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a b s t r a c t

Liver cancer (LC) remains one of the most prevalent tumors globally. Despite considerable advance-
ments in its clinical treatment in recent years, the global burden of this disease is projected to increase.
According to World Health Organization statistics, the number of LC deaths worldwide in 2022 was
760,000, ranking third among all cancers. Therefore, there is an urgent need to delve deeper into the
realms of LC diagnosis, prognosis, and treatment. Proteomics, as an emerging technology leveraging
mass spectrometry (MS)-based protein identification, liquid chromatography separation, and
bioinformatics-driven data integration, enables the systematic characterization of proteome dynamics
to address critical challenges in LC research. These challenges include the discovery of diagnostic and
prognostic biomarkers as well as therapeutic targets. By scrutinizing the expression of specific proteins
in both normal and cancerous tissues through high-throughput protein microarrays, researchers can
uncover novel biomarkers. The use of these biomarkers alone or in combination with established ones
holds the potential to significantly advance the fields of LC diagnosis, prognosis, and treatment. In
general, the application of proteomics has significantly promoted the development of LC research. In
this review, we summarized the latest advancements in the application of proteomics in LC, with a
particular focus on diagnosis, prognosis, and treatment. We also concluded selected protein markers,
aiming to offer guidance for further applications and present additional therapeutic targets for LC.
© 2026 The Third Affiliated Hospital of Sun Yat-Sen University. Publishing services by Elsevier B.V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liver cancer (LC) is a significant global health issue, ranking as
the sixth most commonly diagnosed cancer and the fourth leading
cause of cancer-related mortality worldwide(2019).1 Its global

burden has been on a consistent upward trajectory. The annual
number of new LC cases rose from 420,000 in 2010 to 530,000 in
2019, representing a 27% increase, while LC-related deaths
increased from 390,000 to over 480,000, marking a 25% growth.
Between 2010 and 2019, the age-standardized incidence rate
(ASIR) and age-standardized death rate (ASDR) of LC exhibited
steady upward trends worldwide, with annual increases of 0.03%
and 0.1%, respectively. According to the International Agency for
Research on Cancer of the World Health Organization, this trend
continued, with approximately 870,000 new cases and 760,000
deaths globally in 2022, making it the sixth most common cancer
and ranking third worldwide in cancer mortality. Looking ahead,
the annual number of new LC cases and cancer-related deaths
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worldwide is expected to increase by more than 55% by 2040
compared with 2022 levels.2

LC can be subdivided into hepatocellular carcinoma (HCC),
cholangiocarcinoma (CCA), and a combination of both. HCC com-
prises the majority, accounting for 75%–85%, while CCA constitutes
approximately 10%–15%. The risk factors associated with LC
include chronic viral hepatitis, alcoholic liver disease, aflatoxin-
contaminated food, obesity, and diabetes.3–6 Given the regional
variations in environmental factors andmedical infrastructure, the
incidence and mortality rates of LC vary across different regions.7

Notably, almost 85% of HCC cases occur in developing countries.8

Despite advancements in early-stage diagnosis and treatment, the
prognosis for LC remains generally poor due to its insidious
onset.9,10

In recent years, significant improvements have been wit-
nessed in the clinical treatment of LC. However, the global
burden of the disease is predicted to increase.11 LC continues to
present numerous challenges in diagnosis, prognosis, and
treatment due to its asymptomatic nature in the early stages,
limited diagnostic tools, lack of precise biomarkers, and tumor
heterogeneity. Additionally, the impact of liver function and
comorbidities on treatment options, the development of treat-
ment resistance, and limited therapeutic choices for advanced
stages contribute to the complexity of clinical management.12,13

These persistent challenges emphasize the urgent need for
further exploration.
The advent of multi-omics technologies has revolutionized

cancer research, with genomics and transcriptomics providing
foundational insights into driver mutations and gene expression
patterns. However, the “genetic central dogma” framework alone
cannot fully explain tumor heterogeneity and drug resistance
mechanisms.14 Proteins are the main candidates for disease tar-
gets.15 Proteomics, an advancing technology, serves as a powerful
tool capable of identifying and quantifying proteins on a global
scale within cells and tissues.16,17 Traditional protein purification
methods include ion-exchange chromatography, size-exclusion
chromatography, and affinity chromatography. Additionally, se-
lective protein analysis can be performed using techniques such as
enzyme-linked immunosorbent assay (ELISA) and Western blot-
ting. Nevertheless, these conventional methods are limited to
analyzing only a few individual proteins and often lack precision in
determining protein expression levels.18 The emergence of protein
microarrays and mass spectrometry (MS) has promoted the
development of high-throughput and rapid proteomic anal-
ysis.19,20 Furthermore, recent years have seen the development of
advanced quantitative proteomics techniques, including isotope-
coded affinity tag (ICAT), stable isotope labeling with amino
acids in cell culture (SILAC), and isobaric tags for relative and ab-
solute quantitation (iTRAQ).16,21 In addition, single-cell proteomics
and spatial proteomics have further broadened the application of
proteomics.
The continuous evolution of techniques has broadened the

scope of traditional proteomics applications.22 This development
has significantly enhanced the precision of disease diagnosis, as
these biomarkers closely reflect the physiological state and
demonstrate superior accuracy compared to other diagnostic
markers.23–25 Indeed, proteomics has been extensively employed
in LC research. Over the past two decades, proteomic studies have
identified numerous LC biomarkers.26–28

Therefore, we reviewed the application of proteomics in the
diagnosis, prognosis, and treatment of LC and summarized the
selected protein markers in detail, aiming to guide the further
application of proteomics and provide potential therapeutic stra-
tegies for LC.

