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1. SUMMARY 

Recently, the advancements in liquid biopsy have facilitated the techniques for clinical 

diagnosis and treatment monitoring of hepatocellular carcinoma. Genetic mutations are 

practical markers of distinguishing ctDNA, eliminating interference from cfDNA. Our study 

conducts a sequencing panel for ctDNA/cfDNA in patients with HCC and patients with benign 

liver disease, using NGS technology to identify mutant targets. After excluding germline and 

silent mutations, we obtain the mutation profiles of ctDNA in HCC, comprising solely functional 

mutations.  

Genetic mutations were found in free nucleic acid from 66.7% of HCC patients, while no mutant 

gene was in the control group. In our HCC cohort, ctDNA analysis was constituted of 49 genes 

and 91 exon mutations, with 15 genes (NCOR2, HGF, MECOM, ROBO1, MKI67, PEPN13, 

RANBP2, RELN, ALB, FAT4, KMT2B, MGAM, PAK5, PTPRB, ZFHX3) being identified for the 

first time in the ctDNA of HCC. NOCR2 and CTNNB1 were the highest frequent mutant genes 

in ctDNA, reaching 13.3%. The majority of these mutant genes were distributed in the classical 

molecular pathways of HCC, and the gene-enriched pathways showed a strong consistency 

between ctDNA and tDNA. A total of nineteen concordant mutations were detected in both 

ctDNA and matched tDNA, with 23 exons. We also found that the ratio of concordant mutation 

was highly correlated to tumor burden, especially vascular invasion. No mutations were found 

in the cfDNA of the control group, suggesting that mutant genes in ctDNA exhibit the potential 

to differentiate between benign and malignant liver diseases. Consequently, we further 

explored the diagnostic capabilities of ctDNA and discovered a great improvement in 

diagnostic accuracy of a combination of ctDNA mutation and AFP level over either one alone. 

Additionally, our research found the specific mutation-based gene set from ctDNA could 

contribute to predicting the prognosis of HCC patients. The mutation set screened according 

to TNM stages 2-4 consisted of twelve genes: NCOR2, ARID2, ERBB4, ERCC5, KMT2A, 

MSH6, PIK3CA, PIK3CG, POLQ, PEPRB, TERT, and TSC1. This analysis showed that the 

mutation of the NCOR2 gene was detected particularly frequently in HCC ctDNA and could 

therefore indicate a high potential for the prognosis of HCC patients. 

In total, these findings have demonstrated the potential of ctDNA mutation as a specific 

biomarker for liquid biopsy technique and deepened our understanding of the mutation profile 

in HCC. Our research supports the implications of mutations in ctDNA for precision medicine 

and illustrates the clinical prospect of ctDNA in the future. 
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Zusammenfassung 

In der heutigen Zeit haben die Fortschritte bei der Liquid-Biopsy die Techniken für die klinische 

Diagnose und die Überwachung der Behandlung des Leberzellkarzinoms erleichtert. 

Genetische Mutationen sind Merkmale zur Identifizierung ctDNA im Blut und dienen zusätzlich 

zur Unterscheidung dieser von cfDNA. In unserer Studie wird ein Sequenzierungspanel für 

ctDNA/cfDNA bei Patienten mit HCC und Patienten mit gutartigen Lebererkrankungen 

durchgeführt, wobei die NGS-Technologie zur Identifizierung von Mutationen eingesetzt wird. 

Nach Ausschluss von Keimbahn- und stillen Mutationen erhalten wir die Mutationsprofile der 

ctDNA bei HCC, die ausschließlich funktionelle Mutationen umfassen. Genetische Mutationen 

wurden in der ctDNA von 66,7 % der HCC-Patienten gefunden, während in der Kontrollgruppe 

kein mutiertes Gen zu finden war. In unserer HCC-Kohorte umfasste die ctDNA-Analyse 49 

Gene und 91 Exon-Mutationen, wobei 15 Gene (NCOR2, HGF, MECOM, ROBO1, MKI67, 

PEPN13, RANBP2, RELN, ALB, FAT4, KMT2B, MGAM, PAK5, PTPRB, ZFHX3) zum ersten 

Mal in der ctDNA von HCC Patienten identifiziert wurden. NCOR2 und CTNNB1 waren mit 

13,3 % die am häufigsten mutierten Gene in der ctDNA. Die meisten dieser mutierten Gene 

waren in den für HCC klassischen molekularen Pathways verteilt, wobei diese eine starke 

Übereinstimmung zwischen ctDNA und tDNA aufzeigten. Insgesamt wurden 19 

übereinstimmende Mutationen mit 23 Exons sowohl in der ctDNA als auch in der 

korrespondierenden tDNA nachgewiesen. Zudem fanden wir heraus, dass das Verhältnis der 

übereinstimmenden Mutationen sowohl mit der Tumorlast als auch der makrovaskulären und 

der mikrovaskulären vaskulären Invasion korreliert. In der cfDNA der Kontrollgruppe wurden 

keine Mutationen gefunden, was darauf schließen lässt, dass mutierte Gene in der ctDNA das 

Potenzial haben, zwischen gutartigen und bösartigen Lebererkrankungen zu unterscheiden. 

Folglich untersuchten wir die diagnostischen Möglichkeiten der ctDNA weiter und entdeckten, 

dass die Kombination von ctDNA-Mutation und AFP-Spiegel die diagnostische Genauigkeit 

gegenüber einem der beiden Werte allein erheblich verbessert. Darüber hinaus fanden wir 

heraus, dass der spezifische, auf Mutationen basierende Gensatz aus ctDNA zur Vorhersage 

der Prognose von HCC-Patienten beitragen kann. Der nach den TNM-Stadien 2-4 untersuchte 

Mutationssatz bestand aus zwölf Genen. Bei dieser Analyse zeigte sich, dass die Mutation des 

Gens NCOR2 besonders häufig in der HCC ctDNA detektiert wurde und somit auf ein hohes 

Potenzial zur Prognose von HCC-Patienten hindeuten könnte.  

Insgesamt haben diese Ergebnisse das Potenzial von ctDNA-Mutationen als spezifischer 

Biomarker für die Liquid-Biopsy gezeigt und unser Verständnis des Mutationsprofils beim HCC 

vertieft. Unsere Forschung hebt die Bedeutung von Mutationen in der ctDNA von HCC-

Patienten für die Präzisionsmedizin hervor und veranschaulicht die klinischen Aussichten 

dieser Methode in der Zukunft.  
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2. INTRODUCTION 

2.1. Hepatocellular carcinoma 

2.1.1. Introduction 

Primary liver cancer is one of the most globally prevalent malignant tumors, presenting a grave 

prognosis with a 5-year survival rate of only 18% 1. It is the 6th most frequently diagnosed 

cancer and the third leading cause of cancer-related fatalities 2,3. More than 900000 people 

were diagnosed with liver cancer globally in 2020. Still, the incidence of liver cancer continues 

to surge: projections indicate an increase of 55.0% between 2020 and 2040, which suggests 

nearly 1.4 million individuals may be affected by liver cancer, and 1.3 million fatalities resulting 

from the disease in 2040 1. Nowadays, primary liver cancer has become a major health 

problem worldwide. Hepatocellular carcinoma (HCC) is a significant type of primary liver 

carcinoma, comprising nearly 90% of all cases 4.  

More than 90% of HCC cases develop due to chronic liver disease, and the risk factors may 

cause the development of liver cirrhosis and further lead to malignant tumors 5. Removing risk 

factors by treating the cause of liver cancer is the only method to reduce the incidence of HCC. 

The significant risk factors of HCC are virus infection (hepatitis virus B & C) and alcohol, 

accounting for 84% of HCC deaths 6. Hepatitis B (HBV) can induce chronic inflammatory 

disease and promote mutations in liver cells, leading to HCC; thus, HBV carriers undertake the 

lifetime risk of HCC ranging from 10-25% 7. Nearly 20% of chronic HCV patients will develop 

cirrhosis in 20-30 years, significantly increasing the risk for HCC 8. Alcohol-associated cirrhosis 

brings a high cumulative incidence of HCC at 10-year follow-up, reaching 9% 9. Besides virus 

and alcohol, nonalcoholic fatty liver disease (NAFLD) has become a significant etiology of 

HCC, with the annual incidence of HCC 2.4–12.8% 10. Aflatoxin exposure is another risk factor 

that promotes the onset of HCC, especially for patients with the hepatitis virus 11.  

Additionally, age and gender have been associated with HCC as well. The incidence of HCC 

increases with age, with the highest period of initial diagnosis being 70-79 years 12. 

Epidemiological studies have displayed a higher prevalence of HCC among males than 

females due to many factors, including decreased adiponectin levels in men 13. 

2.1.2. Diagnosis of HCC 

HCC patients demonstrate a vast disparity in prognosis between the early and late stages. 

Patients in the early stage experience a significantly improved 5-year survival rate exceeding 

70%, while those in the late stage merely show a 5-year survival rate of less than 16% 14. 



18 
 

Despite the systemic therapies, patients with HCC in advanced-stage typically have a median 

survival of 1-1.5 years 2. Therefore, early diagnosis plays a crucial role in HCC as it facilitates 

the availability of multiple curative therapy options. Regrettably, HCC generally remains 

asymptomatic and missing inflammation during the early stages, leading to the challenge of 

detecting underlying cirrhosis with progression to carcinoma. The diagnosis of HCC heavily 

relies on modern medical technology till now. 

Currently, the standard clinical method for early diagnosis of HCC involves a combination of 

imaging techniques and alpha-fetoprotein (AFP) measurement. The primary noninvasive 

imaging methods employed for HCC diagnosis are computed tomography (CT) and magnetic 

resonance imaging (MRI). Many studies have shown that MRI carries a higher sensitivity than 

CT, with a specificity of 85%-100% 15. Contrast-enhanced ultrasound is not typically considered 

the primary choice for HCC because of the risk of diagnosis, making it a secondary option 

following CT and MRI 5. Regardless of the imaging technique, only show favorable 

performance in detecting HCCs larger than 2cm in diameter. However, their effectiveness 

notably declines when detecting HCCs smaller than 1cm 15. Although AFP is widely utilized as 

a tumor biomarker for HCC diagnosis and monitoring, its cut-off value of 20 ng/ml only exhibits 

a sensitivity of 62.4% and specificity of 89.4%,  indicating that it lacks sufficient accuracy 16.  

Histopathology is the gold standard for HCC diagnosis, with the characteristics of increased 

cell density, wide trabeculae (> three cells), obvious acinar pattern,  mitotic activity, absence 

of Kuffer cells, and vascular invasion 17. Undoubtedly, the pathological biopsy is a highly 

accurate diagnostic method for defining HCC. Nevertheless, due to its invasive status, it is 

limited in frequency of use and lacks the capacity to detect HCC in real time. 

