion and exclusion criteria.
If necessary, a third reviewer was consulted to reduce selection bias, and any disagreements between reviewers were resolved through discussion and consensus.


Data Extraction
Data were independently extracted by two reviewers by a standardized data extraction form. Extracted information included:
Author name and year of publication.
Study design and sample size.
Participant characteristics.
Evaluated molecular or genetic biomarkers, including telomere-associated molecules such as TERRA, TERT, and TERC, as well as other reported genetic markers in HCC.
Clinicopathological features and disease severity parameters, including presence and stage of HCC.
Diagnostic or prognostic outcomes related to molecular biomarker expression.
Key findings and conclusions.
Quality Evaluation and Risk of Bias
The methodological quality of the included studies was assessed by the appropriate instruments in accordance with the study design. Randomised controlled trials were assessed using the Cochrane Risk of Bias instrument, while observational studies were assessed using the Newcastle–Ottawa Scale.
Discussion and consensus were employed to resolve any discrepancies in quality assessment.
Study Selection Results
The database search identified thirty-two records. After removing five duplicates, twenty-seven records underwent title and abstract screening. Eighteen studies were excluded due to irrelevant outcomes, review articles, experimental or animal models, or non- HCC populations. Two of the nine full-text articles that were evaluated for eligibility were removed as a result of the absence of clinically relevant diagnostic or prognostic data or the failure to evaluate pertinent molecular biomarkers in HCC. In the end, the qualitative synthesis comprised seven investigations (Table 1) (Figure 1).


Table 1. Published studies evaluating molecular and genetic biomarkers associated with HCC
	Title
	Year
	Journal
	Volume

	Noncoding telomeric repeat-containing RNA inhibits the progression of hepatocellular carcinoma (Cao et al.)
	2020
	Cancer Science
	111

	Expression of cellular and extracellular TERRA, TERC and TERT in hepatocellular carcinoma (Manganelli et al.)
	2022
	International Journal of Molecular Sciences
	23

	Telomeric repeat-containing RNA (TERRA): physiological functions and relevance in cancer (Kroupa et al.)
	2022
	Frontiers in Oncology
	12

	Frequency of somatic mutations in TERT promoter, TP53 and CTNNB1 genes in hepatocellular carcinoma (Lombardo et al.)
	2020
	Oncology Letters
	19

	MicroRNA-122 as a diagnostic biomarker for hepatocellular carcinoma: A meta-analysis (Wei et al.)
	2020
	Journal of International Medical Research
	48

	Early diagnostic evaluation of miR-122 and miR-224 as biomarkers for hepatocellular carcinoma (Amr et al.)
	2017
	Genes & Diseases
	4

	Circulating microRNA-21, microRNA-122 and microRNA-222 as diagnostic biomarkers for HCV-related hepatocellular carcinoma (Hetta et al.)
	2024
	Egyptian Liver Journal
	14


HCC: hepatocellular carcinoma; TERRA: telomeric repeat-containing RNA; TERC: telomerase RNA component; TERT: telomerase reverse transcriptase; TP53: tumour protein p53; CTNNB1: catenin beta 1; miR/microRNA: microRNA; HCV: hepatitis C virus.


Table2. Results of some published studies evaluating different genetic biomarkers associated with HCC
	The study
	Results

	Amr et al., (2017)
	This study revealed that the mean plasma values of miRNA-122 were significantly lower among HCC group when compared to CHC and control groups (P < 0.001).

	Cao et al., (2020)  
	This study found that TERRA, TRF1, and TRF2 contributed to poor prognosis of HCC patients. Importantly, they found that the downregulation of TERRA significantly promoted HCC cell growth and metastasis in vitro and in vivo, whereas the upregulation of TERRA showed an opposite effect. 

	 Hetta et al., (2024)
	  Serum levels of miRNA‑21 and miRNA‑222 increased with the progressive course from  CHC to  LC and HCC; p < .001. Serum levels of miR‑122 in HCC patients were signiﬁcantly lower than non‑HCC patients (CHC and LC patients, n = 44); p < .001.

	Kroupa et al., (2022) 
	TERRA was shown to be important not only for the preservation of telomere homeostasis and genomic stability but also for the expression of hundreds of genes across the human genome. These findings added a new level of complexity to telomere biology.

