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ABSTRACT

Hepatocellular carcinoma (HCC) is the most common liver malignancy and a leading cause of cancer mortality,
with burden projected to rise substantially by 2040. Its poor prognosis reflects the timing of diagnosis: HCC
develops silently against chronic liver disease, and six-monthly ultrasound with alpha-fetoprotein remains
insensitive in the early stages. Two developments have reshaped molecular understanding of this heterogeneous
cancer. Large-scale sequencing established that the somatic landscape is not etiology-agnostic. The driver
hierarchy is dominated by TERT, TP53, and CTNNBI; exposure-specific mutational signatures; and structural
events such as hepatitis B virus integration, all of which differ systematically by upstream cause. In parallel, a
dense non-coding regulatory layer has been shown to intersect with the core processes of hepatocarcinogenesis.
These layers have largely been reviewed in isolation. Here, we integrate them, organize the coding and non-
coding genomic architecture of HCC by etiological risk factor, and appraise the contributions of each to
clinical decision-making. Etiological patterning is asymmetric — well-established at the coding layer but not yet
demonstrated at the non-coding layer, where assignments derive from single-etiology cohorts compared across
studies, platforms, and normalization strategies. Cutting across both layers are convergent nodes shared by all
causes, most clearly depletion of the hepatoprotective microRNA-122, a marker of convergence rather than
specificity. We then assess the clinical interface: multi-analyte serum scores and methylation-based cell-free
DNA now outperform ultrasound for early detection in prospective cohorts, yet none is guideline-endorsed,
and no circulating non-coding RNA has reached prospective validation. The near-term clinical yield of this
field lies in risk stratification, not molecularly guided therapy.

Key words: hepatocellular carcinoma — etiological risk factors — genomic profiling — mutational signatures
— non-coding RNA — clinical application — biomarkers.

Abbreviations: AFBI: aflatoxin B1 gene; AFP: alpha-fetoprotein; ALB: albumin gene; APOB: apolipoprotein
B gene; ARIDIA: AT-rich interaction domain 1A gene; ARID2: AT-rich interaction domain-containing
protein 2 gene; ASR: age-standardized incidence rate; AXIN1: axis inhibition protein 1 gene; BAPI: BRCA1-
associated protein 1 gene; circRNA: circular RNA; Cdrlas: circular RNA ciRS-7; ctDNA: circulating tumor
DNA; CTNNBI: B-catenin gene; HCC: hepatocellular carcinoma; KEAPI: Kelch-like ECH-associated protein
1 gene; IncRNA: long non-coding RNA; MASH: metabolic dysfunction-associated steatohepatitis; MASLD:
metabolic dysfunction-associated steatotic liver disease; MetALD: combined metabolic and alcohol-related
injury; miR: microRNA; MVTI: hepatic microvascular invasion; NFE2L2: nuclear factor erythroid 2-related
factor 2 gene; oncomiR: oncogenic microRNA; OSR: overall survival rate; PTEN: tensin homolog gene; RBI:
retinoblastoma 1 gene; SBS: single-base substitution; SLD: steatotic liver disease; TERT: telomerase reverse
transcriptase gene; TP53: tumor protein p53 gene.

INTRODUCTION In 2022 alone, 866,136 new cases and 758,725 associated
deaths were reported [1]. Rumgay et al. [2] project a roughly
55% increase in the global burden of liver cancer, expecting
about 1.4 million new cases and 1.3 million deaths by 2040.
Hepatocellular carcinoma accounts for 75-85% of hepatic
malignancies, has an age-standardized incidence rate (ASR) of

7.3 10 9.5 per 100,000, and carries a generally poor prognosis

According to the Global
Cancer Observatory, liver cancer
is the sixth most common and
the third leading cause of cancer-
related mortality worldwide.
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[3]. The five-year overall survival rate (OSR) for HCC varies
significantly by initial disease stage and underlying liver
pathology. While it can reach up to 70% for localized tumors
amenable to curative treatment, the OSR plummets below 10%
in metastatic cases when surgery or liver transplantation are
not available [4]. This gap is largely diagnostic. HCC develops
silently, often on a chronic liver disease background, and most
patients present at a late stage, with limited curative options.

Current surveillance relies on a six-monthly ultrasound,
with or without alpha-fetoprotein (AFP) in high-risk groups
[5]. AFP is insensitive for early-stage disease, and ultrasound
performance declines in obese and cirrhotic patients - precisely
the population in which incidence is now rising fastest. Taken
together, these lead to a well-recognized unmet need: reliable
molecular markers for early detection and patient stratification
in the clinical management of HCC. Any molecular alternative
must be assessed against existing methods, not ultrasound
alone. The most validated multi-analyte benchmark is the
GALAD score, which combines sex, age, AFP, AFP-L3, and
des-y-carboxy prothrombin, and outperforms AFP alone
in early detection among cirrhotic patients [6]. Abbreviated
magnetic resonance imaging (MRI) protocols serve as the
primary imaging comparison, offering greater sensitivity
than ultrasound but at a higher cost and lower throughput
[7]. Low participation rates among eligible cirrhotic patients
and many late-stage cases result from patients never starting
or completing surveillance [8].

Cirrhosis underlies 80-90% of HCC cases, but the
distribution of causes is shifting in ways with direct molecular
consequences. Chronic hepatitis B virus (HBV) infection, still
responsible for the largest share of global cases, is declining in
vaccinated cohorts [9], and so is the hepatitis C virus (HCV)-
related HCC incidence due to the growing use of direct-acting
antivirals (DAAs), although risk persists after sustained
virological response in patients with established cirrhosis [5].
In contrast, alcohol consumption is rising globally and thus
remains an important contributor to the overall HCC risk,
frequently acting together with tobacco smoking [10]. Dietary
exposure to aflatoxin B1 (AFB1) — a mycotoxin contaminating
improperly stored staple crops in parts of sub-Saharan Africa
and East and Southeast Asia - remains a major, geographically
restricted cause, inducing in the gene that encodes protein p53
(TP53) R249S mutation and acting synergistically with chronic
HBYV infection [11].

Following the 2023 multi-society Delphi consensus, non-
alcoholic fatty liver disease and non-alcoholic steatohepatitis
have been superseded by metabolic dysfunction-associated
steatotic liver disease (MASLD) and metabolic dysfunction-
associated steatohepatitis (MASH), defined by hepatic
steatosis plus at least one cardiometabolic risk factor; the
consensus also introduced MetALD for combined metabolic
and alcohol-related injury [12]. MASLD affects ~30% of
adults worldwide and has become the fastest-growing HCC
etiology in industrialized countries [10]. Moreover, up to 40%
of MASLD-associated HCC arise in the absence of cirrhosis,
placing these cases outside the surveilled population under
current guidelines [13]. The Delphi consensus also introduced
the term steatotic liver disease (SLD) and a distinct category,
MetALD, for MASLD patients who are moderate alcohol users,
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acknowledging the coexistence of metabolic and alcohol-
related injury. Since obesity, type 2 diabetes mellitus (T2DM),
and metabolic syndrome are key cardiometabolic criteria of
MASLD, they are often studied as components of a single
metabolic axis [12]. Throughout this review, we use MASLD
and MASH as the current designations for the disease entity,
while retaining the nonalcoholic liver disease (NAFLD)/
non-alcoholic steatohepatitis (NASH) terminology of the
source studies, where the enrollment criteria, and therefore
the population described, were those in force at the time; the
two are largely but not entirely concordant, since the MASLD
definition requires at least one cardiometabolic criterion and
does not exclude concomitant alcohol intake.