2. Proteomics in LC

In recent years, with the continuous development of tech-
niques and the iterative update of experimental instruments,
many proteomic technologies have emerged. These technologies
all have critical applications in the study of LC (Fig. 1).
MS is the most widely used in proteomics, which allows for the

identification and quantification of proteins and peptides with
high sensitivity and accuracy. Matrix-Assisted Laser Desorption/
Ionization (MALDI) and Electrospray Ionization (ESI) are two
common ionization techniques used in MS for protein analysis.
MALDI-MS is beneficial for the analysis of proteins and peptides
directly from tissue sections, while ESI-MS is often employed in
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
for in-depth proteome analysis.29

SILAC is a metabolic labeling techniquewhere cells are cultured
in the presence of “heavy” isotopes of amino acids, enabling
quantitative comparisons of protein expression under different
conditions.30 This method has been employed to study the pro-
teome of HCC cells and identify proteins associated with tumor
progression.31,32

iTRAQ is a powerful MS-based technique used for quantitative
proteomics. It allows for the simultaneous identification and
quantification of proteins in complex biological samples with high
sensitivity and accuracy.33 Nowadays, iTRAQ has beenwidely used
in LC research to identify and quantify proteins associated with
different stages of the disease and to discover diagnostic and
prognostic biomarkers.34,35

Additional proteomic technologies, such as ICAT, reverse-phase
protein microarrays, and label-free quantitation, are also used in
LC research.36

Besides, recent advancements in proteomics have expanded its
applications beyond traditional approaches. Single-cell prote-
omics enables the analysis of protein expression at the individual
cell level, uncovering tumor heterogeneity and rare sub-
populations of cancer cells that drive progression and therapy
resistance.37 For LC, this technology could reveal distinct proteo-
mic signatures in tumor-initiating cells or immune cells within the
tumor microenvironment. Spatial proteomics further comple-
ments this by mapping protein localization and interactions
within intact tissue sections. For instance, studies using Stereo-seq
have identified an invasive zone in HCC characterized by unique
proteomic profiles, where hepatocyte-tumor cell crosstalk pro-
motes local immunosuppression and tumor progression.38 Simi-
larly, Yan et al.39 demonstrated spatial-temporal heterogeneities in
LC, highlighting the role of dynamic protein networks in the
invasive front of tumors. Mass cytometry (CyTOF) allows deep
profiling of immune and tumor cell populations in LC.40 Post-
translational modification (PTM) proteomics (e.g., phosphoryla-
tion and ubiquitination) can identify dysregulated signaling
pathways in HCC.41 Protein-protein interaction (PPI) networks,
mapped via affinity purification-MS or BioID, have revealed critical
hubs in LC progression.42 These technologies provide unprece-
dented resolution to dissect the molecular complexity of LC.
The advent of these diverse technologies has significantly

enhanced our comprehension of LC and its mechanisms. As these
methods continue to evolve, they hold great promise for uncov-
ering novel therapeutic targets and improving patient prognoses.

2.1. Diagnosis

LC poses a significant challenge due to the absence of specific
symptoms in its early stages, often resulting in a poor prognosis for
patients. Furthermore, effective diagnosis during the early stages
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becomes increasingly challenging due to factors such as inflam-
mation and cirrhosis.43 Notably, the 5-year survival rate is mark-
edly lower, below 16%, for patients diagnosed in the late stagewith
metastasis. In contrast, if patients are diagnosed in the early stage,
the survival rate exceeds 70%.44 The early and accurate detection of
LC can therefore significantly improve the overall prognosis. To
address this need, proteomics has emerged as a valuable tool.
Advances in proteomics have contributed to the discovery of
numerous new biomarkers, thereby promoting the diagnosis of LC.
Here, we introduce the application of proteomics in the diagnosis
of LC, with a focus on HCC and CCA (Table 1).43,45–65

In serum samples from HCC patients, alpha-fetoprotein (AFP)
has been a widely recognized biomarker and remains the most
useful for diagnosing HCC.45 However, challenges arise with the
use of AFP in HCC diagnosis. Only 60%–80% of HCC patients test
positive for AFP, and distinguishing HCC in its early stages from
other diseases is complicated due to potential false positives.43,46

AFP is also higher andmore stable in patients with CCA, making it a
potent biomarker for CCA diagnosis.47,48 In addition to AFP, several
other biomarkers prove valuable in diagnosing LC. Des-gamma-
carboxyprothrombin (DCP), a serological biomarker produced by
HCC cells, has been found to be elevated in HCC patients and is
more sensitive than AFP.49 Golgi protein 73 (GP73), a type II Golgi
resident membrane protein,52 is considered superior to AFP in
early HCC detection due to its significantly higher expression.53

Alpha-L-fucosidase serves as a protein biomarker for HCC diag-
nosis.54 The expression of heat shock protein 70 (HSP70) was
upregulated in HCC patients, indicating its potential for diag-
nosis.58 Hepatocyte paraffin 1 is fully expressed in well-

differentiated HCC and can be used to diagnose HCC, although it
may be negative in poorly differentiated cases.60 Moreover,
osteopontin (OPN), glypican-3, glutamine synthetase, and
arginase-1 are also viable biomarkers for the diagnosis of
HCC.55,59,61,62 In recent years, the continuous development of
proteomics has led to the identification of new protein markers for
diagnosing LC, significantly enhancing the diagnostic accuracy of
both HCC and cholangiocarcinoma CCA.
The filamin family is closely associated with tumorigenesis and

development.66 Utilizing iTRAQ, Qi et al.63 discovered the over-
expression of filamin C protein during HCC development,
impacting the invasion and metastasis of HCC. Similarly, Guo
et al.67 demonstrated that CD14 levels may complement AFP
measurements for early HCC detection. Versican (VCAN) core
protein is overexpressed in various cancers.68 Using label-free
discovery analysis and selected/multiple reaction monitoring,
VCAN was found to be closely related to well-differentiated and
low-stage HCC, displaying diagnostic value in early-stage cases.64