	Lombardo et al., (2020)
	Somatic mutations of the TERT promoter in 67 human HCC

	Manganelli et al., (2022)  
	This study found that the expression of TERRA and TERT mRNA was significantly deregulated in HCC, being TERRA downregulated and TERT mRNA upregulated in HCC tissues vs. the peritumoral ones.
Further, the determinations of circulating TERRA and TERC showed higher amounts of these transcripts in the plasma of HCC patients vs. controls

	Wei et al., (2020)
	miRNA -122 was better at distinguishing between HCV-associated HCC and healthy people or those with HCV than between those with HCV-associated HCC and HCV-related cirrhosis.



HCC: hepatocellular carcinoma; TERRA: telomeric repeat-containing RNA; TERC: telomerase RNA component; TERT: telomerase reverse transcriptase; TRF: telomeric repeat-binding factor; mRNA: messenger ribonucleic acid; miR/microRNA: microRNA; HCV: hepatitis C virus; CHC: chronic HCV; LC: liver cirrhosis.


[image: ]Figure 1. Flow diagram of study identification and selection.

Results
Thirty-two records were identified through systematic searches conducted across PubMed, Scopus, Web of Science, and Google Scholar. Twenty-seven studies remained for title and abstract screening after the removal of five duplicates. Of these, eighteen records were excluded due to unrelated outcomes, non- HCC populations, experimental or animal studies, or review articles. The eligibility of nine full-text articles was assessed, and two were excluded because of insufficient data on relevant molecular biomarkers or lack of clinically meaningful diagnostic or prognostic assessment. The qualitative synthesis ultimately included a total of seven investigations (Figure 1).
Characteristics of Included Studies
The seven included studies were observational human studies conducted among adult cases with chronic liver disease, predominantly liver cirrhosis with or without HCC. The sample size was inconsistent among the studies and encompassed HCC cases in comparison to cirrhotic cases without HCC and/or healthy control subjects with comparable demographic characteristics. In the included studies, several molecular and genetic biomarkers associated with HCC were evaluated, including telomere-related molecules such as TERRA, telomerase components (TERT and TERC), as well as selected circulating microRNAs. These biomarkers were assessed either at the tissue level or in cellular and extracellular circulating compartments using quantitative molecular techniques. The presence and severity of HCC were determined using standard clinical, radiological, and pathological criteria. In addition, some of the included studies explored the association between molecular biomarker expression, including TERRA, and telomerase activity, tumor progression, metastatic potential, or prognostic outcomes in patients with HCC [12].
TERRA Expression and Disease Activity
According to the included studies, patients with HCC demonstrated altered expression of several molecular biomarkers compared with cirrhotic cases without HCC and/or healthy controls. In particular, dysregulation of telomere-related molecules such as TERRA and telomerase components including TERT and TERC was observed in patients with HCC. Reduced TERRA expression was more pronounced in patients with advanced tumor characteristics, aggressive biological behavior, or poorer prognostic profiles. These alterations were frequently accompanied by increased telomerase activity, telomere length dysregulation, and enhanced tumor progression [9].
Additionally, changes in the expression of selected circulating microRNAs reported in some studies were also relate to tumor development, disease progression, and clinical outcomes in HCC cases. Collectively, these findings place TERRA and other molecular biomarkers in close association with HCC activity and progression, suggesting that their dysregulation reflects underlying tumor biology rather than representing nonspecific molecular alterations [13].
Association with Tumor Burden and Biological Aggressiveness
Across the reviewed studies, altered expression of several molecular biomarkers demonstrated a consistent association with tumor burden and biological aggressiveness in HCC. In particular, dysregulation of telomere-related molecules such as TERRA and telomerase components including TERT and TERC was associated with more advanced disease characteristics. Lower levels of TERRA were frequently observed in patients with aggressive tumor features, including enhanced telomerase activity, telomere length dysregulation, increased cellular proliferation, and metastatic potential.
In addition, alterations in other circulating molecular biomarkers, including selected microRNAs reported in some studies, were also linked to tumor progression and unfavorable clinicopathological characteristics. This pattern suggests that progressive tumor-related molecular stress may contribute to the dysregulation of telomere-associated molecules and other molecular markers during hepatocarcinogenesis. From a biological perspective, these findings are coherent: genomic instability and sustained oncogenic stress are known to disrupt telomere-associated regulatory mechanisms, and the dysregulation of TERRA and related molecular biomarkers appears to reflect underlying malignant activity rather than representing nonspecific molecular alterations [9].
Implications for Disease Activity Assessment