Beyond acquired and environmental factors, the genetic
background influences HCC risk across all causes. This occurs
on two levels. First, rare Mendelian liver-metabolism disorders
significantly increase the individual risk. Second, and more
impactful at the population scale, some genetic variants act as
susceptibility modifiers rather than as direct causes. Moreover,
this genetic landscape is indirectly influenced by the non-coding
transcriptome, microRNAs (miRNAs) [14]and the prognosis
for late-stage HCC remains poor. A better understanding of
the pathogenesis of HCC is expected to improve outcomes.
MicroRNAs (miRNAs, long non-coding RNAs (IncRNAs),
and circular RNAs (circRNAs), that regulate proliferation,
immune evasion, and metabolic reprogramming [15]. The
main etiological risk factors in HCC are summarized in Fig. 1.
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Fig. 1. Etiological risk factors in hepatocellular carcinoma
pathogenesis. HCC arises from the convergence of multiple
environmental, infectious, metabolic and host factors. Chronic viral
hepatitis remains the predominant global driver, while MASLD/
MASH - encompassing obesity, T2D and the MetS as constitutive
cardiometabolic components - is the fastest-growing etiology in
industrialized regions. Chronic alcohol consumption and tobacco
smoking contribute through acetaldehyde- and combustion-related
mutagenesis, the latter acting predominantly in combination with
alcohol. Dietary AFB1 exposure induces the characteristic TP53
R249S mutation, cooperating with HBV. Genetic predisposition,
including common risk-modifying variants (PNPLA3, TM6SF2,
HSD17B13) and Mendelian disorders, further modulate susceptibility.
These factors frequently act combinatorially. Created in https://
BioRender.com
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This review aims to unify two largely parallel areas of
research: the somatic mutational landscape of HCC and
its non-coding regulatory architecture, using the upstream
etiological risk factor as a guiding principle. Instead of simply
cataloging genomic alterations and ncRNAs separately, we
explore how each primary cause of HCC - such as chronic
HBV and HCV infection, alcohol and tobacco use, MASLD/
MASH along with metabolic and germline factors, aflatoxin
B1, and inherited metabolic disorders - is associated with a
distinguishable pattern of driver-gene enrichment, mutational
signature, and ncRNA dysregulation. We synthesize established
knowledge, highlight recent findings - including the etiology-
specific ncRNA dysregulation, the cis-regulatory role of HBV
integration, the impact of MASH on checkpoint inhibitor
effectiveness, and the targeting of the non-coding genome
by somatic mutations. Our overarching goal is to show that
analyzing the coding and non-coding genomes together, within
the context of etiology, offers a more coherent framework for
biomarker discovery and therapeutic stratification. In doing so,
based on the current evidence, we highlight that the coding layer
is resolved by etiology, whereas the non-coding layer is not.

Several recent reviews address parts of this subject. Llovet
etal. [16] offered a comprehensive overview of HCC molecular
pathogenesis and systemic therapy but briefly mention
the non-coding transcriptome; Niu et al. [17]this cancer is
still associated with a poor survival rate mainly due to late
diagnosis. Therefore, a diagnosis must be made sufficiently
early to perform curative and effective treatments. There is a
need for a deeper understanding of the molecular mechanisms
underlying the initiation and progression of HCC because
these mechanisms are critical for making early diagnoses and
developing novel therapeutic strategies. Over the past decade,
much progress has been made in elucidating the molecular
mechanisms underlying hepatocarcinogenesis. In particular,
recent advances in next-generation sequencing technologies
have revealed numerous genetic alterations, including
recurrently mutated genes and dysregulated signaling pathways
in HCC. A better understanding of the genetic alterations in
HCC could contribute to identifying potential driver mutations
and discovering novel therapeutic targets in the future. In
this article, we summarize the current advances in research
on the genetic alterations, including genomic instability,
single-nucleotide polymorphisms, somatic mutations and
deregulated signaling pathways, implicated in the initiation
and progression of HCC. We also attempt to elucidate some
of the genetic mechanisms that contribute to making early
diagnoses of and developing molecularly targeted therapies for
HCCZcontainer-title”:.”World Journal of Gastroenterology’; D
0OI”:710.3748/wjg.v22.i41.90697ISSN”:?1007-93277 issue”:"41
7 journal Abbreviation”:” World ] Gastroenterol’; page”:”9069-
90957 PMID”:"27895396™, PMCID”:"PMC51075907 source”:”
PubMed Central’} title”:”Genetic alterations in hepatocellular

)

carcinoma: An update” title-short”:”Genetic alterations in
hepatocellular carcinoma’; volume”:”22”7author”:[{“family”:”
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L{*family”:”Wang’, given”:”Wen-Hong”}]"issued”:{ “date-part
$7:[[“20167,11,7]1}}1}],’schema”:”https://github.com/citation-
style-language/schema/raw/master/csl-citation.json”} listed

the coding changes without discussing the regulatory layer.

In contrast, Morishita et al. [14] and Han et al. [18] focused
on ncRNA biology in HCC, organized by molecular class and
function, and Rusu et al. [15] explored non-coding RNAs
specifically in SLD-related HCC. None of these aimed to do
what we do here - to align both layers on the same axis.

THE CODING GENOMIC LANDSCAPE

Landmark Sequencing Studies

Schulze et al. [19] exome-sequenced 243 liver tumors,
identifying 161 potential driver genes across 11 altered
pathways. They highlighted three risk-factor-defined mutation
clusters centered on PB-catenin gene (CTNNBI) (alcohol),
tumor protein p53 gene (TP53) (HBV), and axis inhibition
protein 1 gene (AXINI). The telomerase reverse transcriptase
gene (TERT) promoter mutation emerged as the earliest
event. Meanwhile, Zucman-Rossi et al. [20] formalized TERT
promoter mutation as the most frequent somatic alteration,
followed by TP53 and CTNNBI.

The Cancer Genome Atlas Research Network [21] delivered
the first multi-platform integrative analysis (363 cases by exome
sequencing, 196 by full multi-platform profiling), confirming
the driver hierarchy. It also proposed an integrated molecular
classification stratifying HCC into subtypes distinguished by
proliferation status. This framework broadly reconciled with the
earlier transcriptomic classes of Hoshida et al. [22] and Boyault
et al. [23], in which a proliferation class (enriched for TP53
mutation, chromosomal instability, progenitor-cell features,
and poorer prognosis) is set against a non-proliferation class
(enriched for CTNNBI mutation and better-differentiated, less
aggressive tumors). This dichotomy has proven durable and
maps, imperfectly but informatively, onto etiology: HBV and, to
adegree, MASH-related tumors skew towards the proliferation
class [24], whereas alcohol-related tumors are enriched in the
CTNNBI-driven non-proliferation class [25]. HBV-positive
cases were enriched for TP53 mutations and depleted of TERT
promoter mutations, while 84% showed HBV integration [26].