Besides, latent transforming growth factor β binding protein 2
(LTBP2) was identified as a biomarker for HCC detection, and its
combination with OPN showed reasonable specificity in AFP-
negative HCC patients. The study by Da Costa et al.56 emphasized
the clinical relevance of OPN/LTBP2 as complementary tools to
AFP, offering improved sensitivity (92% vs. 76%) and specificity.
Du et al.57 utilized a multi-stage quantitative proteomic

approach to identify novel circulating biomarkers for HCC detec-
tion, focusing on aldo-keto reductase family 1 member B10
(AKR1B10) and cathepsin A (CTSA). In validation cohorts, AKR1B10
(AUC = 0.891) and CTSA (AUC = 0.894) demonstrated improved

Fig. 1. Proteomic workflow applied in liver cancer research. Proteomic analysis involves three major stages: (1) protein preprocessing, including sample preparation, protein
extraction, and enzymatic digestion; (2) protein identification through LC–MS/MS–based peptide separation, fragmentation, and computational analysis; and (3) validation and
functional characterization, encompassing bioinformatic interpretation, biomarker validation, and mechanistic studies using cellular and animal models. This workflow illustrates
the translational pathway from proteomic discovery to clinical application in liver cancer. Abbreviations: LC, liver cancer; MS, mass spectrometry.
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diagnostic performance compared with AFP (AUC = 0.831) in
distinguishing HCC from cirrhosis and healthy controls. Notably,
the combined panel (AKR1B10 + CTSA + AFP) achieved an AUC of
0.969, significantly outperforming AFP alone. Clinically, AKR1B10
showed dynamic relevance, with serum levels sharply declining
post-resection, unlike AFP. These findings highlight the potential
of AKR1B10 and CTSA as more sensitive biomarkers than tradi-
tional AFP, particularly when combined, offering improved early
HCC detection and postoperative monitoring capabilities in high-
risk populations.57

Furthermore, saliva serves as a rich biomarker library, con-
taining proteins, DNA, RNA, and other molecules.69 Through
quantitative proteomics based on iTRAQ, Ding et al.70 demon-
strated that mitochondrial superoxide dismutase 2 (SOD2) in
saliva can serve as a diagnostic biomarker for HCC, as its expres-
sion was higher in saliva samples from HCC patients, which sug-
gested the potential for establishing a noninvasive and cost-

effective salivary test for HCC detection. Another study high-
lighted the diagnostic value of salivary orosomucoid 1 for HCC,
especially when combined with AFP.71

In addition, several protein markers have been explored for the
diagnosis of CCA. Alpha-1-antitrypsin (AAT) was identified as one
of the proteins that increases in CCA bile fluid. Laohaviroj et al.65

showed that detecting AAT through fecal ELISA could be a method
for the early diagnosis of CCA, which can distinguish patients with
CCA from the healthy population. Moreover, serum carbohydrate
antigen 19-9 (CA19-9) was found to possess significant diagnostic
value for CCA through a meta-analysis,50 and serum CA19-9 levels
were not only indicative of CCA diagnosis but also emerged as a
prognostic biomarker for CCA patients.51

Proteomics has significantly expanded the biomarker land-
scape for LC detection. Key advances include the identification of
protein signatures that improve diagnostic accuracy, particularly
in distinguishing early-stage tumors from benign lesions in high-

Table 1
Biomarkers for the diagnosis of LC.

Category Biomarker Cancer type Source Diagnostic application Performance Validation stage Reference(s)

Traditional serum
biomarkers

AFP HCC, CCA Blood HCC surveillance/
diagnosis adjunct;
auxiliary in CCA

60%–80% HCC positive;
limited early
sensitivity; false
positives in chronic
liver disease

Clinically used 43,45–48

Traditional serum
biomarkers

DCP
(PIVKA-II)

HCC Blood Early HCC detection
adjunct

Reported higher
sensitivity than AFP for
early HCC

Clinically used 46,49

Traditional serum
biomarkers

CA19-9 CCA Blood CCA diagnosis adjunct;
prognostic support

Meta-analysis supports
diagnostic value;
prognostic implications
reported

Clinical validation
ongoing

50,51

Emerging serum
biomarkers

GP73 HCC Blood Early detection
candidate

Reported superior to
AFP in early HCC

Clinical validation
ongoing

52,53

Emerging serum
biomarkers

AFU HCC Blood HCC diagnosis adjunct Proposed utility in
early detection

Clinically investigated 54

Emerging serum
biomarkers

OPN HCC Blood/tissue AFP-negative HCC
detection support

Improves sensitivity
when combined with
AFP

Clinical validation
ongoing

55,56

Emerging serum
biomarkers

LTBP2
(+OPN)