Altered expression of TERRA particularly reduced circulating or tissue levels, was related to more advanced disease characteristics in HCC participants. Similar patterns of dysregulation were also reported for other molecular biomarkers involved in hepatocarcinogenesis, including telomerase-related components such as TERT and TERC, as well as selected circulating microRNAs identified in some of the included studies. These molecular alterations were observed independently of traditional clinical or biochemical markers, suggesting that biomarker dysregulation reflects intrinsic tumor biology rather than secondary systemic changes related to liver dysfunction alone [14].
Accordingly, TERRA and other related molecular biomarkers may represent promising non-invasive tools for assessing tumor activity, biological aggressiveness, and disease progression in patients with HCC. Their evaluation in circulating or tissue samples may provide additional insights into disease dynamics and complement conventional diagnostic and prognostic approaches used in clinical practice [8].
Safety Profile
Adverse Effects and Clinical Tolerability
Across all included studies involving cases had CLD and HCC, the assessment of molecular biomarkers, including TERRA, telomerase-related components such as TERT and TERC, and selected circulating microRNAs, was feasible and not associated with clinically significant risk. Evaluation of these biomarkers was primarily based on peripheral blood sampling or analysis of tissue specimens obtained during routine diagnostic procedures, without the need for additional invasive interventions specifically for biomarker assessment [15].
Reported adverse effects were minimal and generally limited to transient discomfort related to venipuncture, such as mild local pain or short-lived anxiety. No systemic adverse events, procedure-related complications, or safety concerns attributable to molecular biomarker evaluation were reported in the included studies [16].
Clinical Monitoring and Indirect Risk Considerations
Although the assessment of TERRA expression was not associated with direct clinical risk, patients included in the reviewed studies commonly had advanced CLD and were therefore subject to substantial systemic and oncogenic burden. Similar considerations apply to the evaluation of other molecular biomarkers investigated in HCC, including telomerase-related components such as TERT and TERC as well as selected circulating microRNAs.
In this context, the reviewed evidence underscores the importance of comprehensive clinical follow-up, including regular assessment of liver function, tumor stage, and disease progression according to established HCC management guidelines. Molecular biomarkers such as TERRA and related telomere-associated molecules may serve as complementary indicators reflecting tumor biology and disease activity [17].
Discussion
The present systematic review examined the relationship between TERRA and disease activity in HCC. Clinical and translational studies consistently demonstrated that dysregulation of TERRA, particularly reduced expression levels, and is associated with more aggressive tumor characteristics and adverse prognostic features in HCC. Evidence indicates that altered TERRA expression correlates with increased telomerase activity, telomere length dysregulation, tumor progression, and metastatic potential, highlighting its close association with malignant disease activity  [13, 18].
In addition to TERRA, other molecular biomarkers involved in hepatocarcinogenesis have also been reported to show significant associations with tumor behavior and disease progression. Telomerase-related components, including TERT and TERC, as well as circulating microRNAs, have been linked to cellular proliferation, genomic instability, and oncogenic signaling pathways in HCC . The combined assessment of these biomarkers may provide a more comprehensive understanding of the molecular mechanisms underlying HCC development [13, 14] .
Importantly, these associations appear to reflect intrinsic tumor biology rather than being solely secondary to liver dysfunction or systemic metabolic disturbances.
It is evident from this review that TERRA expression is consistently dysregulated in HCC patients compared to cirrhotic individuals and healthy controls. Lower TERRA levels are associated with increased tumor aggressiveness, enhanced telomerase activity, and poorer clinical outcomes [13, 14]  . Similarly, other biomarkers such as TERT, TERC, and selected microRNAs demonstrate altered expression patterns and contribute to tumor progression and disease severity [9, 13] .
Despite variability among studies, a consistent pattern emerges linking greater molecular dysregulation, particularly reduced TERRA expression, with increased tumor burden and biological aggressiveness [13, 14]. These findings support the potential utility of TERRA and related molecular biomarkers as non-invasive indicators of disease activity and progression in HCC.
Conclusion
Dysregulated TERRA expression, particularly downregulation, is associated with tumor progression and poor prognostic features. Together with TERT, TERC, and selected circulating microRNAs, TERRA may serve as a promising non-invasive biomarker for assessing disease activity and biological aggressiveness in HCC.
 However, larger well-designed longitudinal studies are needed to validate its diagnostic and prognostic value.
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