Driver Genes and Pathway Architecture

According to the same three large studies, aggregated
frequencies (Table I) show that HCC tumors are most commonly
characterized by mutations in the TERT promoter (~54-60%),
followed by TP53 (~25-30%), CTNNBI (~20-35%), AT-rich
interaction domain 1A gene (ARIDIA) (~10-15%), albumin
gene (ALB) (~10-12%), apolipoprotein B gene (APOB)
(~8-10%), AXINI (~5-10%), AT-rich interaction domain-
containing protein 2 gene (ARID2) (~5-10%), Kelch-like ECH-
associated protein 1 gene (KEAPI) / nuclear factor erythroid
2-related factor 2 gene (NFE2L2) (~5-8%), BRCA1-associated
protein 1 gene (BAPI) (~5%), and retinoblastoma 1 gene (RBI)
(~3-8%) [19, 21]. These mutations are part of WNT/f-catenin
(CTNNBI, AXINI, APC), p53/cell cycle (TP53, CDKN2A,
RBI1, CCND1), PI3K/AKT/mTOR, MAPK/RAS, chromatin
remodeling (ARIDIA, ARID2, KMT2B, BAP1), oxidative stress
response (KEAP1, NFE2L2), and telomere maintenance (TERT).
Although individual pathways are affected in only a subset
of cases, overall pathway alterations exceed 90%, indicating
that pathway-level analysis offers a more effective clinical
classification than focusing solely on individual genes [27].
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Table I. Recurrently altered driver genes in HCC and their clinical actionability

Driver Frequency  Pathway Clinical actionability References
TERT promoter ~54-60% Telomere maintenance: the ~ No approved targeted therapy; telomerase- and [19-21, 31-33]
earliest recurrent event mutant-promoter-directed strategies remain
preclinical/early phase; candidate marker of
dysplasia-to-HCC transition
TP53 ~25-30% p53/ cell cycle; HBV- and No direct inhibitor. MDM2-p53 antagonists (e.g. [19-21, 30, 35, 36, 45]
AFBI1-enriched brigimadlin) apply only to TP53 wild-type tumours;
mutant-selective reactivation is allele-specific
(rezatapopt, Y220C) and unavailable for the AFB1-
associated R249S
CTNNBI1 ~20-35% WNT/p-catenin; alcohol- No approved direct inhibitor; targeted degradation ~ [16, 19-21, 27]
and MASLD-enriched and {-catenin interface inhibitors in preclinical/
early-phase development; associated with immune-
excluded (cold) phenotype and poorer checkpoint-
inhibitor response
AXIN1 ~5-10% WNT/pB-catenin Investigational only [19-21]
ARID1A / ARID2 ~10-15% /  Chromatin remodeling Synthetic lethality strategies under exploration [19-21]
~5-10%
KEAP1 / NFE2L2 ~5-8% Oxidative stress response Investigational only [19-21]
combined
FGF19 / CCND1 ~5-15% Proliferation; FGFR4 ligand ~ Selective FGFR4 inhibitors (fisogatinib, H3B-6527),  [16, 19, 20]
amplification (11q13) phase I/1I
MET amplification ~5% Receptor tyrosine kinase Cabozantinib (multi-kinase, not molecularly [16]
signaling selected)

AFBI: aflatoxin B1 gene; AFP: alpha-fetoprotein; ALB: albumin gene; APOB: apolipoprotein B gene; ARIDIA: AT-rich interaction domain 1A gene;
ARID2: AT-rich interaction domain-containing protein 2 gene; AXIN1: axis inhibition protein 1 gene; BAP1: BRCAl-associated protein 1 gene;
circRNA: circular RNA; CTNNBI: B-catenin gene; HCC: hepatocellular carcinoma; KEAPI: Kelch-like ECH-associated protein 1 gene; MASLD:
metabolic dysfunction-associated steatotic liver disease; NFE2L2: nuclear factor erythroid 2-related factor 2 gene; RBI: retinoblastoma 1 gene; TERT:

telomerase reverse transcriptase gene; TP53: tumor protein p53 gene.

This architecture highlights three key features that limit what
genomic profiling can achieve in HCC. First, the most common
genetic alterations - TERT promoter mutation, 7P53 loss, and
CTNNBI activation - are, from a pharmacological perspective,
undruggable: a gain-of-function promoter mutation, a loss of
tumor-suppressor function, and a transcription factor lacking
enzymatic pockets. As a result, the most frequent alterations
are precisely those that are difficult to target directly, which
explains why HCC lacks a genomically guided standard
treatment [19, 21]. Second, actionable mutations such as
FGF19/CCNDI and MET amplifications are relatively rare on
an individual basis, necessitating large screening populations
for trial enrollment [19, 21]. Third, most driver events are
mutually exclusive rather than co-occurring; for example,
CTNNBI/TP53-mutant tumors largely represent separate
molecular categories with different immune profiles. This
underscores the importance of molecular subclassification,
which also aligns with etiological distinctions [28].

This position is no longer absolute. The function of p53
is now pharmacologically accessible in two settings that only
partially overlap with HCC: MDM2-p53 antagonists, which
require wild-type TP53 [29], and allele-specific reactivators
such as rezatapopt, which is active against the rare Y220C
variant [30]. However, neither addresses TP53 loss-of-
function alleles nor the aflatoxin-associated R249S hotspot.
For CTNNBI, targeted protein degradation (PROTACs) and
B-catenin interface inhibitors are in preclinical and early-phase
development [27], while the TERT promoter remains the least
tractable of the three [31]. None of these agents has entered
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an HCC-specific trial, so the outlook is better described as no
longer closed than as imminently actionable.

TERT Promoter Mutation

Nault et al. [32]cirrhotic preneoplastic macronodules (25%
found TERT promoter somatic mutations in 59% of HCC cases,
25% of cirrhotic high-grade dysplastic macronodules, and 44%
of hepatocellular adenomas that are transforming malignantly.
They later demonstrated that the mutation frequency increases
gradually from low-grade to high-grade dysplasia and early
HCC, identifying TERT promoter mutation as the earliest
recurring event in cirrhosis-related hepatocarcinogenesis and
a potential marker for the transition from dysplasia to cancer
[33]. Remarkably, in HBV-related HCC, telomerase becomes
active through viral integration into the TERT locus. The
sequence of events during the progression from a healthy liver
to invasive carcinoma, along with the corresponding causes at
each stage, is illustrated in Fig 2.