HCC Blood Improves AFP-negative
HCC detection

Enhanced sensitivity vs
AFP alone in HBV-
related HCC

Clinical validation
ongoing

56

Emerging serum
biomarkers

AKR1B10 HCC Blood Serum diagnostic
biomarker

AUC = 0.891; declines
post-resection

Validated cohorts 57

Emerging serum
biomarkers

CTSA HCC Blood Serum diagnostic
biomarker

AUC = 0.894;
combined panel
AUC = 0.969

Validated cohorts 57

Tissue-based
biomarkers

HSP70 HCC Liver tissue Differential diagnosis:
Early HCC vs. dysplastic
nodules

Used in IHC panels Clinical validation
ongoing

58,59

Tissue-based
biomarkers

Hep-Par1 HCC Tumor tissue Supports diagnosis of
well-differentiated
HCC

May be negative in
poorly differentiated
tumors

Clinical validation
ongoing

60

Tissue-based
biomarkers

GPC-3 HCC Liver tissue Pathological diagnosis
support

High specificity for HCC
in IHC panels

Clinically validated 61,59

Tissue-based
biomarkers

GS HCC Liver tissue IHC panel component
for early HCC diagnosis

Often combined with
GPC3/HSP70

Clinical validation
ongoing

59

Tissue-based
biomarkers

ARG-1 HCC Liver tissue Differential diagnosis:
HCC vs. metastasis/CCA

High specificity
hepatocellular marker

Clinical validation
ongoing

62

Tissue-based
biomarkers

FLNC HCC Tumor tissue Candidate tissue
biomarker

Proteomics-identified
overexpression

Clinical validation
ongoing

63

Tissue-based
biomarkers

VCAN HCC Liver tissue Early-stage/well-
differentiated HCC
support

Associated with early-
stage HCC

Clinical validation
ongoing

64

CCA-focused
biomarkers

AAT CCA Bile/feces CCA vs. benign biliary
disease differentiation

Identified via bile
proteomics; fecal ELISA
explored

Clinical validation
ongoing

65

Abbreviations: AAT, alpha-1-antitrypsin; AFP, alpha-fetoprotein; AFU, alpha-L-fucosidase; AKR1B10, aldo-keto reductase family 1 member B10; ARG-1, arginase-1; AUC,
area under curve; CA19-9, carbohydrate antigen 19-9; CCA, cholangiocarcinoma; CTSA, cathepsin A; DCP, des-gamma-carboxyprothrombin; FLNC, filamin C; GPC-3, gly-
pican-3; GP73, Golgi protein 73; GS, glutamine synthetase; HCC, hepatocellular carcinoma; Hep-Par1, hepatocyte paraffin 1; HSP70, heat shock protein 70; LC, liver cancer;
LTBP2, latent transforming growth factor beta binding protein 2; OPN, osteopontin; ORM1, orosomucoid 1; VCAN, versican.
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risk populations. While traditional serum markers remain clini-
cally relevant, emerging proteomic approaches enable the detec-
tion of tissue- and biofluid-specific proteins that address current
limitations in sensitivity and specificity.72 The newly found bio-
markers have the potential to revolutionize the methods used for
diagnosing HCC and CCA. However, translating these findings into
clinical practice requires standardized validation across diverse
cohorts and integrationwith existing diagnostic modalities such as
imaging and genomic profiling.

2.2. Prognosis

Despite significant advancements in surgical techniques, the
prognosis for LC individuals remains challenging. Even after
complete curative surgery, up to 70% of patients with HCC expe-
rience recurrence within 5 years.73,74 Hence, there is an urgent
need for more accurate methods to predict the prognosis of LC.
While diagnostic advances are critical for early detection, the

clinical management of LC requires equally robust tools for
outcome prediction. The transition from diagnosis to prognosis
assessment is bridged by dynamic protein signatures that not only

identify tumor presence but also reveal critical biological infor-
mation about disease progression.75,76 Proteomics technology
plays a pivotal role in studies on the prognosis of LC patients,
primarily through the exploration of specific proteins and their
expressions (Table 2). 77–88 One significant avenue in this explo-
ration is the examination of protein phosphorylation, a post-
translational modification intricately linked to cellular pro-
cesses.89 Through the iTRAQ-based quantitative phospho-
proteomics approach, researchers delved into serial hepatoma
cells known for their high invasion and metastasis potential. Fil-
amin A (FLNA) is a widely expressed filamin that can regulate actin
cytoskeleton reorganization, and annexin A2 (ANXA2) from the
annexin family can be involved in cellular growth regulation.90

Xing et al.77 uncovered that FLNASer2152 and ANXA2Tyr23 phos-
phorylation were upregulated in hepatoma cells with a high po-
tential for metastasis. This finding indicated that FLNASer2152 and
ANXA2Tyr23 over-phosphorylation is associated with a poor prog-
nosis of LC and holds significant prognostic value.
In another study, compared to normal liver tissues, trans-

membrane P24 trafficking protein 9 (TMED9) was identified as
being overexpressed in HCC tissues.78 Employing liquid

Table 2
Biomarkers for the prognosis of LC.

Biomarker Category Source Mechanism Clinical relevance Evidence level Reference(s)

FLNA Novel Tumor tissue Ser2152 hyperphosphorylation (iTRAQ
phosphoproteomics)

Associated with
invasion and poor
prognosis

In vitro phosphoproteomics + clinical
association

77

ANXA2 Novel Tumor tissue Tyr23 hyperphosphorylation enriched
in metastatic cells

Linked to metastasis
and unfavorable
survival

In vitro phosphoproteomics + clinical
association

77

TMED9 Novel Tumor tissue Overexpression via LC–MS/MS;
trafficking regulation

Predicts vascular
invasion and worse
prognosis

Clinical tissue cohort + functional
validation

78

GRP78
autoantibody

Traditional Blood Autoantibodies against stress-response
chaperone

Elevated in metastatic/
recurrent HCC; predicts
progression risk

Clinical observational study 79

NDRG1 Novel Tumor tissue Hypoxia-associated protein; Wnt/
β-catenin involvement

Correlates with
metastasis, recurrence,
and poor survival

Clinical association study 80,81

MAGT1 Novel Tumor tissue Membrane upregulation in progressive
HCC

Associated with tumor
progression and poor
prognosis

Proteomics discovery + validation 82

AKAP13 Novel Tumor tissue Membrane-associated overexpression Linked to tumor
progression and
adverse outcome

Proteomics discovery + validation 82

PRDX2 Novel Tumor tissue Antioxidant enzyme dysregulation Altered expression
associated with
unfavorable prognosis

Clinical association+mechanistic hints 83,84

FABP5 Novel Tumor tissue HIF-1–driven lipid metabolism
reprogramming

Promotes tumor
progression and poor
prognosis

Mechanistic proteomics study 85,86

CRKL Novel Tumor tissue YAP interaction (BioID proteomics) Enhances YAP
signaling; associated
with poor prognosis

Proteomics + clinical association 87

PYCR2 Novel Tumor-adjacent
tissue

Metabolic subtype marker (multi-
omics)