2.1.3. Biomarkers of HCC 

Due to the unsatisfactory current diagnostic methods for HCC, scientists have shifted their 

research focus to blood-based biomarkers, which are recognized for significant potent in 

enhancing tumor detection. Several biomarkers in early-stage validation are shown in Table 1, 

including AFP-L3, des-gamma carboxyprothrombin (DCP), dikkop-1 (DKK1), golgi protein-73 

(GP73), osteopontin (OPN), midikine (MDK) and Glypican 3 (GPC3). However, a 

comprehensive evaluation of the sensitivity and specificity indicates that their diagnostic 

validity is not significantly superior to AFP18. 

Consequently, the early diagnosis of HCC remains a significant challenge, necessitating the 

development of more precise technologies. The ideal tools for diagnosis and surveillance must 

be highly accurate, reproducible, and not dependent on clinical settings. In this regard, liquid 

biopsy is a promising solution that fulfills all these requirements. 
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Table 1. Blood-based biomarkers for diagnosis of HCC 

Biomarker Sensitivity Specificity Reference 

AFP L3 42% 97% 19 

DCP 74% 70% 19 

DKK1 69.1% 90.6% 20 

GP73  69% 75% 21 

OPN 74% 66% 22 

MDK 86.9% 83.9% 23 

GPC3 60% 52% 24 

 

2.2. Liquid biopsy 

2.2.1. Introduction 

Liquid biopsy offers a promising solution to the challenges in HCC. With the advancements in 

the integration of 'omics information,' cancer research could be more comprehensive in clinical 

applications, including diagnosis, prognostic predicting, monitoring, and therapy 25. This 

noninvasive approach utilizes blood and other bodily fluids sampling, facilitating a deeper 

understanding of the disease 26.  

Liquid biopsy could involve different components: circulating tumor DNA (ctDNA), cell-free 

DNA (cfDNA), circulating tumor cells (CTCs), microRNA, and extracellular vesicles 27. Among 

them, ctDNA/cfDNA and CTCs are both the vital cornerstones of liquid biopsy (Fig.1). CTCs 

are the tumor cells that have sloughed off the primary tumor and released into and circulate in 

the blood from the primary cancer 28. Extracellular vesicles are nanoscale capsules released 

from cells, possess a lipid bilayer membrane and contain protein, DNA and RNA for cell 

communication 29. Circulating miRNA is secreted from apoptosis, inflammation, and necrosis 

cells, potentially becoming cancer biomarkers 30. 
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Figure 1.  Liquid biopsy: ctDNA and CTCs are easily accessible in peripheral blood. The ctDNA 

is free nucleic acid fragments released from tumor cells undergoing apoptosis or necrosis, and 

CTCs are cancer cells naturally shed from the primary or metastatic tumors. They are both 

precise tumor markers that perform a large amount of tumor information 27. 

 

2.2.2. ctDNA/cfDNA 

As a crucial element of liquid biopsy, ctDNA/cfDNA consists of double-stranded DNA 

fragments measuring approximately 150-200 base pairs in length 31. Free nucleic acid 

fragments in human peripheral blood were first reported by Mandel and Metais in 1948 32. Leon 

and colleagues demonstrated the cfDNA level increased significantly in more than half of 

cancer patients than in normal control individuals in 1977 33. The ctDNA/cfDNA population 

generally peaks at 166 bp, but in cancer patients, ct/cfDNA exhibits more fragments, spread 

between 40 and 150 bp 34. The definitions of cfDNA and ctDNA have slight distinctions: cfDNA 

is derived from both healthy and malignant cells undergoing necrosis or apoptosis and is 

released into the circulatory system. In contrast, ctDNA is released explicitly from tumor cells 
35. In healthy individuals, cfDNA levels are typically low, with average concentrations ranging 

from 10 to 15 ng/ml, but they can increase in response to tumor, inflammation, or tissue 

damage 35. The high quantity of ctDNA is one of the essential reasons for the elevation in 
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cfDNA. Since ctDNA is derived from tumor cells, it carries specific tumor-related information 

and has emerged as a potential alternative source for molecular profiling in cancer patients 36. 

With a half-life of less than one hour, ctDNA provides real-time insights into the dynamic 

progression of the carcinoma 35. 

These constitute the key advantages of ctDNA in clinical applications, mainly its potential for 

early cancer detection, continuous monitoring and prognostication 37. Moreover, ctDNA has 

been shown to have the ability to make molecular genotypes and detect acquired 

chemoresistance 38. 

With the advances in molecular and computational biology in recent years, sequencing 

approaches for ctDNA have been significantly improved, including next-generation sequencing 

(NGS), droplet digital PCR (ddPCR), whole genome sequencing (WGS) and other analysis 

methods based on fragment omics of epigenetic feature 39. DNA sequencing technology has 

been developed for over 40 years 40. Sanger sequencing is the primary and standard 

sequencing method, with a capacity shortage and high consumable cost 41. NGS is an 

optimizing DNA sequencing technology over traditional Sanger sequencing, with higher 

parallelism than before 42. NGS could produce an enormous number of DNA sequencing data 

and shows the advantage of lower cost 43. The ddPCR is the third-generation sequencing 

technology that uses water-in-oil droplets for high-throughput technology for PCR 44. This high-

throughput DNA sequencing technology displays excellent sensitivity and specificity in cancer 

diagnosis 45. NGS and ddPCR are currently the dominant analysis methods for ctDNA 

research. NGS holds a broad detection range and encompasses the whole genome or 

hundreds to the whole exome, whereas ddPCR has a superior sensitivity of 0.1%–0.001% 46. 

NGS is generally used for comprehensive gene screening, whereas ddPCR is well-suited for 

the targeted detection of a few known gene mutations. 

However, the field of ctDNA research and clinical utility encounters a primary challenge: how 

to recognize the ctDNA from normal cfDNA precisely? 

2.2.3. Typical biomarkers of ctDNA 

CtDNA displays a variable proportion within cfDNA, ranging from less than 0.1% to over 90% 
35. Therefore, it is hard to discriminate ctDNA in the background of normal cfDNA accurately. 

Identifying specific biomarkers in ctDNA may be an effective solution to this problem. The 

molecular biomarkers of ctDNA should be detectable in both tumor cells and plasma DNA 

within the same individual while remaining absent in the cfDNA.  
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Since free nucleic acid fragments are shed from tumor cells, ctDNA carries a vast amount of 

genetic information about the tumor, which could be classic biomarkers (Fig. 2). The majority 

of studies published recently have concentrated on investigating genetic variations, such as 

copy number variations (CNVs), gene integrity, genetic mutations, and methylation, as we 

previously reviewed 47-51. 

 

 

 

 

 

 

Figure 2. As presented in the figure, both ctDNA and cfDNA can be identified in the peripheral 

blood of individuals with HCC. CfDNA is released from normal cells across the body, while 

ctDNA solely originates from tumor cells. Identifying ctDNA within cfDNA necessitates the 

recognition of specific ctDNA biomarkers that rely on genetic changes in ctDNA, including copy 

number variations, gene integrity, mutations, and methylation 51. 

 

2.3. Genetic mutation 

2.3.1. Introduction 

Almost all cancers of human have a common characteristic: genomic instability 52. Genetic 

mutations accumulated gradually in somatic cells, with the majority being harmless; however, 

some mutations serve as key contributors to tumor 53. In malignant hepatocytes, the 

accumulation of mutations in DNA shows the mechanisms of HCC development 54. All tumors 

(including HCC) are essentially caused by somatic mutation, which could be the molecular 

fingerprint carried in tumor genome 55. The causes of somatic mutations fall into two broad 

categories: endogenous (such as exposition to hepatitis virus, aflatoxin, etc) and exogenous 

(such as age, DNA repair mechanisms defection, etc) 54. Mutation-specific research helps 

scientists explore the malignant transformation of hepatocytes. The common genes in HCC 

nodules with high frequency were: TERT promoter (44%), TP53 (31%), CTNNB1 (27%), 

AXIN1 (8%), ARID1A (7%) 56. 
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2.3.2. The mutation of ctDNA 

In recent years, more studies have explored the potential of mutations as specific biomarkers 

in ctDNA 57 58. Mutant genes significantly affect clinical application, as evidenced by numerous 

studies 59. The mutations in ctDNA provide the tumor information from the primary malignant 

nodules and relate to tumor burden. In HCC cohorts of Europe, at least one mutation was 

detectable in 86% of HCC cases with a tumor diameter over 5cm or metastasis, displaying the 

ability of ctDNA to capture genetic information that corresponds to the condition of cancer 60. 

Several common mutations identified in tDNA from HCC tissues could also be detected in 

ctDNA from blood, such as ARID1A, CTNNB1 and TP53 61. The frequency of mutations in 

ctDNA is random and may be influenced by many clinical factors, such as tumor stage, viral 

infection, etc. In advanced HCC, Johann von Felden et al. showed the ctDNA frequency 

of ARID1A, CTNNB1 and TP53 mutations were 6%, 17% and 32%, respectively, in addition to 

the other ctDNA mutations: TERT promoter (51%), Axin1 (6%) 62. Among the HCC cohort in 

Chinese, 22/66 patients carried mutated genes: TP53 exhibited the highest mutation rate at 

60.0%, followed by CTNNB1 at  15.7%, Axin1 and ARID1A at 14.3% 63.  

Despite the high-frequency mutations in HCC, some low-frequent mutations could be identified 

in ctDNA. In the study conducted by Lim HY and colleagues, they investigated 

the RAS (KRAS and NRAS) gene in a small cohort of HCC patients (27 cases) and 

found RAS mutational status could be confirmed in 44% of HCC patients using NGS, whereas 

the frequency of RAS mutations in tumor tissue was only 1-2% 64 56. These discoveries 

suggested the mutation of ctDNA may be a promising approach for exploring novel diagnosis, 

monitoring, and prognosis evaluation methods. 

The mutant genes commonly confirmed in the plasma of HCC patients 

contain TERT, CTNNB1, TP53, Axin1, ARID1A, KRAS and NRAS. These genes could be 

classified into oncogenes (TERT, CTNNB1, KRAS, NRAS) and tumor suppressor genes 

(TP53, Axin1, ARID1A) 65 66 67 68. 

Moreover, the typical mutant ctDNA genes are integral to crucial molecular signaling pathways, 

which greatly contribute to the development and advancement of HCC, as depicted in our 

review paper (Fig. 3). The pathways implicated are the RAS/MAPK pathway, Telomere 

maintenance mechanism (TMM) pathway, p53 signaling pathway, Wnt-β catenin pathway, and 

SWI/SNF complex-related signaling pathway 51. These pathways are associated with various 

vital functions, including proliferation, immortalization, cell differentiation, genomic stability and 

prognosis. 
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Figure 3. Major mutations in ctDNA and signaling pathways of HCC. RAS/MAPK pathway 

(yellow boxes), TERT mutation (blue boxes), p53 signaling pathway (green boxes), Wnt-β 

catenin pathway (gray boxes), and SWI/SNF complex-related pathway (light red boxes) are 

the core HCC signaling pathways. The general mutation genes from ctDNA show significant 

roles in pathways (red boxes) related to tumorigenesis and progression of hepatocellular 

carcinoma, involving common oncogenes and tumor suppressors 51. 