Mutational Signatures

Signature analysis converts the somatic genome into a
record of exposure. Single-base substitution (SBS) signatures,
cataloged in the COSMIC framework, decompose a tumor’s
mutational spectrum into the additive contributions of
distinct mutagenic processes, several of which correspond
to specific hepatic exposures. Established etiology-linked
signatures include SBS4/SBS29 (tobacco), SBS16 (alcohol;
characteristic T>C transitions at ApT trinucleotides, one of
the signatures most strongly enriched in HCC), SBS24 (AFB1;
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Fig. 2. Multistep hepatocarcinogenesis and the molecular timing of key events. HCC
develops through sequential histological stages. Most etiologies (AFB1, HBV, HCV; alcohol
and MASLD) act early to drive chronic injury and fibrogenesis, with AFB1 and HBV
exhibiting well-documented synergy. MASLD can progress via non-cirrhotic pathways,
accounting for up to 40% of MASLD-HCC and bypassing the cirrhotic intermediate that
current surveillance targets. TERT promoter mutation is the earliest recurrent genomic
event, with frequency rising across dysplastic grades; in HBV-related disease, telomerase
is activated through viral integration at the TERT locus. Later stages are marked by TP53
and CTNNBI1 mutations and increasing chromosomal instability. Created in https://

BioRender.com

C>A transversions, cooperating with TP53 R249S), and SBS22
(aristolochic acid; A>T transversions with a striking strand
bias) [19]. The value of signature analysis in HCC is twofold.
Prospectively, it can attribute an individual tumor to a probable
causative exposure even when the clinical history is silent, as,
for instance, in identifying occult aristolochic-acid exposure.
Mechanistically, it provides direct molecular evidence that
a candidate carcinogen is not merely epidemiologically
associated with HCC but is genuinely mutagenic in the human
liver, a far stronger form of causal inference than association
alone [34].

Bressac etal. [35] originally described the AFB1-associated
TP53 R249S mutation in southern African HCC; Gouas
et al. [36] characterized it as a biomarker of exposure. The
aristolochic acid finding is more recent and more startling:
Ng et al. [37], building on the genome-wide signature defined
by Poon et al. [34], showed AA-related mutations in 78% of
Taiwanese and 47% of mainland Chinese HCCs, with AA-
attributable mutations accounting for the majority of non-silent
driver mutations in highly exposed cases.

Targetable Alterations Status

While ~25% of HCC tumors exhibit potentially actionable
alterations, no targeted treatment is yet standard of care.
Key targetable pathways include FGF19/FGFR4, MET, and
VEGFR, but translating them into approved therapies has
lagged behind that of other solid tumors [28]. Consequently,
first-line treatment for advanced HCC now primarily
involves immunotherapy rather than molecular targeting.
The combination of atezolizumab and bevacizumab is now
standard, providing a median overall survival of 19.2 months
versus 13.4 months with sorafenib [38]. Dual checkpoint
blockade with tremelimumab and durvalumab has shown
a median survival of 16.4 months, with five-year follow-up
data indicating about 20% of patients survive at five years
[39]. Nivolumab plus ipilimumab offers the longest median

survival among approved first-line options at 23.7 months,
although early differences in survival curves suggest higher
initial mortality in this group, raising concerns about patient
selection, especially for those with limited hepatic reserve [40].
In a predominantly Asian, HBV-positive cohort, camrelizumab
combined with rivoceranib reported 23.8 months of survival
[41], whereas lenvatinib plus pembrolizumab did not achieve
statistical significance [16].

None of these regimens is molecularly selected, and the
case for molecular stratification of HCC therapy is unfulfilled.
CTNNBI-mutant, Wnt-activated tumors tend to exclude
immune cells and were linked to near-uniform progression
in an early prospectively genotyped series, consistent with the
immune-exclusion molecular class [16]. But this evidence is
retrospective: no clinical trial has prospectively used CTNNBI
status to guide checkpoint inhibitor treatment, and B-catenin
activation is not currently assessed for this purpose in practice.
A second candidate biomarker is etiology itself: in a combined
preclinical and meta-analytical study, HCC arising on NASH
- the designation used at the time, corresponding to present-
day MASH - was associated with reduced benefit from anti-
PD-1-based therapy, attributed to aberrantly activated hepatic
CD8+PD-1+ T cells that mediate tissue damage rather than
tumor surveillance; subsequent analyses have not consistently
replicated this [42]. Taken together, these observations suggest
that molecular stratification will likely matter for optimizing
immunotherapy in HCC, but at present neither candidate is
clinically validated.

Circulating Tumor DNA

Much of the somatic landscape described above was
characterized in resected or biopsied tissue, but HCC is often
diagnosed radiologically without histological sampling, and
tissue is rarely available for longitudinal assessment. This has
driven interest in circulating tumor DNA (ctDNA) and other
blood-based analytes as a means of noninvasive access to the
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tumor genome [43]. Such ctDNA assays can detect TERT
promoter mutations, TP53 and CTNNBI alterations, as well as
viral integration junctions, offering in principle a route to early
detection, molecular subclassification, and post-treatment
monitoring from a single blood draw. Methylation-based
cell-free DNA assays have shown promise for early detection,
exploiting the fact that aberrant methylation is an early and
pervasive event. These approaches remain investigational and
face pre-analytical and validation challenges, but they represent
the most likely near-term route by which the genomic insights
cataloged here will reach routine practice [44].

THE NON-CODING GENOMIC
LANDSCAPE

Before turning to individual molecules, one methodological
limitation must be stated. Except for the structural-variant
analyses discussed, every etiological assignment in Table II
and Table IIT derives from a study that examined a single
etiology in a single cohort on a single platform, using its own
normalization strategy. No study cited in this review profiled
non-coding RNAs across two or more etiologies within a single
cohort using a common methodology.

MicroRNA-122: The Central Hepatic Tumor Suppressor

The liver-specific tumor suppressor miR-122 (Table II)
accounts for approximately 70% of total hepatic miRNA
content [46]. Two independent landmark studies showed that
liver-specific miR-122 knockout mice spontaneously develop
steatohepatitis, fibrosis, and HCC, establishing its causal role
and distinguishing miR-122 from most hepatic ncRNAs. The
molecular basis of this phenotype is grounded in miR-122’s
regulatory effects on validated target genes involved in lipid
metabolism (MTTP), proliferation (CCNGI, Bcl-w), and
invasion (ADAM metalloproteinases) [47]. Notably, miR-

122 is depleted across essentially every etiology (HBV via
HBx, alcohol, MASLD, AFB1) while paradoxically serving
as an HCV replication cofactor, making it the single point of
convergence in the HCC ncRNA landscape [46]. Hence, while
in most contexts miR-122 has a hepatoprotective role, it is
also a viral cofactor, with important therapeutic implications.
As such, in chronic HCV, the antisense oligonucleotide
miravirsen and the N-acetyl galactosamine-conjugated
molecule RG-101 were designed to sequester miR-122 and
deprive the virus of a required host factor [48]. In the non-
viral context, the logic inverts; thus, miR-122 restoration
or mimicry has been explored as an anti-tumor approach
intended to reimpose the regulatory control lost during
hepatocarcinogenesis [49].