Stratifies patients with
distinct survival
outcomes

Large proteogenomic
cohort + validation

88

ADH1A Novel Tumor-adjacent
tissue

Metabolic marker Associated with
prognosis

Large proteogenomic cohort 88

CTNNB1–
ALDOA axis

Novel Tumor-adjacent
tissue

Mutation-driven phosphorylation;
glycolysis activation

Links metabolic shift to
aggressive phenotype

Proteogenomics + phosphoproteomics 88

Abbreviations: ADH1A, alcohol dehydrogenase 1A; AKAP13, A-kinase anchor protein 13; ALDOA, aldolase A; ANXA2, annexin A2; CTNNB1, cadherin associated protein beta
1; CRKL, CRK-like proto-oncogene adaptor protein; FABP5, fatty acid binding protein 5; FLNA, filamin A; GRP78, glucose-regulated protein 78; HCC, hepatocellular carci-
noma; LC, liver cancer; MAGT1, magnesium transporter protein 1; NDRG1, N-myc downstream-regulated gene 1; PRDX2, peroxiredoxin2; PYCR2, pyrroline-5-carboxylate
reductase 2; TMED9, transmembrane P24 trafficking protein 9.
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chromatography with tandem mass spectrometry analysis, Yang
et al.78 demonstrated that the high expression of TMED9 in HCC
patients is closely associated with vascular invasion and predicts a
poor prognosis. Consequently, they proposed TMED9 as a potential
predictor of the prognosis of HCC.78

Glucose-regulated protein 78 (GRP78), a member of the heat
shock protein 70 family, has been studied in HCC.91 Ying et al.79

reported higher expression levels of GRP78 in HCC liver tissues
compared to non-HCC liver tissues through proteomics. Therefore,
GRP78 can function as a prognostic marker, offering predictive
value for HCC progression and recurrence.79

N-myc downstream-regulated gene 1 (NDRG1) protein is a
hypoxia-associated protein.80 The research findings have indicated
that NDRG1 is overexpressed in most HCC tissues, suggesting an
association with metastasis, recurrence, and a poor prognosis in
patients with HCC. Hence, NDRG1 has the potential to be utilized
as a prognostic marker for predicting HCC prognosis.81

Magnesium transporter 1 (MAGT1) and A-kinase anchor pro-
tein 13 (AKAP13) are two cytoplasmic membrane proteins in
progressive HCC. Molee et al.82 confirmed high expression of these
two proteins in HCC tissues, suggesting the potential role of
MAGT1 and AKAP13 as novel prognostic markers.
Peroxiredoxin2 (PRDX2) has gained significant attention for its

clinical importance as a prognostic marker.83 It was revealed that
PRDX2 can serve as an effective prognostic marker and be utilized
as a valuable indicator for predicting the prognosis of patients with
HCC.84

Fatty acid binding protein 5 (FABP5) is an intracellular chap-
erone of fatty acid molecules that regulates lipid metabolism and
cell growth, which has also been reported to play a critical role in
cancer progression.85 Seo et al.86 demonstrated that FABP5 upre-
gulation drives HCC progression through hypoxia-inducible factor-
1 (HIF-1)-driven lipid metabolism reprogramming by proteomics
analysis. As a result, FABP5 promotes HCC progression and poor
prognosis.86

CRK-like proto-oncogene adaptor protein (CRKL) is involved in
multiple signal transduction pathways.92 Wesener et al.87 utilized
proteomics technology, specifically the BioID (biotin labeling)
method, to identify interactors of yes-associated protein (YAP),
revealing CRKL as a unique interaction partner of YAP. They found
that high expression of CRKL in LC patients is associated with YAP
activity and poor prognosis.87

Gao et al.88 employed multi-omics analysis (integrating whole-
exome sequencing, transcriptomics, proteomics, and phospho-
proteomics) on 159 hepatitis B virus-related HCC tumor-adjacent
tissue pairs. Proteomic profiling stratified patients into three
subgroups, which are metabolic, proliferative, and
microenvironment-dysregulated, with distinct survival outcomes
and therapeutic vulnerabilities. Key metabolic markers pyrroline-
5-carboxylate reductase 2 (PYCR2) and alcohol dehydrogenase 1A
(ADH1A) were identified as prognostic biomarkers and validated
via immunohistochemistry. Phosphoproteomics revealed
cadherin-associated protein beta 1 (CTNNB1) mutation-driven
phosphorylation of glycolytic enzyme fructose-bisphosphate
aldolase A (ALDOA), promoting HCC proliferation through
enhanced glycolysis.88

Post-translational modifications (PTMs), such as phosphoryla-
tion and ubiquitination, have been identified as critical regulators
of tumor progression and patient outcomes. Proteomic technolo-
gies have revolutionized the study of PTMs and their crosstalk,
offering critical insights into disease mechanisms and prognosis.
Proteomics enables the identification and quantification of thou-
sands of PTM sites, revealing dynamic changes linked to patho-
logical states. By integrating experimental approaches such as
multi-PTM enrichment, open modification searches, and

functional perturbation assays, researchers can map PTM net-
works that drive disease progression.93 Wang et al.94 performed a
comprehensive proteomic and PTM analysis of HCC using label-
free proteomics to profile nine PTM types in paired tumor-
normal tissues from 9 HCC patients. The study identified CDK2
phosphorylation as a key driver of cell cycle dysregulation and
revealed histone H3K27me3 dynamics linked to epigenetic
silencing, both of which correlate with HCC aggressiveness. This
PTM-proteomic integration provides a novel resource for identi-
fying prognostic biomarkers and therapeutic targets, demon-
strating how advanced PTM profiling technologies can decode
complex molecular mechanisms underlying HCC progression and
treatment resistance.94

By analyzing the abnormal expression of specific proteins (such
as phosphorylation or overexpression of FLNA, ANXA2, and
TMED9), proteomics has revealed the molecular mechanism of LC
metastasis, recurrence, and poor prognosis. These protein markers
can be used as prognostic indicators at the tissue level to help early
assessment of tumor invasion risk and patient survival outcomes,
thereby providing a basis for individualized prognostic manage-
ment and ultimately improving patient survival. Besides, spatial
heterogeneity in protein expression, particularly within invasive
tumor margins, correlates with metastatic potential and immune
microenvironment remodeling. Therefore, spatial proteomics may
play an important role in the prognosis of LC in the future.