The RAS gene is a group of oncogenes, coding proteins of the RAS family (KRAS, NRAS and 

HRAS), and function as small molecular-weight GTP-binding proteins for regulating cell growth 
69. The RAS/MAPK pathway is a general and conserved signaling pathway present in 

mammalian cells, and its kinases hold great potential as targets for the discovery of novel 

therapies 70. Though RAS mutations are not commonly observed in HCC, the MAPK/RAS 

pathway is activated in nearly all advanced-stage HCCs and almost half of early-stage HCCs 
71 72. 

As the major subunit of the telomerase complex, the telomerase reverse transcriptase (TERT, 

or hTERT) maintains the telomere length, relating to the activity of telomerase 73. Usually, the 

telomerase is kept inactive in mammalian somatic cells, but it will be activated in cancer or 

proliferating cells. In HCC patients, TERT has a high risk of being upregulated, especially in 

HCV infection 74. The TERT promoter mutation is identified in dysplastic nodules in liver 

cirrhosis, suggesting that it is the key factor in the progression from chronic hepatitis to liver 

cancer 75. 
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The tumor protein p53 (TP53) is a recognized tumor suppressor gene, acting as an adaptor in 

DNA repair proteins and facilitating the repair of DNA damage, arresting the cell cycle at 

checkpoints 76. Mutation of TP53 could inhibit this function and lead to "gain of function" effects 

in hepatoma cells, including disordered proliferation, cancer cell migration, and therapy 

resistance. Several etiological factors for HCC, such as chronic inflammation, infection of 

hepatitis viruses (HBV and HCV), and exposure in chemistry (aflatoxin B), can contribute to 

TP53 mutations 77. TP53 mutation exhibits a high detecting frequency in ctDNA of HCC, but 

tissue-specific evidence of TP53 is scarce due to its prevalence across multiple malignant 

tumors 51. 

As a significant cascade comprising a series of factors for signal delivery, the Wnt signaling 

pathway impacts liver homeostasis, developmental regulation, and tumorigenesis 78. The Wnt 

signaling pathway is one of the most commonly activated signaling pathways in HCC 79. The 

β-catenin (CTNNB1) and Axin exert essential but opposite roles in the Wnt pathway: CTNNB1 

acts as an oncogene, while Axin is a tumor suppressor. The mutation of CTNNB1 prevents the 

phosphorylation and degradation of the β-catenin protein and leads to anti-apoptosis, cell 

proliferation, and angiogenesis 80. Axin is widely recognized as exerting a negative function in 

the Wnt signaling pathway. However, its expression can be reduced through tumor-specific 

promoter methylation or histone deacetylation, leading to the over-activation of signaling in 

tumors 81. 

The SWI/SNF (Switch/Sucrose Non-Fermentable) is the complex for chromatin remodeling 

and gene transcription regulating, and its aberrations are found in probably 25% of cancers 82. 

The ARID1A is the subunit gene of SWI/SNF, with the highest mutation rate among other 

components of the complex 83. ARID1A plays a critical role in the regulation of gene 

expression, which is essential for driving either oncogenesis or tumor suppression 84. During 

tumor initiation time, ARID1A shows the ability to promote HCC through CYP450-mediated 

oxidative stress, whereas it acts as an inhibitory factor for metastasis in established tumor time 
85. 

 

2.4. Research aim 

So far, the number of mutations identified in the ctDNA of HCC patients is still limited, and a 

lack of studies evaluated the influence of ctDNA mutation measurements on established 

diagnostic techniques for HCC. The accuracy of tumor information obtained in ctDNA mutation 

and the clinical impact on the degree of accuracy have also been scarcely discussed. 

Additionally, current research on ctDNA and AFP levels merely compares the two methods or 
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combines ctDNA concentrations and AFP. No studies have specifically explored the potential 

impact of combining AFP with ctDNA mutations for HCC diagnosis. Therefore a more in-depth 

analysis needs to evaluate the clinical implication of these mutations. 

In our research, a multi-mutation NGS panel with 100 common genes of HCC was designed 

for the following research aims:  

a. Detecting more mutation targets to discover the genetic profiling of ctDNA in HCC 

patients.  

b. Exploring the effect of ctDNA mutations in HCC diagnosis by combining ctDNA and the 

established HCC diagnostic biomarker (AFP).  

c. Assessing the concordance between plasma gene profiling and tumor tissue and the 

corresponding clinical factors.  

d. Evaluating the implication of genetic profiling in ctDNA for the progression and survival 

time of HCC. 
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Human samples 

Blood samples 

The human blood samples were constituted of 30 patients with a definite HCC diagnosis from 

2016–2019 and 10 patients with benign liver disease from the Department of General, visceral, 

tumor, and transplant surgery in the University Hospital of Cologne. The diagnosis of HCC and 

liver benign disease were mainly established by histopathologic evidence. The study was 

undertaken by the Declaration of Helsinki (1975), and the University of Cologne ethics 

committee has also approved it (Biological Material Collection for Optimisation ID: 13-091). 

Paraffin samples 

Thirty paraffin wax samples of our HCC cohort were provided by the Department of Pathology 

at the University Hospital of Cologne. All the patients recruited were informed of consent before 

participating. 

3.1.2. Materials of ctDNA/cfDNA extraction 

Name  Company 

QIAamp MinElute ccfDNA Midi Kit (50)  Cat No./ID: 55284, Qiagen, Germany 

QIAamp DNA Blood Mini Kit (50)  Cat No./ID: 51104, Qiagen, Germany 

QIAamp DNA FFPE Tissue Kit (50)  Cat No./ID: 56404, Qiagen, Germany 

 

3.1.3. Materials of ctDNA/cfDNA quantification 

Name  Company 

Cell-free DNA ScreenTape  
Cat No./ID: 5067-5630, Agilent 

Technologies, USA 

Cell-free DNA Reagents  
Cat No./ID: 5067-5630, Agilent 

Technologies, USA 
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3.1.4. Materials for library preparation and NGS 

Name  Company 

SureSelect XT HS and XT Low Input Library 

Preparation Kit for ILM (Pre PCR) 
 

Cat # 5500-0140,  

Agilent Technologies, USA 

SureSelect XT Low Input Index Primers 1-96 

for ILM (Pre PCR) 
 

Cat # 5190-6444,  

Agilent Technologies, USA 

SureSelect Target Enrichment Kit, ILM Hyb 

Module Box 1 (Post PCR) 
 

Cat # 5190-9687,  

Agilent Technologies, USA 

SureSelect XT HS and XT Low Input Target 

Enrichment Kit ILM Hyb Module Box 2 (Post 

PCR) 

 
Cat # 5190-9686,  

Agilent Technologies, USA 

SureSelect Custom Tier 2 0.5Mb-2.9Mb 

Probe (up to 120k oligos) sufficient for post-

capture processing of 96 samples 

 
Cat # 5191-6906,  

Agilent Technologies, USA 

SureSelect Custom Tier 2 0.5Mb-2.9Mb 

Probe (up to 120k oligos) sufficient for post-

capture processing of 16 samples. 

 
Cat # 5191-6905,  

Agilent Technologies, USA 

SureSelect XT Low Input Reagent Kit with 

indexes 1-96, 96rxn kit 
 

Cat # G9703A,  

Agilent Technologies, USA 

SureSelect XT HS Reagent Kit with indexes 

1-16, 16rxn kit 
 

Cat # G9702A,  

Agilent Technologies, USA 

 

3.1.5. Laboratory equipment 

Name  Company 

Centrifuge  Megafuge 1.0R, Heraeus, Germany 

Microcentrifuge  Thermo Scientific™, Germany 
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Automatic pipettes   Eppendorf, Germany 

Vortex  Lab dancer, VWR, Germany 

Fridge 4°C  Liebherr, Germany 

Freezer -20°C  Bosch, Germany 

Freezer -80°C  Sanyo, Japan 

Freezer -150°C  Sanyo, Japan 

Microtome  33699 TechnoMed GmbH，Germany 

Thermocycler  Tpersonal, Biometra, Germany 

Thermomixer  ThermoMixer C, Eppendorf, Germany 

Real time PCR  
QuantStudio 7 flex,  

Applied Biosystems, USA 

 

3.1.6. Consumable materials 

Name  Company 

Tube (15 mL)  Sarstedt, Germany 

EDTA tube  Sarstedt, Germany 

SafeSeal tube  Sarstedt, Germany 

Centrifuge tube (15 and 50ml)  Sarstedt, Germany 

Cryotubes (1.8 mL)  Sarstedt, Germany 

Serological pipettes (5, 10 and 25mL)  Sarstedt, Germany 

Pipette tips (10, 200 and 1000µL)  Sarstedt, Germany 
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3.1.7. Software 

Name  Company 

Microsoft Office   Microsoft Corporation, USA 

SPSS Statistics 26  IBM, USA 

Graphpad Prism 8  GraphPad Software, Inc., USA 

Endnote X9  Thomson Reuter, USA 

Gene set enrichment analysis  

(Version: 4.1.0) 
 Broad Institute, USA 

Bcl2fastq2 Conversion Software v2.20  Illumina, USA 

Agilent Genomics NextGen Toolkit 

(AGeNT)  
 Agilent, USA 

Burrows Wheeler Aligner  

(BWA, v0.7.17) 
 Software package 

Samtools (v1.14)  
Genome Research Limited  

(reg no. 2742969), England 

ComplexHeatmap  R-package, USA 

 

3.2. Methods 

3.2.1. Patients 

A total of 30 patients with HCC and ten patients with benign liver disease were enrolled in the 

study. Both the experimental and control groups applied the following criteria: 

a. Age> 18 years with HCC or benign liver disease  

b. Without prior liver surgery or systemic therapy for HCC  

c. Without any previous history of other tumors 

Before the surgery, 30 ml of perivenous blood was collected directly from the patient in EDTA 

tubes and transported to the reception laboratory within 4 hours 86. The plasma and interphase 

from the cellular component of the whole blood were isolated by centrifuging at 4000 rpm 
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(3488g) for 10 minutes at room temperature. Subsequently, the plasma and buffy coat samples 

were aliquoted into RNA-free Eppendorf microtubes and stored at -80° C for further use. 