Other Canonical Oncogenic MicroRNAs

MicroRNA-21 is one of the most consistently upregulated
oncogenic microRNAs (oncomiRs) in HCC. It aids cancer
progression by inhibiting the tumor suppressor phosphatase
and tensin homolog gene (PTEN), reactivating the PI3K/
AKT and focal adhesion kinase pathways, increasing FAK
phosphorylation, raising MMP-2 and MMP-9 levels, and
targeting the pro-apoptotic regulator PDCD4. This facilitates
invasion and metastasis. In addition to its role in tumorigenesis,
miR-21 is linked to acquired therapy resistance by inducing
autophagy via the PTEN/AKT pathway [50]. According to
Pineau et al. [51], the clustered oncomiRs miR-221 and miR-
222 were markedly upregulated in a microarray profiling
series of 104 HCC specimens. Functionally, they converge on
cell-cycle and apoptotic control, directly repressing the cyclin-
dependent kinase inhibitors p27¥*'and p57, as well as PTEN,
the pro-apoptotic factor Bmif, and the stress-response protein
DDIT4. Consistent with a driver role, silencing of miR-221
inhibited tumor growth in vivo, supporting its evaluation as a

Table II. Mechanisms and clinical association of etiology-specific miRNAs in HCC

miRNA Expression Etiology Mechanism Clinical association References
miR-122 l HBV, HCV, alcohol, CCNG], ADAMI 0/1 7, IGF]R, SRF, MTTP; Independent prognostic [47, 54]
MASLD, AFB1 binds HCV 5’ UTR to stabilize viral RNA; factor for recurrence after
knockout mice develop steatohepatitis and resection
HCC
miR-21 1 HBV, MASLD, tobacco  PTEN, PDCD4; HBP1-p53-SREBPIc axis; Established oncomiR [50, 55]
sorafenib resistance
miR- 1 HBY, broad HCC p27%*', p57, PTEN, Bmf, DDIT4 Established tissue prognostic [51]
221/222 marker
miR-224 1 HBV GNMT, HOXA5, ADAM17, SMAD4 Prognostic value (56]
HBV-miR-3 Virally encoded HBV Targets HBV 3.5-kb transcript; dampens viral ~ No validated clinical [57]
replication endpoint
miR-155 T HCV, alcohol, MASLD  SOCSI; pro-inflammatory signaling Upregulation predicts [46]
recurrence and poor survival
miR-217 T Alcohol SIRT1 recapitulates fatty-liver phenotype No validated clinical (58]
endpoint
miR-34a | MASLD, p53-axis HCC ~ SIRT1, SATB2; miR-34a-SIRT1-p53 feedback  No validated clinical [53]
loop endpoint
let-7 family | Tobacco, broad HCC LIN28, RAS, MYC, HMGA2 Preliminary data for poor [59]
outcome predictor
miR-33, Dysregulated Obesity, type 2 diabetes ~ Cholesterol and fatty-acid metabolism; insulin  Low miR-33 predicts [58, 60]
miR-103, sensitivity reduced OSR
miR-107

1: up-regulated in HCC; |: down-regulated in HCC. For the rest of abbreviations see Table I.
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Table III. Mechanisms and clinical association of etiology-specific IncRNAs and circRNAs in HCC

ncRNA Expression Etiology Mechanism Clinical association References

HEIH il HBV Scaffolds EZH2/PRC2; represses High expression [61]
pl5, pl6, p21, p57 independently predicts

recurrence and poor survival

HULC T HBV, MASLD HBx/CREB-induced; proposed No validated clinical endpoint [66]
ceRNA sponge (miR-372, miR-
200a-3p)

MALAT1 T HBV, MASLD Nuclear; alternative splicing via SR Independent predictor [63]
proteins; predicts post-transplant of recurrence after liver
recurrence transplantation

HOTAIR 1 HBYV, broad HCC Dual scaffold: PRC2 (5") + Associated with progression [67]
LSD1 (3'); H3K27me3 / H3K4 and post-operative recurrence
demethylation

NEAT1 T HCV, MASLD, hypoxia Paraspeckle architectural scaffold; ~ No validated clinical endpoint [67]
IL-6/STAT3; aerobic glycolysis

ciRS-7/ Varies Broad HCC >70 miR-7 binding sites; associated ~ High levels mark [68]

CDRlas with microvascular invasion microvascular invasion

circMTO1 l Broad HCC Sponges miR-9, promotes p21;low  Low levels predict poor [69]

levels predict poor survival

survival

1: up-regulated; |: down-regulated; ceRNA, competing endogenous RNA. For the rest of abbreviations see Table I.

therapeutic target. In contrast, the let-7 family functions as a
broadly downregulated tumor suppressor in HCC. Its loss de-
represses a set of potent oncogenes and pluripotency regulators,
including LIN28, with which let-7 forms a well-described
double-negative feedback loop, the RAS GTPases, MYC, and
the chromatin architectural factor HMGA2 [52]. Finally, miR-
34ais a direct transcriptional target of p53. Within the liver, it
participates in the miR-34a/SIRT1/p53 regulatory circuit such
that its suppression in HCC disables a self-reinforcing tumor-
suppressive feedback loop [53]. A full descriptive summary
can be found in Table II.

Long noncoding RNAs with a Defined Mechanism

The most well-studied IncRNAs in HCC are those with
established biochemical mechanisms, and a classic example
is HEIH, identified by Yang et al [61] in 2011. They compared
differentially expressed IncRNAs between HBV-related HCC
and adjacent peritumoral tissue using microarray analysis
and validated their findings with quantitative RT-PCR,
demonstrating that HEIH interacts with the EZH2 subunit
of polycomb repressive complex 2, directing it to suppress a
set of cell-cycle inhibitors — p15/p16/p21/p57. Consequently,
knockdown of HEIH causes GO/G1 cell-cycle arrest, while
high HEIH expression independently predicts recurrence and
poor prognosis [61]. HOTAIR operates via an analogous yet
bifunctional scaffolding mechanism: a single transcript that
binds PRC2 through its 5’ domain and the LSD1 demethylase
through its 3’ domain, thereby coordinating deposition of the
repressive H3K27me3 mark with removal of the activating
H3K4 mark at target loci, a mechanism first described in other
tissues and subsequently implicated in HCC progression and
postoperative recurrence [62].

MALAT1, one of the most abundant nuclear IncRNAs,
modulates alternative splicing by sequestering and regulating
the phosphorylation of serine/arginine-rich splicing
factors. Clinically, Lai et al. [63] reported that MALAT1
overexpression independently predicts tumor recurrence after

liver transplantation (hazard ratio 3.28), and its knockdown
reduces the viability, motility, and invasiveness of hepatoma
cells. NEATI, by contrast, is the indispensable architectural
scaffold of paraspeckles - nuclear bodies that sequester
proteins and RNAs [64]. In HCC, NEAT1 transcription is
induced under hypoxia through direct HIF-1a binding, and
elevated levels sustain tumor cell growth and have been linked
to glycolytic reprogramming via a FOXP3/PKM2 axis [65].
A second tier of IncRNAs upregulated in HCC but with less
mechanistic support includes HULC [66], UCA1, and H19
[67], further presented in Table III.