2.3. Treatment

The biomarkers identified by proteomics not only predict
clinical outcomes but also provide insights into clinical treatment.
The application of proteomics in the treatment of LC holds sig-
nificant importance. Proteomics provides a valuable tool for
identifying new therapeutic targets in LC, thereby contributing to
the advancement of treatment strategies (Table 3).80,95–103

Proteomics may provide some targets for the treatment of LC.
Gao et al.95 have demonstrated that T cells expressing glypican-3
(GPC3)-targeted chimeric antigen receptor (CAR) can efficiently
eliminate GPC3-positive HCC cells. Therefore, GPC3-targeted CAR
T therapy has provided a promising therapeutic intervention for
HCC. A recent case reported by Wang et al.96 also showed the
effectiveness of AFP-targeted CAR T-cell therapy in a patient with
HCC.
The p24 family can serve as a vital ingredient of the selective

transport processes in the endoplasmic reticulum-Golgi protein
processing network.104 There is an observed connection between
proteins from the p24 family and cancer.105 As mentioned above,
TMED9, a member of the p24 family, has been identified as a
prognostic marker for HCC. Yang et al.78 found that the invasive
abilities of HCC cells significantly decreased upon TMED9 deple-
tion. The results suggest that targeting TMED9 could potentially
evolve into a novel strategy for treating HCC.78 Similarly, NDRG1
can also be used for both the prognosis and treatment of LC, and
NDRG1 has been associated with HCC metastasis and recurrence
through an immune escape mechanism. Furthermore, NDRG1 is
involved in the Wnt/β-catenin signaling pathway, which plays a
regulatory role in hepatocarcinogenesis.81

Telomerase is a crucial repetitive nucleoprotein structure that
can provide the telomere maintenance mechanism for approxi-
mately 85%–90% of cancers.106 Catalytic subunit human telome-
rase reverse transcriptase (hTERT) can regulate the activity of
telomerase.107 RNA binding protein Fox-1 homolog 3 (RBFOX3) is a
member of the splicing factors from the fox1 family. Liu et al.108

demonstrated that RBFOX3 directly binds to the hTERT promoter,
enhancing hTERT transcription and telomerase activity in HCC
cells. This activation promotes tumor growth and progression, and

Y. Xu, J. Li, X. Luo et al. Liver Research 10 (2026) 121–132

126



elevated RBFOX3 expressionwas associatedwith poor prognosis in
patients with HCC. These findings suggest that the RBFOX3-hTERT
axis may represent a potential therapeutic target in HCC.108

Anti-apoptotic proteins are often overexpressed in HCC, such as
the X-linked inhibitor of apoptosis protein (XIAP).109 Che et al.110

utilized protein pathway array technology and reported that XIAP
is a critical regulatory protein involved in the crosstalk between
cell apoptosis and cycle proliferation. They proposed XIAP as a
potential therapeutic target for HCC.110

Extracellular vesicles (EVs) have been recognized for their
crucial role in cancer metastasis. Tey et al.111 conducted a study
where they successfully identified the functional components of
EVs in HCC cells through proteomic analysis. EVs with a high
content of polymeric immunoglobulin receptor (pIgR) were found
to be associated with HCC cancer stemness and tumorigenesis.
They demonstrated that EV-pIgR can exert oncogenic functions
through signaling pathways and that blocking EV-pIgR-mediated
interactions could be a viable strategy for the treatment of LC.111

The treatment with sorafenib has shown significant efficacy in
extending the survival time of patients diagnosed with advanced
HCC. However, the development of acquired resistance to sor-
afenib limits its effectiveness.112,113 Chu et al.97 conducted a label-
free quantitative proteomic analysis and demonstrated that the
expression of folate receptor α (FOLR1) was upregulated in HCC
cells resistant to sorafenib. This study further indicated that
the activation of autophagy was involved in FOLR1-related sor-
afenib resistance, and inhibiting autophagy will effectively reduce
sorafenib resistance. Hence, preventing sorafenib resistance
by inhibiting FOLR1 may offer new insights for the treatment
of LC.97

Inter-alpha inhibitor H4 (ITIH4), a member of the ITIH family, is
known for its high levels in human plasma.114 Lee et al.115 discov-
ered that ITIH4 overexpression can inhibit HCC cell migration
ability. Conversely, when ITIH4 is knocked down, the migration
ability of HCC cells is enhanced, indicating that ITIH4 has the po-
tential to serve as a therapeutic target that could be utilized to
inhibit the metastasis of LC.
Acyl-CoA oxidase 2 (ACOX2) belongs to the ACOX protein

family, and ACOX2 deficiency has been reported in several cases of
liver diseases.116 Zhang et al.98 showed that through the peroxi-
some proliferator-activated receptor-α (PPARα) pathway, the
overexpression of ACOX2 can reduce HCC proliferation and
metastasis, suggesting that PPARα can serve as a therapeutic
target.98 Hence, utilizing ACOX2 to modulate the PPARα pathway
may offer a novel approach for future treatments aimed at
impeding the progression of HCC.
Tumor necrosis factor receptor-associated factor 2 (TRAF2) is a

dual-function protein that serves as both an adaptor protein and a
ubiquitin E3 ligase. It is crucial in facilitating the tumor necrosis
factor α/nuclear factor kappa B (TNFα-NFκB) signaling pathway.117

Liang et al.99 demonstrated that TRAF2 promotes the growth and
survival of LC cells by promoting p62 polyubiquitylation and
mechanistic target of rapamycin complex 1 (mTORC1) activation
by tandem affinity purification and mass spectrometry analysis.
Therefore, this study validated TRAF2 as a therapeutic target for LC
therapy.99

A disintegrin-like and metalloprotease domain containing
thrombospondin type 1 motif-like 5 (ADAMTSL5) is a member of
the ADAMTS superfamily. Due to its unique modular structure,
ADAMTSL5 is associated with fibrillin microfibrils formed in cell

Table 3
Targeted proteins in the treatment of LC.