At the time of blood sample collection, clinical and pathological data of all patients were 

recorded, including gender, age, HCC stage (TNM and BCLC stage), Child-Turcotte-Pugh 

(CTP) score, AFP level, concomitant liver diseases such as alcohol liver disease, hepatitis, 

and non-alcoholic fatty liver disease, presence of cirrhosis, portal venous thrombosis, vascular 

invasion, and metastases. The follow-up included monitoring progression-free survival (PFS) 

and overall survival (OS). 

3.2.2. CfDNA extraction 

To extract cfDNA, 7 ml of plasma was used with the QIAamp MinElute ccfDNA Midi Kit (50) 

(Qiagen, Germany), following the manufacturer's instructions. In brief, the cell-free nucleic 

acids in plasma could be pre-concentrated in the magnetic beads and eluted from columns in 

a spin procedure. The extracted cfDNA was stored at -20°C for future use. 

3.2.3. CfDNA quantification and quality appraisal 

We checked the quality and quantification of cfDNA, using cell-free DNA screen tape assay 

(Agilent Technologies). In the cfDNA screen tape, the extracted cfDNA samples were 

separated by automated electrophoresis and displayed a prominent peak at nearly 150-200bp. 

Furthermore, this table could show the cfDNA concentration and the quality metric (% cfDNA), 

which means the percentage of cfDNA subcomponents. 

3.2.4. Germline-DNA extraction 

The buffy coat samples were used to extract germline DNA (gDNA) by the QIAamp DNA Blood 

Mini Kit (50) (Qiagen, Germany). In short, blood DNA from 600µl buffy coat was purified with 

the procedures of fast spin-column, vacuum, and centrifugation. Finally, the gDNA samples 

were stored in a -20°C refrigerator. 

3.2.5. Tumor-DNA extraction 

The HCC tumor tissue samples were fixed with formalin and embedded in paraffin with the 

help of the Institute of Pathology of the University Hospital of Cologne. From archival blocks, 

matched formalin-fixed paraffin-embedded tissue (FFPE) tumor samples were obtained, and 

tumor DNA extraction was completed with the QIAamp DNA FFPE Tissue Kit (50) (Qiagen, 
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Germany), according to the manufacturer's instructions. The extracted tDNA samples were 

also stored in a -20°C fridge. 

3.2.6. HCC sequencing panel design 

To optimize mutation detection rates while minimizing panel size, we designed a next-

generation sequencing panel for HCC. We reviewed the genomic profiles of HCC using 

cBioPortal, including the TCGA database and additional HCC clinical data 87 88,89 90. The final 

design (HCC_Panel_v1.1) targeted the 100 most frequently mutated genes in HCC, covering 

all exonic domains, with a total size of 692 kbp (Table 2). 

 

Table 2. NGS panel of HCC mutations 

HCC mutation genes  Frequency 
Oncogene or  
tumor suppressor gene 

CTNNB1 29.70% Oncogene 

TP53 28.90% Tumor suppressor gene 

TERT 19.50% Oncogene 

ALB 10.60% Tumor suppressor gene 

ARID1A 9.50% Tumor suppressor gene 

PCLO 8.60% Unknown 

AXIN1 7.30% Tumor suppressor gene 

LRP1B 7.30% Tumor suppressor gene 

KMT2D 5.70% Tumor suppressor gene 

ARID2 5.70% Tumor suppressor gene 

PREX2 4.80% Oncogene 

RB1 4.70% Tumor suppressor gene 

BAP1 4.60% Tumor suppressor gene 

NFE2L2 4.50% Oncogene 

TSC2 4.30% Tumor suppressor gene 

KMT2C 4.20% Tumor suppressor gene 

KEAP1 4.10% Tumor suppressor gene 

FAT4 4.10% Tumor suppressor gene 

SETD2 4.00% Tumor suppressor gene 

KMT2B 3.70% Both 

ATM 3.50% Tumor suppressor gene 
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PTPRB 3.40% Tumor suppressor gene 

KMT2A 3.30% Both 

NF1 3.20% Tumor suppressor gene 

PRKDC 3.20% Oncogene 

APC 3.00% Tumor suppressor gene 

JAK1 2.90% Both 

PIK3CA 2.90% Oncogene 

ACVR2A 2.80% Tumor suppressor gene 

ATR 2.80% Tumor suppressor gene 

NCOR2 2.80% Unknown 

SF3B1 2.80% Oncogene 

CDKN2A 2.70% Tumor suppressor gene 

NOTCH3 2.70% Oncogene 

PTPN13 2.70% Tumor suppressor gene 

POLQ 2.70% Both 

PTPRT 2.70% Tumor suppressor gene 

IGF1R 2.60% Oncogene 

SMARCA4 2.60% Tumor suppressor gene 

ARID1B 2.60% Both 

IL6ST 2.60% Tumor suppressor gene 

RELN 2.60% Tumor suppressor gene 

SPEN 2.60% Tumor suppressor gene 

KIT 2.60% Oncogene 

ZFHX3 2.50% Tumor suppressor gene 

BRCA2 2.50% Tumor suppressor gene 

EP300 2.50% Both 

EPHA3 2.50% Tumor suppressor gene 

PDE4DIP 2.50% Both 

LRRK2 2.50% Tumor suppressor gene 

NOTCH4 2.40% Oncogene 

HNF1A 2.40% Both 

RNF213 2.40% Tumor suppressor gene 

CREBBP 2.30% Tumor suppressor gene 

MKI67 2.30% Unknown 

ROBO1 2.30% Both 

ZNF521 2.30% Tumor suppressor gene 

FLT4 2.20% Oncogene 
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NOTCH1 2.20% Oncogene 

PTEN 2.20% Tumor suppressor gene 

RANBP2 2.20% Tumor suppressor gene 

TSC1 2.20% Tumor suppressor gene 

MGA 2.20% Oncogene 

PBRM1 2.20% Tumor suppressor gene 

PAK5 2.20% Oncogene 

CARD11 2.20% Oncogene 

ERBB4 2.10% Both 

MECOM 2.10% Oncogene 

MTOR 2.10% Oncogene 

HGF 2.10% Both 

MGAM 2.10% Unknown 

CDKN1A 2.00% Both 

NTRK3 2.00% Both 

NUP214 2.00% Tumor suppressor gene 

MYO18A 2.00% Oncogene 

NCOR1 1.90% Oncogene 

TAF1 1.80% Unknown 

NTRK2 1.80% Both 

ASXL1 1.60% Tumor suppressor gene 

EGFR 1.60% Oncogene 

TRRAP 1.50% Unknown 

MSH6 1.50% Both 

PDGFRA 1.50% Oncogene 

MED12 1.40% Oncogene 

BRCA1 1.30% Tumor suppressor gene 

CHD2 1.20% Tumor suppressor gene 

BCORL1 1.20% Oncogene 

WRN 1.10% Tumor suppressor gene 

BLM 1.10% Tumor suppressor gene 

PIK3CG 1.00% Oncogene 

FGFR2 1.00% Oncogene 

FGFR4 1.00% Oncogene 

IDH2 1.00% Oncogene 

RAD50 0.90% Oncogene 

KRAS 0.80% Oncogene 
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NRAS 0.80% Oncogene 

ERCC5 0.80% Unknown 

ERBB2 0.70% Oncogene 

MET 0.60% Oncogene 

MYC 0.40% Oncogene 

 

3.2.7. Library preparation and NGS 

To accomplish library preparation for targeted gene panel sequencing, we utilized a minimum 

of 25ng DNA for plasma cfDNA and 200ng DNA for FFPE tDNA per sample. We performed 

sequencing on plasma cfDNA, germline DNA, and tumor DNA using a targeted gene panel 

approach. 

DNA quantification was performed using the TapeStation 2200 System (Agilent). Additionally, 

size distribution was assessed for plasma cfDNA, requiring a minimum of 25% of total input 

DNA to be in the size window of interest for cfDNA (50-700bp). Library preparation was 

performed using the Agilent Sure SelectXT Low Input protocol, including enzymatic 

fragmentation (for gDNA and tDNA samples), end-repair, adapter ligation, index PCR, 

enrichment with the NGS panel we designed (Genepanel Design ID: 3311801 (0,5Mb-2,9Mb)), 

and post-enrichment PCR (12 cycles). Different circles were used for different types of DNA 

fragments for index PCR: 10 cycles for cfDNA, eight cycles for gDNA samples, and 11 cycles 

for tDNA samples. Subsequently, libraries were quantified (Qubit, Tape Station), pooled 

equimolarly and sequenced on a NovaSeq 6000 device with paired-end, 2x100bp sequencing 

protocol. We targeted 5 Gb data output for plasma cfDNA and FFPE tDNA, and 1 Gb output 

for gDNA. 

3.2.8. Basic data processing, variant calling and filtering 

We performed basic data processing using AGeNT Trimmer (Agilent), Bcl2fastq2 

(v2.20.0.422), Samtools (v1.14), and Burrows-Wheeler Aligner (BWA, v0.7.17), as previously 

reported 91. We used comparative error suppression (CES) to improve sensitivity and 

specificity to call somatic single-base substitutions, as previously reported 92. And we 

visualized genetic aberrations and clinical annotations using the R-package 

'ComplexHeatmap' 92. 
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3.2.9. Gene Ontology (GO) enrichment 

All the ctDNA mutation targets were enriched in DAVID Bioinformatics Resource 

(https://david.ncifcrf.gov/), with the p-value ≤ 0.05. Then the results were performed by the 

website (www.bioinformatics.com.cn) and displayed with bubble dot diagrams. 

3.2.10. Statistical analyses 

We conducted statistical analyses using Excel spreadsheets, SPSS Statistics 26.0, Origin 

2021 and GraphPad Prism 8. Clinical variables were reported as median (interquartile range 

[IQR]) or mean ± standard deviation. Progression-free survival and overall survival were 

presented with Kaplan-Meier plots. To assess correlations in cfDNA concentration, genetic 

mutation in ctDNA, and clinical variables, we used appropriate Fisher's exact test, 

nonparametric tests, Wilcoxon rank-sum test, or receiver operating characteristic (ROC) 

curves. All statistical analyses in our study were performed with a significance level of 5%. 
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4. RESULTS 

4.1. Clinical characteristics of enrolled HCC patients 

Firstly, the primary liver cancer samples from BioMASOTA were checked, which had been 

established several years before. The study design workflow, including details, is presented in 

Fig 4. We enrolled 30 HCC patients and 10 patients with liver benign diseases. Table 3 lists 

the clinical information for HCC patients with long-term follow-ups, reaching a mean age of 69. 