Circular RNAs

Features like exonuclease resistance and enrichment in
plasma/exosomes make circRNAs promising candidates for
liquid biopsy (Table III). Among them, the circular RNA
ciRS-7 (Cdrlas) is the most studied in the sponge paradigm
and contains more than 70 miR-7 binding sites. Xu et al. [68]
analyzed its clinical relevance in 108 paired HCC and non-
tumor tissues using qRT-PCR. They found no significant
difference in ciRS-7 expression between tumor and adjacent
non-tumor tissue, and it was downregulated in 60% of HCC
tumors. Its prognostic significance was observed in relation
to tumor behavior: high ciRS-7 levels correlated with hepatic
microvascular invasion (MVI), higher serum AFP (=400 ng/
mL), and younger age. It was an independent risk factor for
MVI, with modest predictive power (AUC 0.68). Consistent
with the proposed mechanism, ciRS-7 levels in MVI-positive
tumors were inversely related to miR-7 and positively related
to miR-7 targets PIK3CD and p70S6K, although a trend toward
earlier recurrence in patients with high ciRS-7 did not reach
statistical significance. Overall, ciRS-7 seems less of a broad
driver of hepatocarcinogenesis and more of a marker indicating
invasive potential in specific contexts [68]. Hang et al. [69]
showed that circMTO1 is downregulated in HCC and sponges
miR-9 to promote p21 expression and inhibit tumor growth,
with low levels predicting poor survival [69].
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ETIOLOGY-SPECIFIC GENOMIC
PROFILING

Hepatitis B virus

This virus operates via three interconnected mechanisms:
inducing chronic inflammation through indirect mutagenesis,
integrating its genome into host DNA, and triggering
alterations in epigenetic and signaling pathways [70]. Viral
integration stands out as the most distinctive feature. Sung et
al. created the first single-base-resolution integration map in
81 HBV-positive HCCs, revealing recurrent hotspots at TERT,
KMT2B/MLL4, CCNE1, SENP5,and ROCK]I. TERT integration
occurs in about one-third of HBV-HCC cases and increases
TERT expression, thereby activating telomerase, similar to
promoter mutations seen in non-HBV cancers [71]. This
explains the lower frequency of TERT promoter mutations in
HBV-positive tumors [21]. KM T2B integration drives elevated
expression and is often mutually exclusive with CTNNB1/
TP53 mutations, indicating a distinct oncogenic pathway [72].
Generally, viral integration acts via cis-regulatory effects. The
viral genome integrated into the host DNA includes strong
enhancer elements that can directly activate nearby genes,
such as TERT. Additionally, integration sites are valuable as
clonal markers because each insertion is unique; their presence
in a tumor indicates that integration occurred before clonal
expansion. Clinically, this makes HBV integration a promising
ultrasensitive marker for detecting minimal residual disease or
early clonal growth in cirrhotic livers. Conceptually, in HBV-
related HCC, the virus is not just an inflammatory trigger
upstream but also a physical, heritable component of the
host genome. FN1 integration is also recurrent, and the total
number of integration events correlates with the duration of
chronic infection [73].

In the non-coding genome dimension of HCC, HBV
suppresses the liver-enriched tumor suppressor miR-122
and upregulates a consistent set of oncomiRs: miR-21,
targeting PTEN and PDCD4 [50]; miR-221/222, targeting
p27%%!, p57, PTEN, Bmf, and DDIT4 [51]; as well as miR-
224, targeting GNMT, HOXA5, ADAM17, and SMAD4 [56].
HBYV also encodes its own microRNA, HBV-miR-3, which
is processed from the 3.5-, 2.4-, and 2.1-kb transcripts in a
Drosha-Dicer-dependent manner. This viral miRNA targets
the HBV 3.5-kb transcript itself, dampening replication and
plausibly contributing to persistent low-level infection [57.
Among IncRNAs, HULC was the first shown to be specifically
upregulated in HCC [66] and is induced by HBx via CREB.
HEIH, characterized in HBV-related HCC, interacts with
EZH2/PRC2 to silence p15, p16, p21, and p57 [61]. Other
upregulated IncRNAs include HOTAIR, MALAT1, UCAL,
and LINCO00152, with MALAT1 independently predicting
post-transplant recurrence [63].

Hepatitis C virus

Hepaatitis C virus does not directly integrate into the host
genome; its cancer-causing effect is indirect, resulting from
chronic inflammation, oxidative stress, steatosis, and immune
dysregulation. Importantly, the risk of HCC remains even
after a sustained virological response in patients with existing
cirrhosis [5].

] Gastrointestin Liver Dis, September 2026 Vol. 35 No 3: 455-468

Jopling et al. [46] showed that miR-122, the most abundant
tumor suppressor miRNA in the hepatocyte, binds two
adjacent sites in the 5" UTR of the HCV genome, stabilizing
viral RNA and promoting replication. Thus, it is both a tumor
suppressor and a viral cofactor - a duality that underpins
hepatocarcinogenesis, but also the antiviral strategy of
miravirsen [49]. In addition, miR-155 is upregulated and
drives inflammation-associated hepatocarcinogenesis via Wnt
signaling [74], while NEAT1 modulates IL-6/STAT3 signaling
via paraspeckle assembly [75].

The clinical behavior of HCV’s indirect, tissue-level
oncogenesis is a public-health challenge. DAAs achieve
sustained virological response in the great majority of treated
patients, and successful eradication reduces HCC risk. In
cirrhotic patients, the pro-oncogenic tissue state persists.
Epigenetic reprogramming, senescence-associated secretory
phenotypes, and residual fibrotic architecture remain, and de
novo HCC continues to arise [76]. This is why guideline-based
surveillance is maintained after sustained virological response
(SVR) in cirrhotic patients, and it exemplifies a principle that
recurs throughout this review — that the molecular scars of an
exposure can outlast the exposure itself.

Alcohol and Tobacco

Alcohol metabolism generates acetaldehyde, an IARC
Group 1 carcinogen, which forms DNA adducts producing
the SBS16 signature [77]. Schulze et al. [19] showed that
alcohol-related HCC carries a distinct molecular signature:
they identified a specific mutational pattern linked to combined
alcohol and tobacco exposure, with a mutation cluster where
CTNNBI1 and TERT promoter alterations are notably enriched
in alcohol-driven tumors. Regarding the ncRNA layer, the
alcohol-related HCC tumors are characterized: miR-122 is
depleted and associated with adverse outcomes [78]; miR-155
is elevated and drives inflammatory signaling [79], and miR-
217 is induced by ethanol and inhibits SIRT, recapitulating
features of fatty liver [80], but inhibits proliferation, migration,
and invasion in HCC via direct suppression of E2F3 [81]. Kim
et al. [58] showed that the PNPLA3 1148M variant, alcohol
consumption, and obesity multiply the risk of cirrhosis and
HCC. This exemplifies how a germline polymorphism can
intensify an environmental factor, highlighting that causes
often combine rather than act separately [58].