Category Target Source Therapeutic strategy Mechanism Clinical relevance Evidence level Reference

Immunotherapy target GPC-3 Tumor tissue CAR-T therapy Surface antigen
enabling tumor-
specific targeting

GPC3-CAR-T shows
efficacy in GPC3+ HCC

Clinical trials
completed

95

Immunotherapy target AFP Tumor tissue CAR-T therapy Tumor-associated
antigen presented via
MHC

AFP-CAR-T
demonstrated clinical
response

Clinical case report 96

Invasion/metastasis
regulator

TMED9 Tumor tissue Targeted inhibition
strategy

Regulates trafficking;
promotes invasion
phenotype

Depletion reduces
invasive capacity

Preclinical
(in vitro + in vivo)

80

Drug resistance target FOLR1 Tumor tissue Autophagy inhibition
strategy

Autophagy-mediated
sorafenib resistance

Inhibition restores
sorafenib sensitivity

In vitro mechanistic
study

97

Metabolic pathway
target

ACOX2 Tumor tissue PPARα pathway
modulation

Regulates lipid
metabolism via PPARα

Overexpression
suppresses
proliferation and
metastasis

Preclinical + ongoing
evaluation

98

Ubiquitination
pathway target

TRAF2 Tumor tissue Signaling pathway
inhibition

Promotes p62
polyubiquitylation and
mTORC1 activation

Supports tumor growth
and survival

In vitro mechanistic
study

99

Tumorigenicity &
resistance regulator

ADAMTSL5 Tumor tissue Targeted inhibition Regulates oncogenic
signaling and drug
resistance

Promotes
tumorigenicity

In vitro + in vivo 100

Transcriptional growth
regulator

ILF2 Liver tissue Target modulation Regulates CREB;
promotes proliferation

ILF2 overexpression
enhances tumor
growth

Animal model study 101

Tumor
microenvironment
target

Col1
(collagen I)

Tumor ECM DDR1 inhibition
strategy

DDR1–NFκB–CXCL8
axis activation → NETs
formation

DDR1 inhibition
restores PD-1 response

Preclinical (mouse
models)

102

Resistance reversal HECTD2 Organoids/
tumor

siRNA nanoparticle
therapy

KEAP1 ubiquitination
→ NRF2 activation

Silencing restores
lenvatinib sensitivity

Organoid + xenograft
models

103

Abbreviations: ACOX2, acyl-CoA oxidase 2; ADAMTSL5, A disintegrin-like and metalloprotease domain containing thrombospondin type 1 motif-like 5; AFP, alpha-
fetoprotein; Col1, collagen type I; CREB, cyclic adenosine monophosphate response element-binding protein; EV, extracellular vesicle; FOLR1, folate receptor α; GP73,
Golgi protein 73; GPC-3, glypican-3; HCC, hepatocellular carcinoma; HECTD2, HECT domain E3 ubiquitin protein ligase 2; hTERT, human telomerase reverse transcriptase;
ILF2, interleukin enhancer binding factor 2; ITIH4, inter-alpha inhibitor H4; LC, liver cancer; NDRG1, N-myc downstream-regulated gene 1; pIgR, polymeric immunoglobulin
receptor; PPARα, peroxisome proliferator-activated receptor α; RBFOX3, RNA binding protein fox-1 homolog 3; TMED9, transmembrane P24 trafficking protein 9; TRAF2,
Tumor necrosis factor receptor-associated factor 2; XIAP, X-linked inhibitor of apoptosis protein.
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culture and binds heparin through the netrin domain.118 Areche-
derra et al.100 proposed that ADAMTSL5 plays an important role in
maintaining the function of key oncogenic signaling pathways and
acts as a regulator of tumorigenicity and drug resistance in HCC by
using proteomics and some other techniques. This suggested
ADAMTSL5 as a potential drug target.100

In addition, interleukin enhancer binding factor 2 (ILF2) has
emerged as a hot topic in LC. Cheng et al.101 demonstrated that
high expression of ILF2 contributes to the proliferation of LC cells.
Furthermore, cyclic adenosine monophosphate response element-
binding protein (CREB) is related to LC.119 Using proteomics-based
methods, Du et al.120 proposed that ILF2 can regulate CREB at the
protein level. The interaction between CREB and ILF2 was revealed
to promote the growth of LC, which is beneficial in the treatment
of LC.
Shen et al.102 explored how cirrhotic extracellular matrix

(ECM) remodeling, characterized by collagen type I (Col1) upre-
gulation, impairs PD-1 inhibitor efficacy in HCC. Through prote-
omic and transcriptomic analyses, the authors identified Col1-
enriched ECM as a hallmark of cirrhosis-associated HCC. Col1
activates the DDR1-NFκB-CXCL8 axis in tumor cells, driving
neutrophil recruitment and immunosuppressive neutrophil
extracellular traps (NETs) formation. NETs shield tumor cells
from cytotoxic T cells and suppress T cell infiltration/function,
thereby attenuating PD-1 blockade responses. Targeting DDR1
with nilotinib reversed NETs-mediated immunosuppression and
restored PD-1 efficacy in preclinical models. This study proposed
DDR1 inhibition as a strategy in cirrhotic HCC using proteomics
analysis.102

Dong et al.103 identified HECT domain E3 ubiquitin protein
ligase 2 (HECTD2), an E3 ubiquitin ligase, as a driver of lenvatinib
resistance in HCC using proteomic screening of resistant cell lines
and patient-derived organoids. Proteomics revealed HECTD2
overexpression in resistant models, linked to poor survival.
Mechanistically, HECTD2 ubiquitinates KEAP1 (a redox regulator),
triggering NRF2-mediated antioxidant responses that mitigate
drug-induced oxidative stress. To overcome resistance, the authors
developed PLGA-PEG nanoparticles (NPs) delivering HECTD2-
targeting small interfering RNA, which restored lenvatinib sensi-
tivity in patient-derived xenografts and chemically induced HCC
models. Proteomics not only pinpointed HECTD2 as a resistance
marker but also guided therapeutic target validation, showing its
utility in elucidating resistance mechanisms and informing
nanotherapeutic strategies to enhance treatment efficacy in
HCC.103