There are 12 females and 18 males in our HCC cohort, revealing that 40% (12/30) were in the 

early stage (BCLC stage 0/A), 40% were in the intermediate stage (BCLC stage B), and 20% 

(6/30) were in the advanced stage. Thirteen cases had viral hepatitis, with one patient having 

hepatitis B and twelve having hepatitis C. The HCC cohort consisted of 6 patients with alcoholic 

liver disease and 12 with non-alcoholic fatty liver disease. Cirrhosis was present in 56.7% 

(17/30) of the cases, while vascular invasion was observed in 53.3% of the HCC patients 

(16/30), affecting both macrovascular and microvascular. The metastasis rate among the HCC 

cohort was 13.3% (4/30). The median diameter of the largest tumor nodule was 41.5mm (IQR 

22.8-60.8), and portal vein thrombosis was observed in two patients, accounting for 23.0% of 

the cohort. Our cohort showed a significant decline in both overall survival (OS) and 

progression-free survival (PFS) as it progressed from TNM stage 1 and stage 2-4 (Fig. 5A). 

Moreover, the prognosis for HCC patients in the advanced stages was notably poorer in 

comparison to those in the early and intermediate stages (Fig. 5B). 

The clinical information of patients in the control group is listed in Table 4. The control cohort 

was constituted of 5 females and 5 males, with a mean age of 60. All patients in the control 

group were free of viral hepatitis and had good liver function before surgery (CTP class A). 

30% (3/10) of cases were associated with liver cirrhosis and one patient had non-alcoholic 

fatty liver disease. All patients were alive and not lost during the follow-up time.   



38 
 

 
 

 

 

 

 

 

Figure 4. Workflow chart of data generation and analysis: Totally, 40 patients with liver 

diseases from the BIOMASOTA underwent plasma cfDNA and gDNA extraction, but the tDNA 

was taken from FFPE (Formalin-fixed paraffin-embedded tissue) samples only in the HCC 

cohort. In our cohort, 30 HCC patients were the experimental group and 10 patients with benign 

liver lesions were the control group. Following NGS testing and analysis of all DNA samples, 

several mutations were identified in the HCC group, whereas no mutations were detected in 

the control group. 
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Table 3. Clinical variables among HCC cohorts (N=30). 

Clinical variable Number (%) 

Gender   
 

Male 18 (60%) 
 

Female 12 (40%) 

Mean age (years ± SD) 69.0 ± 9.0 

Associated with HBV  1 (3.3%) 

Associated with HCV  12 (40%) 

Associated with cirrhosis  17 (56.7%) 

Alcoholic liver disease  6 (20%) 

Non-alcoholic fatty liver disease  12 (40%) 

Largest tumor diameter (mm) 216 

Median largest tumor diameter (mm) 41.5 (IQR 22.8-60.8) 

Median AFP pre-operative (ng/ml, N=22) 9.5 (IQR 4.8-47.5) 

Macrovascular invasion  3 (10%) 

Microvascular invasion  13 (43.3%) 

Portal vein thrombosis 2 (6.7%) 

Presence of metastasis 4 (13.3%) 

CTP classification   
 

A 27 (90%) 
 

B 3 (10%) 
 

C 0 

BCLC classification    
 

0 5 (16.7%) 
 

A 7 (26.7%) 
 

B 12 (40%) 
 

C 6 (20%) 
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D 0 

pTNM classification   
 

1 14 (46.7%) 
 

2 6 (20%) 
 

3 5 (16.7%) 
 

4 5 (16.7%) 

 
A. 
 

 

 

 

 

 

B.  

 

 
 
 
 
 

 

 

Figure 5. A. Kaplan–Meier analysis for overall survival (p=0.019) and progression-free survival 

(p=0.0045) between TNM stage 1 and 2-4. B. Kaplan–Meier analysis for overall survival 

(p=0.0023) and progression-free survival (p=0.0018) in different BCLC stages. 
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Table 4. Clinical variables among the control group (N=10). 

Clinical variable Number (%) 

Gender   
 

Male 5 (50%) 
 

Female 5 (50%) 

Mean age (years ± SD) 60.0 ± 15.5 

Etiology of chronic liver disease   

  HBV  0  

  HCV  0  

  Cirrhosis  3 (30%) 

  Alcoholic liver disease  1 (10%) 

  Non-alcoholic fatty liver disease  4 (40%) 

  Hepatic echinococcosis 3 (10%) 

  Hepatic adenomas 1 (10%) 

  hepatic hemangiomas 1 (10%) 

  Focal nodular hyperplasia 1 (10%) 

Median AFP pre-operative (ng/ml, N=5) 9.5 (IQR 2.4-7.3) 

CTP classification   
 

A 10 (100%) 
 

B 0 
 

C 0 

 

4.2.  The quality test for cfDNA of HCC 

We selected plasma samples from HCC patients at three different time periods during 2016-

2018 and subjected them to circulating cfDNA testing. All samples exhibited a high 

concentration of cfDNA with good quality (Table 5). The high cfDNA concentration suggests 

the presence of plasma-free DNA. The length of the cfDNA we detected ranged from 100 to 

200 base pairs (Fig. 4), consistent with published data on cfDNA. 
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Table 5. CfDNA concentration in the tested sample 

HCC sample %cfDNA cfDNA concentration (ng/ml) 
A 95 25800 

B 78 1940 

C 92 2370 

 
Sample A. 

 

 
 

 

 

 

 

 

 

 

Sample B. 

 

 

 

 

 

 

 

 

 

 

 

Sample C. 

 

 
Figure 6. All three cfDNA from plasma show similar size distributions, peaking at 150 to 200 

bp in length, which was consistent with the normal size of cfDNA in literature. 
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4.3. Genetic mutation of ctDNA showed an effect in distinguishing ctDNA and 
cfDNA 

Cell-free DNA could be detected in the plasma samples from both the experimental and control 

groups (n=40). The median concentration of cfDNA in the HCC group was 10.4ng/ml (IQR 3.4-

17.8ng/ml), indicating a slightly higher trend compared to the control group (6.3ng/ml, IQR 3.0-

10.5ng/ml). However, the cfDNA concentration between the two groups was not significantly 

different (Fig. 8A). Subsequently, we focused on the genetic mutations, excluding silent 

mutations and retaining only functional ones. The genetic mutations detected in ctDNA 

encompass various types: exonic mutations, intronic mutations, intergenic mutations, splice 

site mutations, and mutations in the 3'-untranslated region and 5'-untranslated region. Among 

these mutations, the exonic part constituted the largest proportion, accounting for 77.5% of the 

total (Fig. 8B). To establish the baseline, several criteria were applied to the filter parameters 

of mutation genes in both ctDNA and tDNA.  

These criteria include: (1) mutations that must be located in exonic regions. (2) intronic and 

intergenic mutations were excluded. (3) mutations without a clear function were excluded. (4) 

synonymous and unknown mutations of the exon were excluded.  

The final screening revealed at least one mutation gene could be detected in 20 out of 30 

individuals' plasma in the HCC group, accounting for 66.7% (Table 5). However, no mutation 

genes were detected in the control group. Thus, a significant difference in the proportion of 

patients with mutations was observed between the experimental and control groups (Fig. 8C). 

The identified mutations in HCCs consisted of 49 eligible mutant genes, encompassing 91 

exons in ctDNA, and 72 eligible mutant genes, including 171 exons in tDNA. The mean 

mutated allele frequency (mAF) of ctDNA was 5.2%, while the ctDNA concentration was 

calculated at 2.2 log10 [haploid genome equivalents/ml] of plasma. Genetic mutations proved 

to be more effective in distinguishing ctDNA from normal cfDNA than cfDNA concentration in 

plasma. 

The mutations detected in ctDNA were fewer than those in tDNA across various parameters, 

including the number of patients with the mutation, types of mutant genes, mutant exons, and 

the mean number of exonic mutations per patient (Table 6). Additionally, the median mutant 

allelic frequency of ctDNA was 2 % (IQR 1 %-10 %; n = 20), which was lower than the 

corresponding value of 0.16 detected in tDNA (IQR 0.07-0.27; n = 30) (Fig. 8D). 
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A.                                B. 

 

 

 

 

 

 

C.                                         D. 
 

 

 

 

 

 

 

 

Figure 8. CfDNA concentration and genetic mutation of ctDNA: A. Comparison of cfDNA 

concentrations in HCC and control group. There was no significant difference.  B. The 6 

different kinds of mutations in ctDNA. C. Comparison of mutation ratio in HCC and control 

group. Fisher’s exact test ****p<0.0001. D. Comparison of mutations in plasma ctDNA and 

tumor FFPE tDNA. Mann Whitney test: **** p<0.0001. 
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Patient with mutation 20/30 30/30 0/10 

Genes in panel 49/100 72/100 0/100 

Mutant exons 91 170 0 

Exonic mutation per 

sample - Mean 

4.6 7.2 0 

 

4.4. Landscapes of mutations of ctDNA and associated signaling pathways 

We proceeded to explore the characteristics of ctDNA mutations and conduct a comparison 

with tDNA mutations, the details of mutation frequencies in ctDNA and tDNA are exhibited in 

Table 7. Among the 49 ctDNA genes with mutant exons, fifteen were initially detected 

specifically in free nucleic acid of HCC: NCOR2, HGF, MECOM, ROBO1, MKI67, PEPN13, 

RANBP2, RELN, ALB, FAT4, KMT2B, MGAM, PAK5, PTPRB, ZFHX3. NCOR2 was the most 

frequent of these, with a total of 4 patients and a frequency of 13.33 percent. 

 

Table 7. Frequency of mutations in ctDNA and tDNA. 

Genes in panel 
Patients with 
plasma ctDNA 

ctDNA 
freq (%) 

Patients with 
Tumor tDNA 

tDNA 
freq (%) 

CTNNB1 4 13.33 11 36.67 

NCOR2 4 13.33 4 13.33 

TP53 3 10.00 4 13.33 

ROBO1 3 10.00 2 6.67 

PDE4DIP 3 10.00 1 3.33 

KMT2C 3 10.00 0 0.00 

KMT2D 2 6.67 4 13.33 

RNF213 2 6.67 3 10.00 

RANBP2 2 6.67 3 10.00 

ACVR2A 2 6.67 3 10.00 

HGF 2 6.67 2 6.67 

ATM 2 6.67 2 6.67 

BRCA2 2 6.67 2 6.67 
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ERBB4 2 6.67 2 6.67 