Tobacco smoke contains numerous established carcinogens,
including polycyclic aromatic hydrocarbons that create bulky
DNA adducts [82]. Its mutagenic signature in HCC appears
as an SBS4-like pattern (C>A-dominated profile) similar to
that seen in smoking-related lung cancer [83]. Although the
International Agency for Research on Cancer classifies tobacco
smoking as a causal factor in HCC, its genomic signature is
usually weaker and mostly found in tumors with concurrent
alcohol exposure, where alcohol and tobacco seem to work
together rather than separately [19].

MASLD/MASH, Obesity and Type 2 Diabetes Mellitus

Globally, MASLD affects about 30% of adults [10] and
is the fastest-growing HCC etiology [12]. The molecular
landscape of MASH-related HCC (previously NASH) was first
characterized by Pinyol et al. [60], whose multi-omics analysis
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of 80 MASH-HCC and 125 MASH samples revealed a profile
distinct from that of viral disease. These tumors were notably
enriched for ACVR2A mutations, observed in around 10% of
cases, and exhibited a shift in driver mutations, with CTNNB1
mutations more common than TP53 mutations. This pattern
contrasts with HBV-related HCC [60]but its molecular features
are not well defined. We aimed to identify unique molecular
traits characterising NASH-HCC compared to other HCC
aetiologies.\nMETHODS: We collected 80 NASH-HCC and
125 NASH samples from 5 institutions. Expression array (n =
53 NASH-HCC; n = 74 NASH.

The germline contribution to MASLD-HCC is characterized
by a range of risk-modifying variants rather than a single
cause, with the PNPLA3 rs738409 C>G (I148M) locus being
predominant [84]we carried out a genome-wide association
scan of nonsynonymous sequence variations (n = 9,229.
Its impact depends on dosage: homozygous carriers have
a significantly higher HCC risk in the presence of hepatic
steatosis [85]. Additional variants, like TM6SF2 E167K,
MBOAT7 rs641738, and GCKR, have smaller individual effects,
while the HSD17B13 rs72613567:TA loss-of-function allele
offers protection by reducing risk [86]. Since these loci act
additively, polygenic scores that combine them are increasingly
better at predicting susceptibility than any single variant,
making them among the most clinically applicable genomic
tools in this field [87].

The non-coding regulatory landscape of MASLD-HCC is
correspondingly distinctive, with several miRNAs converging
on the metabolic and fibrotic programs that define this etiology.
Foremost among them is miR-34a, a direct p53 target whose
downregulation relieves suppression of SIRTI; the resulting
miR-34a-SIRT1-p53 feedback loop couples metabolic stress
to both hepatic fibrogenesis and malignant transformation,
positioning this axis at the intersection of the two processes
that drive MASLD toward cancer [53]. Depletion of the liver-
enriched miR-122 compounds this by de-repressing targets
such as MTTP, promoting the hepatic lipid accumulation
that initiates the disease [47], while upregulation of miR-21
provides a more direct oncogenic link, connecting metabolic
dysfunction to hepatocarcinogenesis through the HBP1-p53-
SREBP1c axis [55]. A parallel contribution comes from the long
ncRNAs NEAT1, MALAT1 and HULC, which are implicated
in the fibrogenic and lipid-metabolic rewiring characteristic of
the steatotic liver, extending ncRNA dysregulation in MASLD
beyond the miRNA layer [88].

The metabolic milieu of obesity and T2DM reshapes
hepatocytes toward a pro-tumorigenic state through insulin
resistance, compensatory hyperinsulinemia, and increased
IGF-1 bioavailability, sustaining mitogenic PI3K/AKT/
mTOR signaling, with a parallel shift in the adipose secretome
and chronic low-grade inflammation [58]. This circuitry is
mirrored post-transcriptionally by miR-33, miR-103, and
miR-107, though the evidence derives from murine metabolic
models rather than HCC cohorts [89].

Aflatoxin Bl

Aflatoxin Bl exposure, more common in sub-Saharan
Africa and East/Southeast Asia, is one of the most potent
natural hepatocarcinogens, classified as a Group 1 carcinogen

by the IARC [90]. This mycotoxin undergoes liver metabolism
via cytochrome P450 enzymes into a reactive exo-8,9-epoxide
that covalently binds to DNA, forming an AFB1-N7-guanine
adduct. Such lesions can lead to a G>T transversion at codon
249 of TP53, resulting in the R249S mutation [35]. This
mutation impairs the tumor-suppressing, transactivation, and
apoptosis functions of p53 and serves as a molecular marker of
AFBI1 exposure [35, 36]. The carcinogenic effects of AFB1 are
significantly heightened when combined with chronic HBV
infection, which interacts synergistically rather than additively:
AFBI1 supplies the mutagenic hit at TP53, while the HBV X
protein (HBx) binds to and functionally inactivates wild-type
P53, promoting its degradation. These two exposures target
the same tumor-suppressor pathway and explain the elevated
incidence of HCC in regions where high dietary aflatoxin
exposure and endemic HBV coexist, such as Qidong and
Guangxi in China. At the genome-wide level, the mutational
spectrum by AFBI is captured by COSMIC signature SBS24,
dominated by C>A tran induced by AFBI1 is captured by
the COSMIC signature SBS24, which is dominated by C>A
transversions [91].

Aflatoxin B1 also disrupts the liver’s non-coding
transcriptome by suppressing miR-122 through downregulation
of HNF4A, a transcription factor that activates the miR-122
promoter. Because miR-122 is underexpressed across nearly
all HCC etiologies, AFB1-mediated suppression highlights a
common downstream regulatory pathway [78].

Genetic Predispositions

Another layer of susceptibility is inherited. Rare high-
penetrance Mendelian disorders of hepatic metabolism drive
hepatocarcinogenesis through sustained parenchymal injury
and oxidative stress rather than direct oncogenic lesion [92]. In
hereditary hemochromatosis (HFE C282Y and, less penetrant,
H63D), progressive iron overload generates reactive oxygen
species and lipid peroxidation, increasing the risk of HCC
development [93, 94]. Likewise, Wilson disease (ATP7B),
alpha-1 antitrypsin deficiency (SERPINAI PiZZ), glycogen
storage disease type Ia, and the porphyria (HMBS, UROD)
each increase HCC risk through chronic injury and oxidative
stress. Distinct in both mechanism and scale are the common,
low-penetrance risk-modifying variants, such as PNPLA3
1148M, TM6SF2 E167K, MBOAT?7 rs641738, and the protective
HSD17B13 loss-of-function allele. Unlike the Mendelian
disorders, these act as quantitative modifiers that potentiate the
hepatocarcinogenic impact of an environmental exposure [87].