Absolutely, proteomics can be used to identify altered protein
signature patterns and pathways in LC.121 As more and more
proteins associated with the generation, deterioration, and
metastasis of LC have been identified, patients with LC can benefit
from targeted therapies. Proteomics will promote the develop-
ment of personalized treatment therapies for patients with LC.
In addition to providing targets and biomarkers, proteomics

can also offer precision therapy for HCC individuals. Li et al.122

performed proteomics, metabolomics, and lipidomics analysis of
41 patients with HCC and identified a novel molecular classifica-
tion named F subtype (F1, F2, and F3) based on the FAD pathway
for HCC individuals. This finding may optimize individual HCC
patient therapy and help clinical decision-making.122 Yokoo

Fig. 2. Schematic overview of the proteomics workflow and its applications in liver cancer. The upper panel illustrates the general proteomics workflow, including sample
collection, protein extraction and mass spectrometry–based proteomic analysis, followed by data processing and statistical evaluation. The lower panel summarizes the major
clinical applications of proteomics in liver cancer, including: (1) identification of diagnostic biomarkers; (2) discovery of prognostic markers and molecular events associated with
disease progression; and (3) identification of therapeutic targets and guidance for personalized treatment strategies. This schematic highlights the integrative role of proteomics
in advancing precision medicine for liver cancer.

Y. Xu, J. Li, X. Luo et al. Liver Research 10 (2026) 121–132

128



et al.123 have used proteomics to detect the protein expression
profiles of 9 AFP-producing LC cell lines and 7 nonproducing LC cell
lines and identified 11 protein spots that distinguished AFP-
producing cell lines from nonproducing cell lines. This study
may help identify the different types of HCC and provide precision
therapy.123

Liver-targeted nanodrug delivery technology has advanced
significantly in recent years, utilizing nanocarriers such as lipo-
somes, micelles, andmesoporous silica NPs to achieve precise drug
targeting and controlled release, thereby enhancing therapeutic
accuracy and safety for liver diseases.124,125 The application of
proteomics in liver-targeted nanodrug delivery enables systematic
analysis of protein expression changes induced by NPs in hepa-
tocytes and non-parenchymal cells. For instance, iron oxide NPs
(Fe3O4 NPs), as studied in common carp liver, accumulate in he-
patocytes, intracellular canaliculi, and bile ducts.126 Proteomic
techniques such as LC-MS/MS or two-dimensional difference gel
electrophoresis (2D-DIGE) can identify dysregulated proteins (e.g.,
cytochrome P450 enzymes and detoxification proteins) during NP
exposure, providing mechanistic insights into metabolic stress,
oxidative damage, or compensatory pathways.
Proteomics not only reveals potential therapeutic targets for LC

(such as GPC3, TMED9, and FOLR1), but also provides new ideas for
the development of targeted therapies and combination therapy
strategies by analyzing drug resistance mechanisms and tumor
micro-environment. However, a critical challenge lies in over-
coming therapy resistance caused by tumor plasticity. Future
therapeutic development requires three-dimensional proteomic
mapping, combined with functional validation of synthetic lethal
targets.

3. Conclusions

LC stands as one of the most common tumors worldwide, and
its global burden continues to rise. Consequently, there is a
pressing need for extensive research to delve into the intricate
aspects of LC, spanning diagnosis, prognosis, and treatment.127,128

Proteomics, a pivotal component of multi-omics studies, plays a
crucial role in advancing our understanding of LC. Through pro-
teomics, effective biomarkers can be identified, offering valuable
insights for both diagnosis and prognosis. Furthermore, prote-
omics facilitates an in-depth exploration of proteins associated
with the initiation, progression, and metastasis of LC, thus
enhancing the precision of LC treatment strategies (Fig. 2).
However, some issues can be improved in the application of

proteomics. The sensitivity and specificity of the biomarkers
identified for diagnosis and prognosis require further enhance-
ment, and more effective treatment targets for LC should be
explored. Additionally, current limitations in proteomics, such as
technical complexities in sample preparation, high costs of large-
scale analyses, and challenges in reproducibility across studies,
should be addressed. These factors currently constrain the clinical
translation of proteomic discoveries and highlight the need for
standardized protocols to improve data robustness. To solve these
issues, proteomics and related techniques need to be developed
and innovated, including protein and peptide separation tech-
niques, mass spectrometry instrumentation, bioinformatics soft-
ware, artificial intelligence (AI) technology, and so on.
Integrating multi-omics technologies in LC research is also an

important perspective in the future. Recent advancements in
multi-omics technologies have identified the molecular charac-
terization of LC, enabling a comprehensive understanding of tu-
mor heterogeneity. By integrating genomic, transcriptomic,
proteomic, and metabolomic data, researchers have identified key
driver mutations and metabolic dysregulations that promote LC

progression. Future perspectives of multi-omics technologies in LC
research emphasize precision stratification through integrated
genomic, proteomic, and spatial multi-omics data to guide precise
therapies targeting molecular subtypes.
Future studies should leverage single-cell and spatial prote-

omics to resolve tumor heterogeneity, employ PTM-focused
workflows to pinpoint druggable pathways, and pursue multi-
omics integration to bridge proteomic findings with genomic
andmetabolomic data. Tools like AI-driven proteomic analysis will
accelerate biomarker discovery and the development of person-
alized therapy. The integration of AI and machine learning with
proteomics holds transformative potential. AI-driven predictive
models could accelerate biomarker discovery, optimize thera-
peutic target identification, and decode complex multi-omics
datasets, while machine learning algorithms may enhance
personalized therapy by predicting patient-specific responses to
treatments.
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