MKI67 2 6.67 1 3.33 

IGF1R 2 6.67 0 0.00 

MECOM 2 6.67 0 0.00 

KMT2B 1 3.33 3 10.00 

NOTCH1 1 3.33 5 16.67 

PCLO 1 3.33 4 13.33 

ALB 1 3.33 3 10.00 

CARD11 1 3.33 3 10.00 

MGAM 1 3.33 2 6.67 

PIK3CA 1 3.33 3 10.00 

FAT4 1 3.33 2 6.67 

KMT2A 1 3.33 2 6.67 

NOTCH4 1 3.33 2 6.67 

PTPRB 1 3.33 2 6.67 

RAD50 1 3.33 2 6.67 

TSC1 1 3.33 2 6.67 

ZFHX3 1 3.33 2 6.67 

ARID2 1 3.33 1 3.33 

AXIN1 1 3.33 1 3.33 

BAP1 1 3.33 1 3.33 

EGFR 1 3.33 1 3.33 

ERBB2 1 3.33 1 3.33 

ERCC5 1 3.33 1 3.33 

FLT4 1 3.33 1 3.33 

MSH6 1 3.33 1 3.33 

PAK5 1 3.33 1 3.33 

PTPN13 1 3.33 1 3.33 

RELN 1 3.33 1 3.33 

TAF1 1 3.33 1 3.33 

TERT 1 3.33 1 3.33 

KIT 1 3.33 0 0.00 

NF1 1 3.33 0 0.00 

PIK3CG 1 3.33 0 0.00 

POLQ 1 3.33 0 0.00 

LRP1B 1 3.33 2 6.67 

SPEN 0 0.00 1 3.33 
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PRKDC 0 0.00 0 0.00 

CDKN2A 0 0.00 4 13.33 

PREX2 0 0.00 3 10.00 

PTPRT 0 0.00 3 10.00 

TRRAP 0 0.00 3 10.00 

ARID1A 0 0.00 2 6.67 

ARID1B 0 0.00 2 6.67 

MED12 0 0.00 2 6.67 

MTOR 0 0.00 2 6.67 

NOTCH3 0 0.00 3 10.00 

SMARCA4 0 0.00 2 6.67 

TSC2 0 0.00 2 6.67 

ATR 0 0.00 1 3.33 

BCORL1 0 0.00 1 3.33 

CHD2 0 0.00 1 3.33 

CREBBP 0 0.00 1 3.33 

EP300 0 0.00 0 0.00 

HNF1A 0 0.00 1 3.33 

JAK1 0 0.00 1 3.33 

KEAP1 0 0.00 1 3.33 

MET 0 0.00 1 3.33 

MGA 0 0.00 1 3.33 

MYO18A 0 0.00 1 3.33 

NFE2L2 0 0.00 1 3.33 

NRAS 0 0.00 1 3.33 

NTRK2 0 0.00 1 3.33 

NUP214 0 0.00 1 3.33 

PBRM1 0 0.00 1 3.33 

RB1 0 0.00 1 3.33 

SETD2 0 0.00 1 3.33 

SF3B1 0 0.00 1 3.33 

APC 0 0.00 0 0.00 

ASXL1 0 0.00 0 0.00 

BLM 0 0.00 0 0.00 

BRCA1 0 0.00 0 0.00 

CDKN1A 0 0.00 0 0.00 

EPHA3 0 0.00 0 0.00 
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FGFR2 0 0.00 0 0.00 

FGFR4 0 0.00 0 0.00 

IDH2 0 0.00 0 0.00 

IL6ST 0 0.00 0 0.00 

KRAS 0 0.00 0 0.00 

LRRK2 0 0.00 0 0.00 

MYC 0 0.00 0 0.00 

NCOR1 0 0.00 0 0.00 

NTRK3 0 0.00 0 0.00 

PDGFRA 0 0.00 0 0.00 

PTEN 0 0.00 0 0.00 

WRN 0 0.00 0 0.00 

ZNF521 0 0.00 0 0.00 

 

4.4.1. Genetic landscape of ctDNA 

A genetic heat map was generated to illustrate 32 mutations from ctDNA, including all 

mutations with a frequency exceeding 10% and a few mutations that we deemed significant 

despite the frequency of 6.7%. The number of patients harboring mutated exons displayed an 

upward trend in TNM stage II-IV patients compared to those in TNM stage I, but this difference 

was not significant (Fig. 9). Moreover, among HCC patients with vascular invasion (macro- and 

micro-), HBV or HCV infection, cirrhosis, metastasis, and concomitant alcohol liver disease or 

non-alcoholic fatty liver, a higher probability of detectable mutations in plasma ctDNA was 

observed, despite these alterations showing only a nonsignificant trend (Fig. 9). The identified 

mutant exon types included nonsynonymous mutations, stop gain mutations, frameshift 

deletion mutations, and non-frameshift deletion mutations. The genetic mutation landscape 

revealed prominent genes such as CTNNB1 (13.3%), NCOR2 (13.3%), TP53 (10%), PDE4DIP 

(10%), KMT2C (10%), ROBO1 (10%), RANBP2 (6.7%), ACVR2A (6.7%), ATM (6.7%), and 

HGF (6.7%) (Fig. 9). In the heatmap, it was also the first that NCOR2, ROBO1, RANBP2, HGF 

were identified in ctDNA of liver cancer. 
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Figure 9. Landscapes of mutations in ctDNA: CtDNA mutation profiling of 30 HCC patients. 

The number of tumor mutations in each individual is in the top part, and the details of mutations 

are in the middle. The bottom panel exhibits the TNM stage, BCLC stage, microvascular 

invasion, macrovascular invasion, HBV, HCV, alcohol liver disease, non-alcohol fatty liver 

disease, cirrhosis, and metastasis for our HCC cohorts. 

4.4.2. Mutant genes in ctDNA and tDNA 

Then, we proceeded with a comparative analysis of mutations identified in plasma and their 

matched tumor tissues. Furthermore, we compared these mutations with the gene frequencies 

available in publicly accessible databases from cBioportal (N=630), which encompasses the 

TCGA database and other clinical HCC data (Fig. 10). We focused on 17 genes, as depicted 

in Figure 9, which exhibited frequencies exceeding 6.7%. Notably, more than 50% of the 

mutations did not demonstrate significant differences between circulating tumor DNA (ctDNA) 

and tumor DNA (tDNA), including NCOR2, RANBP2, ROBO1, ACVR2A, ATM, HGF, RNF213, 

ERBB4, and BRCA2. Conversely, certain genes exhibited markedly distinct mutation 

frequencies between ctDNA and tDNA, such as CTNNB1. Additionally, we observed that the 

mutation frequencies in ctDNA and tDNA samples from our HCC patient cohort were generally 

higher than those reported in existing databases, except CTNNB1 and TP53. This discrepancy 

may be attributed to different sequencing depths. 
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Figure 10. Genetic mutation frequency of HCC in plasma, tumor tissue and public 
database: Comparative analysis of gene mutation frequency in ctDNA, tDNA and public 

database (cBioportal website). 

4.4.3. Mutation genes and signaling pathways 

We conducted KEGG enrichment on the mutant genes identified from both ctDNA and tDNA 

samples, resulting in several HCC-related signaling pathways (Fig. 11). Among the 25 

pathways highly enriched in ctDNA mutations, we observed a stronger enrichment in tDNA as 

well. In almost all of the pathways, tDNA showed an equal or even higher count of genes than 

ctDNA, except for the Ras signaling pathway, MAPK signaling pathway and Rap1 signaling 

pathway. The PI3K-Akt signaling pathway, a representative pathway, showed the highest 

enrichment in both ctDNA (p=1.06E-06) and tDNA (p=1.36E-07), with 12 and 15 genes, 

respectively. In ctDNA, the top enriched pathways for the rest included Focal adhesion and 

MAPK signaling pathways, containing 9 and 10 genes, respectively. Pathways associated with 

EGFR tyrosine kinase inhibitor resistance (with 6 genes) were relevant to HCC molecularly 

targeted therapy. Additionally, virus-associated pathways such as hepatitis C (p=0.045) and 

human cytomegalovirus infection (p=0.027) were enriched in our dataset.  Metabolic pathways 

involving lysine degradation (p=2.84E-04) and central carbon metabolism in cancer (p=4.26E-

04) were also found to be relevant. Overall, although some discrepancies were observed in 

the identified mutations between blood and tissue samples, the distribution and associated 

pathways exhibited remarkable consistency. 
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Figure 11. Landscapes of mutations of ctDNA and signaling pathway. Totally 25 pathways 

are selected in ctDNA mutation after enrichment. Each pathway is enriched for at lowest 3 

genes with a statistical significance of p<0.05. In order to provide a comparative analysis, the 

enrichment of these pathways in tDNA is also conducted. 

 

4.5. Concordant mutations and correlation with the clinical factors 

After the mutation landscape analysis, our objective was to assess the accuracy of ctDNA in 

carrying oncogene information. We compared ctDNA and its corresponding matched tDNA 

extracted from HCC tissue. Then, we checked the concordant mutant genes, which could be 

consistently detected in both ctDNA and matched tDNA samples simultaneously. 

4.5.1. Mutation concordance between plasma ctDNA and matched HCC tDNA 

Among the twenty HCCs with at least one functional mutant exon in ctDNA, the concordant 

mutation genes were detectable in ten, representing 50% of the patients (Fig. 12A). In a single 

HCC patient, a maximum of 4 concordant mutant exons could be observed. There are a total 

of 19 genes showing concordant mutations, involving CTNNB1, TP53, ACVR2A, ALB, ARID2, 

BAP1, BRCA2, ERBB2, ERBB4, ERCC5, HGF, KMT2D, MSH6, NCOR2, PIK3CA, RANBP2, 

RNF213, ROBO1, and TSC1. A total of 23 exon sites were contained in these concordant 

genes, accounting for 25.2% (23/91) of ctDNA mutant exons and 18.0% (23/128) of tDNA 

mutant exons (Fig. 12B). CTNNB1 demonstrated the highest frequency in HCC patients, with 

4 exons being affected in 40% (4/10) of cases (Fig. 12C). TP53 was identified in 2 out of the 

10 patients, involving 2 exons. The remaining genes had a single mutant exon and were found 

in only one HCC patient (Table 8). Although the genes showing concordance were not in the 

majority in either ctDNA or tDNA, concordant mutations were found in half of the patients with 

plasma mutations, which has profound implications for exploring the clinical value of ctDNA. 
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A.                                                B. 
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Figure 12. Concordance between mutations identified in ctDNA and matched HCC tDNA. 
A. Our HCC cohort displays a comparison in the number of mutations between ctDNA and 

tDNA, with concordant mutant genes found in 10 cases. Patient samples were arranged for 

decreasing concordant mutation. B. The Venn diagram illustrates mutant genes' overlapping 

and distinct portions in ctDNA and tDNA, indicating their concordant and mutually exclusive 

regions. C. Concodant mutations with different frequencies. 
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Table 8. Details of the mutations identified both in ctDNA and matched tDNA from HCC 

patients.    