CURRENT VIEW OF LIQUID BIOPSY

Multi-analyte Serum Scores

The GALAD score is the most validated blood-based
alternative to AFP, combining gender, age, AFP, AFP-1L3, and
des-y-carboxy prothrombin [95]. A meta-analysis of GALAD
performance across chronic liver disease cohorts reports
pooled sensitivity of 0.82 and specificity of 0.89 for detecting
HCC at any stage. For BCLC 0/A disease, sensitivity is 0.73 and
specificity is 0.87, compared with AFP, which detects about 38%
of early cases [96]. In a prospective cirrhosis study, longitudinal
GALAD achieved a c-statistic of 0.85, outperforming AFP’s
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0.77, with 69% sensitivity at 90% specificity for early-stage HCC
- above AFP’s 41% [5]. The large phase 3 validation involving
1,558 patients with cirrhosis across seven centers found that, in
the year before diagnosis, GALAD’s AUC was 0.78, compared
with 0.66 for AFP. At 82% specificity, GALAD detected 62%
of cancers compared to 41% with AFP [97].

A second algorithm, HES V2.0, combines AFP-L3,
DCP, one-year biomarker trajectories, and standard clinical
variables. At a fixed 90% specificity, it enhances early-HCC
detection over GALAD by 6.7% overall, with the greatest
improvements at 24 months prior to diagnosis and among
non-viral cirrhosis patients, the group where ultrasound is least
effective and where incidence is increasing most rapidly [98].

Methylation-based Cell-free DNA

Aberrant methylation is an early and pervasive event in
hepatocarcinogenesis, which makes it attractive for detection
at a stage when mutation-based assays are limited by low
tumor DNA shedding. Two assays have reached prospective
evaluation. HelioLiver Dx, combining cfDNA methylation
with AFP, AFP-L3, DCP and demographics, was tested in
the blinded multicenter CLiMB study of 1,968 patients with
cirrhosis: sensitivity was 47.8% for all HCC and 28.6% for
lesions of 2 cm or less, against 28.3% and 0% for ultrasound, at
specificities of 87.6% and 93.9% respectively. The assay met its
co-primary endpoints of superior sensitivity and non-inferior
specificity [99]. A methylated-DNA-marker panel combined
with AFP and gender reported 82% early-stage and 88% overall
sensitivity at 87% specificity in case-control validation, and
in the prospective ALTUS study detected substantially more
early-stage cancers than ultrasound [100].

Circulating Tumor DNA for Prognosis and Residual

Disease

Beyond detection, ctDNA provides access to the tumor
genome in diseases typically diagnosed via imaging and
rarely biopsied. Plasma assays can identify alterations in
TERT promoter, TP53, and CTNNBI, as well as virus-host
integration junctions in HBV-related cases. These junctions
are especially valuable: because each integration event is
unique to a clone, the sequences spanning these junctions
serve as patient-specific clonal markers, detectable in nearly
90% of HBV-related tumors and measurable by droplet digital
PCR [5]. Post-operative ctDNA positivity is strongly linked to
recurrence, with hazard ratios exceeding 10 in tumor-informed
studies. However, no prospective trials currently test whether
ctDNA-guided management improves outcomes. Until such
evidence emerges, ctDNA in HCC remains prognostic rather
than a tool for guiding treatment decisions.

The Translational Gap of Circulating Non-coding RNA

Circulating panels of miRNA, IncRNA, and circRNA have
been repeatedly proposed for HCC detection, with some
studies reporting AUCs above 0.90 in discovery cohorts.
For example, an 8-miRNA serum panel achieving an AUC
of 0.99 against at-risk controls [101], a 3-IncRNA-plus-AFP
panel achieving an AUC of 0.91 against cirrhosis and chronic
hepatitis B controls [102], and pooled circRNA performance
of AUC 0.89 across eight studies [103]. However, none are
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yet implemented in clinical practice. Two main, addressable
challenges stand out. First, the lack of prospective validation
in a surveillance population means that reported performance
often relies on case-control studies, which tend to overestimate
discrimination. Second, a fundamental issue is the absence of a
standardized normalization method for circulating microRNA
measurement. Different strategies, such as reference genes,
global mean, and spike-in, are used interchangeably, resulting
in estimates that are often incomparable or contradictory
[104, 105]. Overcoming normalization issues is crucial before
clinical validation can occur. In contrast, methylation cfDNA
has undergone prospective multicenter evaluation, whereas
circulating non-coding RNAs remain in earlier stages of
development for surveillance.

DISCUSSION

For clinicians, the question isn't whether HCC has an
etiology-structured genome, because it does, but which parts
of that structure can inform decisions? The key insight from
the past decade is that the coding layer is not etiology-neutral,
and this can be demonstrated rather than merely asserted. HBV
integrates into and cis-activates TERT and KMT2B; alcohol-
related tumors display SBS16, a liver-specific, transcription-
coupled signature responsible for most CTNNBI mutations;
aflatoxin Bl causes the TP53 R249S substitution within a
background of SBS24; MASH-related tumors are enriched for
ACVR2A and CTNNBI over TP53. Each of these is a within-
study, mechanism-linked observation.

The non-coding layer has not demonstrated this property,
and identifying this distinction is important. All etiological
assignments in Tables I and III are based on comparisons
between studies that each analyzed a single exposure, within
one cohort, on one platform, using their own normalization
method. This design cannot distinguish between effects
attributable to exposure and those attributable to cohort,
ancestry, platform, or cell composition. Overlaid across both
layers is a set of common nodes, primarily the near-universal
reduction of miR-122, which indicates shared mechanisms.

Several limitations hinder translation. The main drivers,
TERT promoter mutation, TP53 loss, CTNNBI activation,
remain undruggable by conventional occupancy-based
pharmacology; targeted degradation and mutant-selective p53
reactivation are beginning to erode that position, but neither
has been tested in HCC, so profiling remains useful primarily
for stratification rather than for identifying direct targets. Three
key statements can be confidently made today. First, etiology
should guide not only who enters surveillance but also the
intensity of monitoring, especially considering the significant
minority of MASLD-related HCC cases that develop without
cirrhosis and fall outside current criteria. Second, blood-based
multi-analyte and methylation assays now surpass ultrasound
in detecting early-stage disease in prospective cohorts and
are likely the main pathway for integrating molecular data
into routine care. However, until evidence shows a stage shift
or mortality benefit and guidelines endorse these methods,
they should not replace the current standard. Lastly, immune
checkpoint combination therapies should be offered based
on clinical judgment alone, without molecular or etiological
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restrictions, because no predictive biomarker for HCC has yet
to be prospectively validated. Future research should focus on
prospective, multi-center studies profiling non-coding RNA
panels across various cohorts with different etiologies, using
standardized methods. This approach would directly test the
claim made here. For circulating miRNAs in particular, a two-
component normalization framework could be considered.
Exogenous synthetic spike-in controls can be introduced at
fixed points during extraction, reverse transcription, and
amplification to monitor recovery and inhibition. Data-
driven normalization can be applied to the global mean
when panel size permits, or to the geometric mean of several
cohort-validated endogenous references selected by geNorm/
NormFinder when it does not. Additionally, it should include
standardized pre-analytical protocols, quantitative assessments
of proposed competing endogenous RNA mechanisms,
and analyses at single-cell and spatial levels to account for
confounders in cell composition. Nonetheless, trials should be
stratified jointly by genomic and etiological factors.
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