Sample 
ID Gene 

Alteration 
type CytoBand Position DNA change 

Exonic 
function 

0072 CTNNB1 SNP 3p22.1 3:41266113 C  ˃  T 

nonsynonymous 

SNV 

0269 CTNNB1 SNP 3p22.1 3:41266098 A  ˃  G 

nonsynonymous 

SNV 

0552 CTNNB1 SNP 3p22.1 3:41266137 C  ˃  T 

nonsynonymous 

SNV 

1326 CTNNB1 SNP 3p22.1 3:41266100 T  ˃  C 

nonsynonymous 

SNV 

0197 TP53 InDel 17p13.1 17:7578505 

GGGCAGGTCT

TGGCCAG  ˃  - 

frameshift 

deletion 

0269 TP53 SNP 17p13.1 17:7577580 T  ˃  C 

nonsynonymous 

SNV 

0552 ACVR2A SNP 2q22.3 2:148683651 C  ˃  T 

nonsynonymous 

SNV 

1447 ALB InDel 4q13.3 4:74275076 T  ˃  - 

frameshift 

deletion 

1214 ARID2 InDel 12q12 12:46245643 AGG  ˃  - 

nonframeshift 

deletion 

1447 BAP1 InDel 3p21.1 3:52437589 G  ˃  - 

frameshift 

deletion 

1447 BRCA2 SNP 13q13.1 13:32907114 G  ˃  T 

nonsynonymous 

SNV 

0072 ERBB2 SNP 17q12 17:37882817 T  ˃  A 

nonsynonymous 

SNV 

1326 ERBB4 SNP 2q34 2:212248585 A  ˃  C 

nonsynonymous 

SNV 

0072 ERCC5 SNP 13q33.1 13:103515307 T  ˃  C 

nonsynonymous 

SNV 

1077 HGF SNP 7q21.11 7:81359077 T  ˃  G 

nonsynonymous 

SNV 

0591 KMT2D SNP 12q13.12 12:49443732 C  ˃  A 

nonsynonymous 

SNV 
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0022 MSH6 SNP 2p16.3 2:48027428 T  ˃  G 

nonsynonymous 

SNV 

0072 NCOR2 SNP 12q24.31 12:124841250 C  ˃  G 

nonsynonymous 

SNV 

0552 PIK3CA SNP 3q26.32 3:178952085 A  ˃  G 

nonsynonymous 

SNV 

0552 RANBP2 InDel 2q12.3 2:109352117 A  ˃  - 

frameshift 

deletion 

1447 RNF213 SNP 17q25.3 17:78265553 C  ˃  G stopgain 

1077 ROBO1 InDel 3p12.3 3:79174643 G  ˃  - 

frameshift 

deletion 

1077 TSC1 SNP 9q34.13 9:135801023 T  ˃  C 

nonsynonymous 

SNV 

 

4.5.2. Clinical variable and concordant mutations 

To assess the correlation between concordant mutations and clinic, we conducted the analysis 

combining the concordant mutations and the clinical data of HCC patients. Our findings 

revealed a significant association between concordant mutation and vascular invasion as well 

as BCLC stage (Fig. 13A). Tumor metastasis might be able to influence the probability of the 

presence of concordant genes in plasma, but there was no statistical difference. HCC patients 

with tumor vascular invasion exhibited a higher possibility of concordant mutations, both in 

cases of microvascular invasion (p=0.045) and macrovascular (p=0.030) (Fig. 13B). Moreover, 

a higher proportion of concordant mutations was observed in patients with BCLC stage B&C 

compared to those in stages 0&A (p=0.021) (Fig. 13C). 
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Figure 13. Concordant mutation ratio and HCC patients: A. The association between the 

clinical variable and concordant mutations is shown in the forest plot. B. The stacked charts 

show the comparison of concordant mutation ratio and the clinical variable with p<0.05, 

including micro/macrovascular invasion, Fisher’s exact test, microvascular invasion, p=0.045, 

and macrovascular invasion, p=0.030. C. Comparison of concordant mutation ratio in patients 

with different BCLC stages. Fisher’s exact test, p=0.021. 

4.6. CtDNA and HCC diagnosis and prognosis 

4.6.1. Combination of ctDNA and AFP for HCC diagnosis 

Subsequently, we evaluated the effectiveness of ctDNA mutation for HCC diagnosis and 

compared it with the conventional HCC biomarker: AFP. The cut-off value of AFP was set at 

20ng after reference to the literature 93. In our cohort, 27 patients took the AFP test, with 22 

HCC patients and 5 control group patients. A total of 21 HCC patients were found with elevated 

AFP or detectable ctDNA mutations in blood samples, including 17 HCCs with ctDNA 

mutations and 7 were positive for AFP (Table 9).  

Table 9. The 2 × 2 table of comparing diagnostics accuracy. 

 
ctDNA mutation Total 

Yes No 

AFP˃20ng/ml 3 4 7 

AFP≤20ng/ml 14 1 15 

Total 17 5 22 

 

In the ROC curve analysis, ctDNA mutation displayed an AUC area of 0.89, indicating a modest 

increase over AFP level (AUC=0.71). This difference was not statistically significant (p=0.172) 

(Fig. 14A). However, when combining ctDNA mutation with AFP levels, the AUC reached 0.98, 

revealing a substantial enhancement in diagnostic effect compared to ctDNA mutation or AFP 

alone. The p-values for the combined approach compared with mutation and AFP were 0.028 

and 0.009, respectively (Fig. 14A). Then we also checked the diagnosis accuracy of the ctDNA 

mutation combined with AFP level for HCC patients in the early stage (BCLC stage 0-A and 

TNM stage 1) and got the similar results in the ROC curve (Fig. 14B, Fig 14C). 
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Figure 14: CtDNA mutation and AFP for HCC diagnosis. A. The AUC of ctDNA mutation in 

the diagnosis ROC curve is 0.89, and the AUC of AFP was 0.71. The change in AUC between 

ctDNA and AFP levels is not statistically significant (p=0.172). In ROC analysis, The AUC of a 

combination of ctDNA mutation and AFP is 0.98, with a significant increase in both ctDNA 

(p=0.028) and AFP (p=0.009). B. For HCCs in BCLC stage 0-A, combination AUC showed a 

significant increase in ctDNA mutation AUC (p=0.042). or AFP AUC (p=0.038). C. For HCCs 

in TNM stage 1, the combination AUC expressed a more significant period than AFP AUC 

(p=0.025), with no significant difference in ctDNA mutation AUC (p=0.113). 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

Se
ns

iti
vi

ty

ctDNA mutation (AUC=0.89)
AFP (AUC=0.71)
Combination (AUC=0.98)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

Se
ns

iti
vi

ty

ctDNA mutation (AUC=0.83)
AFP (AUC=0.61)
Combination (AUC=0.96)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

Se
ns

iti
vi

ty

ctDNA mutation (AUC=0.8)
AFP (AUC=0.67)
Combination (AUC=0.96)



59 
 

4.6.2. The specific mutation set in ctDNA and prediction of HCC survival 

Next, we proceeded with the analysis of the correlation between specific mutations and patient 

prognosis. Based on the TNM stages, we categorized mutant genes in ctDNA into three 

mutation sets: those present exclusively in TNM stages 2-4, those appearing only in TNM stage 

1, and those occurring in both stages (Fig. 15A). Given that TNM stages 2-4 exhibited poorer 

overall survival (OS) and progression-free survival (PFS) in our HCC cohort (Fig. 7A), we 

directed our attention to mutation set A, which comprised 9 patients and 12 genes (ARID2, 

ERBB4, ERCC5, KMT2A, MSH6, NCOR2, PIK3CA, PIK3CG, POLQ, PEPRB, TERT, and 

TSC1) (Table 10). 

 

 

 

 

 

 

 

 

 

 

Figure 15. Mutation set of ctDNA and survival: Mutant genes detected only in TNM stages 

2-4 are clustered as mutation set A, mutant genes in the overlap part are defined as mutation 

set B, and mutations only in TNM stage 1 are pooled as mutation set C. The mutation set A 

includes 12 mutant genes.  
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Table 10. The patients in TNM stages 2-4 carried genes in mutation set A in our HCC cohort. 

 
Mutation set A Total 

Yes No 

TNM stage 1 0 14 14 

TNM stages 2-4 9 7 15 

Total 9 21 30 

 

Then we also made the Cox proportional hazards analysis for our HCC cohort (Table 11, Table 

12). Univariate analysis showed that late BCLC stage, metastasis, and mutation set A was 

significantly associated with shorter OS, while late BCLC stage, metastasis, vascular invasion, 

metastasis, and mutation set A associated with shorter PFS. The mutation set A was an 

independent risk factor for poor OS and PFS in multivariate analysis. 

 

Table 11. Cox hazard analysis for the prediction of overall survival. 

 
Factor 

Univariate analysis  Multivariate analysis  

Hazard Ratio 

(95% CI) 

p-value Hazard Ratio 

(95% CI) 

p-value 

Gender  

(male vs. female) 

0.65 

(0.12-3.57) 

0.624 
  

Age  0.98 

(0.91-1.07) 

0.767 
  

BCLC stage  

(0-B vs. C) 

8.94 

(1.63-49.04) 

0.012 
  

Viral hepatitis  

(yes vs. no) 

2.66 

(0.49-14.55) 

0.259 
  

Cirrhosis  

(yes vs. no) 

4.14 

(0.48-35.47) 

0.195 4.58 

(0.53-39.44) 

0.167 
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Vascular invasion  

(yes vs. no) 

6.43 

(0.75-55.05) 

0.089 
  

Metastasis 

(yes vs. no) 

8.87 

(1.733-45.36) 

0.009 
  

Alcohol liver disease 

(yes vs. no) 

2.94 

(0.53-16.15) 

0.216 
  

Non-alcoholic fatty liver disease 

(yes vs. no) 

0.69 

(0.13-3.76) 

0.664 
  

cfDNA concentration 0.996 

(0.93-1.06) 

0.916 
  

ctDNA mutation 

(yes vs. no) 

3.04 

(0.35-26.1) 

0.31 
  

Mutation set A 

(yes vs. no) 

5.66 

(1.03-30.98) 

0.046 6.102 

(1.11-33.56) 

0.038 

 

Table 12. Cox hazard analysis for the prediction of progression-free survival. 

 
Factor 

Univariate analysis  Multivariate analysis  

Hazard Ratio 

(95% CI) 
p-value Hazard Ratio 

(95% CI) 
p-value 

Gender  

(male vs. female) 

0.73 

(0.22-2.44) 

0.61 
  

Age  1.01 

(0.95-1.07) 

0.793 
  

BCLC stage  

(0-B vs. C) 

5.16 

(1.63-16.32) 

0.005 
  

Viral hepatitis  

(yes vs. no) 

1.62 

(0.51-5.14) 

0.416 
  

Cirrhosis  

(yes vs. no) 

2.95 

(0.80-10.91) 

0.106 3.58 

(0.94-13.67) 

0.062 
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Vascular invasion  

(yes vs. no) 

3.97 

(1.07-14.73) 

0.039 
  

Metastasis 

(yes vs. no) 

4.45 

(1.30-15.21) 

0.017 
  

Alcohol liver disease 

(yes vs. no) 

1.91 

(0.51-7.09) 

0.336 
  

Non-alcoholic fatty liver disease 

(yes vs. no) 

0.683 

(0.21-2.27) 

0.534 
  

cfDNA concentration 0.98 

(0.93-1.03) 

0.49 
  

ctDNA mutation 

(yes vs. no) 

1.31 

(0.39-4.40) 

0.666 
  

Mutation set A 

(yes vs. no) 

2.64 

(0.85-8.23) 

0.094 3.22 

(1.01-10.24) 

0.048 

 

Mutation set A exhibited a strong association with poorer OS (p=0.024) in our HCC cohort and 

showed a tendency to relate with worse PFS (0.08) (Fig. 16A). To validate the relationship 

between specific mutation set A and HCC prognosis, we also verified the effect of mutation set 

A in the TCGA database, which encompassed 174 HCCs for OS and 175 HCCs for PFS. 

Because our HCC patient population is white, we also select white data in the TCGA database. 

HCC patients with mutation set A demonstrated significantly poorer PFS (p=0.023) and a 

negative trend in OS (p=0.074) (Fig. 16B). Importantly, our prognosis data align well with the 

results observed in the TCGA cohort, affirming the consistency of our findings. 
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Figure 16. Mutation set A of ctDNA and HCC survival: A. Kaplan–Meier analysis for OS 

(p=0.024) and PFS (p=0.080) in our HCC cohort. B. Kaplan–Meier analysis for OS (p=0.074) 

and PFS (p=0.023) in the TCGA cohort. P-values were calculated with the log-rank test.  
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5. DISCUSSION 

With the advancement of molecular biology, ctDNA has emerged as a promising tool for 

diagnosing and monitoring malignant carcinoma in liquid biopsy 94. CtDNA shares the inherent 

benefits of liquid biopsy, such as non-invasiveness, real-time, and repeatability analysis. The 

non-invasive sample collection method could reduce the challenges of obtaining samples 

multiply. These findings greatly support the feasibility of implementing real-time molecular 

monitoring for cancer. Furthermore, ctDNA possesses a unique advantage in carrying genetic 

information from the tumor, enabling precise diagnosis and prognosis 95. However, despite the 

potential of ctDNA for the diagnosis and prognosis of HCC, scientists still face many challenges 

in its application. One of the significant issues is the approach for minimizing the interference 

of normal cfDNA during ctDNA detection. Current research has explored the feasibility of gene 

mutations in ctDNA as specific biomarkers. The earliest studies on ctDNA mutations date back 

to 2000, specifically examining the Ser-249 p53 mutation in ctDNA of HCC patients in Gambia 
96. Subsequent investigations detected ctDNA mutations in HCCs, revealing more mutated 

sites beyond p53. For instance, Ao and Huang et al. examined Chinese HCC cohorts and 

identified mutation genes, such as CTNNTB1, Axin1, ARID1A, and TP53, in 38.6% of the 

patients 63. In ctDNA, common mutant genes associated with HCC could be detected, and 

genes with low frequencies, such as RAS mutation 64. Although ctDNA mutations are potential 

specific markers, the identified mutant targets are still largely random. In our speculation, this 

randomness may be attributed to tumor heterogeneity 97 and the low mutation specificity of 

HCC 56. 

In the exploratory study, we designed a sequence panel specifically targeting 100 common 

mutations of HCC. In this panel, 49 genes were in ctDNA mutations, while 72 were detected 

in tDNA, suggesting a good coverage of HCC-specific mutations. These findings demonstrated 

the excellent effect of the NGS panel. In addition, more functional mutant sites were detected 

in tDNA than ctDNA, which means the genetic information of HCC might be more extensive in 

paraffin tissue than in plasma. Nevertheless, some mutations were only identified in ctDNA, 

demonstrating that the genetic profile in ctDNA was not entirely encompassed in tDNA. It is 

probably attributed to the heterogeneity of the tumor. 

The cell-free DNA was identified in all the plasma samples from the participants, no matter 

HCC or benign liver diseases. However, the mutations could only be found in the free nucleic 

acids of the HCC group and not in the control group. Measurement of concentrations was a 

typical means of assessing ctDNA/cfDNA, which malignant tumors could elevate 98,99. In our 

patient cohort, cfDNA concentration only slightly increased in the HCC group, which might be 

related to the fact that our control group did not consist of healthy individuals. Still, it implied 



65 
 

that the ctDNA mutation was a better biomarker for distinguishing ctDNA from cfDNA than total 

cfDNA concentration. 

Based on the results, the genetic profiles of ctDNA exhibited unique features. New ctDNA 

mutations of HCC have been discovered in our cohort, involving NCOR2, ROBO1, RANBP2, 

HGF, MECOM, MKI67, PTPN13, and ZFHX3. These mutations mentioned were previously 

detected in HCC TCGA database; however, they represented the first instances of occurrence 

in ctDNA. The TERT mutation was frequently observed in the HCC database, but its 

occurrence was relatively low within our cohort. This disparity was attributed to our panel 

covering the exon region, whereas TERT mutations predominantly occur at the promoter site 
100. Within our HCC ctDNA results, NCOR2 and CTNNB1 emerged as the two genes with the 

highest mutation frequency (13.3%). The mutation rate of NCOR2 aligned with its frequency 

in paraffin tissue and was higher than reported in other studies 56. On the contrary, the mutation 

rate of CTNNB1 in ctDNA was comparatively lower than it was observed in organized tumor 

samples,  as well as other literature sources 56. A similar pattern of CTNNB1 was also observed 

for TP53, another gene frequently mutated in HCC. While some discrepancies existed between 

plasma and tumor tissues for the identified mutations, the overall enrichment of mutant genes 

in ctDNA remained consistent with the mutant genes of tDNA. The genes were enriched, 

focusing on the classical HCC signaling pathways. 

Genetic concordance represents whether the genes carried in ctDNA accurately display tumor 

information. After removing the interference of germline mutations, we confirmed a high 

concordance in 23 mutant exons between ctDNA and the corresponding tumor tissues. These 

concordant mutations were found in ten patients, constituting 50% (10/20) of the patients with 

functional mutations detected in plasma. Howell et al. have checked the concordance between 

ctDNA and matched tDNA before 61. However, our study went beyond identifying genetic 

concordance and explored a relationship between mutational concordance and clinical 

information. We explored several clinical factors that may influence the accuracy of ctDNA in 

capturing the genetic information of HCC tissues. Interestingly, mutation concordance strongly 

correlated with vascular invasion, encompassing both micro and macrovascular invasion. This 

discovery confirmed that ctDNA could convey genetic information from primary tumors, with 

enhanced accuracy in the presence of vascular invasion and a high tumor burden.   

In addition, our findings revealed the vital role of ctDNA mutations in the diagnosis and 

predicting prognosis of HCC. Recently, a novel detection tool named “CancerSEEK” was 

developed by Cohen JD and colleagues, which combines ctDNA mutations with circulating 

proteins for tumor detection 101. Then, a positive impact of combining ctDNA mutations with 

Des-Gamma-Carboxy Prothrombin (DCP) has been previously demonstrated 102. While 
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previous studies have tried to explore the combination of AFP levels and ctDNA, they mainly 

focus on copy number variation or ctDNA methylation 103,104. Although a liquid biopsy assay 

incorporating ctDNA mutations, AFP, and DCP has been developed for diagnosing liver 

cancer, its application remains limited to HBV-associated HCC 105. Hence, our study takes a 

distinctive approach by combining ctDNA mutations with AFP to evaluate their collective 

efficacy for HCC diagnosis, marking a significant advancement in this field. In our data, 

mutation of ctDNA exhibited only a modest performance improvement compared to AFP. 

However, when combined, these two biomarkers demonstrated a significant advantage in 

diagnosing HCC for early diagnosis and tumors up to 2 cm in diameter. The diagnostic 

accuracy of ctDNA mutation combining AFP level surpassed either biomarker alone.  

Furthermore, existing studies have emphasized the predictive value of ctDNA mutations for 

HCC prognosis, but most focus on individual mutant genes 102 106. Our study goes beyond this 

by demonstrating that grouping specific mutant genes into mutation sets could enhance 

prognosis prediction in HCC patients. The newly detected mutation of ctDNA (NCOR2) was 

also enrolled in the mutation set, indirectly illustrating the impact of NCOR2 on HCC prognosis. 

Given the relatively low frequency of single mutant genes in HCC (with TP53 and CTNNB1, 

the most commonly mutated genes occurring in less than 40% of cases), our research 

assesses the value of the mutation set approach. 

We also acknowledge some limitations of our study. Firstly, although we tried our best to 

maximize the inclusion of the common genes of HCC in the sequencing panel, there were still 

many random specific mutation genes in the result. It's probably due to our small sample size 

of the patient cohort. Secondly, whereas genetic mutations have been found in patients with 

benign liver diseases (such as hepatocellular adenomas and liver cirrhosis) in several studies, 

we did not detect any mutations in the control group 107 108. Finally, our single time-point test of 

ctDNA limited the study's power to observe the dynamic changes in HCC. Ideally, multiple 

time-point sampling allowed a clear view of changes in ctDNA throughout HCC progression, 

including preoperative, postoperative, and recurrence. 

Our study has provided compelling evidence demonstrating the strong potential of ctDNA 

mutations as a specific biomarker for liquid biopsy in HCC. Importantly, we have shown that 

ctDNA mutations offer a higher ability to discriminate between tumors and benign diseases 

than cfDNA concentration. Then, we also observed the rate of concordant mutations related 

to tumor burden, especially vascular invasion. In addition, co-diagnosis of ctDNA mutation and 

AFP shows excellent potential in HCC. The identification of specific mutation sets in ctDNA 

holds promise for improving prognosis predictions. Although limited by sample capacity, our 

findings strongly support the use of ctDNA mutations in advancing precision medicine. 
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Pursuing this direction and expanding the sample size will yield valuable insights into the 

clinical value associated with ctDNA mutations. 

In conclusion, ctDNA mutation from plasma exhibits the capacity to distinguish malignant and 

benign liver diseases. As the tumor progresses, ctDNA would capture more accurate genetic 

information from tumors in HCC patients, particularly with vascular invasion. Combined 

diagnosis of ctDNA mutation and AFP will generate remarkable outcomes in HCC. Moreover, 

the specific mutation set in ctDNA strongly predicts the HCC patient's prognosis. Our research 

reveals that ctDNA carries the genetic information consistent with tumors, demonstrating the 

massive potential of ctDNA mutations as a novel biomarker for diagnosing and monitoring HCC 

(Fig. 17). 
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Figure 17. The free nucleic acid fragments (ctDNA and cfDNA) are extracted from plasma of 

HCC patients and checked in next-generation sequencing. Mutations in ctDNA (stars of 

different colors) could be a valuable biomarker for the distinction between ctDNA and cfDNA. 

Various mutations are carried in ctDNA, constituting a unique mutation profile and a strong 

association with clinical feature.  
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