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Multi-omics SMR and experimental
supportive analyses decipher causal drivers
hepatocellular carcinoma
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Abstract

Background Hepatocellular carcinoma (HCC) is a highly prevalent and fatal digestive system malignancy,
challenging to treat due to its latent onset and non-specific symptoms in advanced stages. Somatic mutations play
a crucial role in hepatocarcinogenesis, with nearly half of HCC patients carrying oncogenic driver mutations such as
TP53, CTNNBT, or TERT. In parallel, germline susceptibility variants identified by genome-wide association studies
(GWAS) — including loci near TERT, MBOAT7, TM6SF2, and PNPLA3 — reveal inherited predisposition that shapes the
molecular landscape for HCC development. Despite recent therapeutic advancements, long-term survival remains
suboptimal, necessitating a deeper understanding of its pathogenesis and the identification of precise molecular
targets. Traditional genomic studies, such as genome-wide association studies (GWAS), have successfully identified
associated variants; however, due to their statistical design, they do not provide direct causal inference, functional
supportive analyses, or comprehensive insight into multi-level molecular regulation and tumor microenvironment
heterogeneity, serving instead as a critical starting point for subsequent functional and integrative analyses.

Methods To address these gaps, this study employed an integrated multi-omics approach combining HCC GWAS
summary data (FinnGen) with expression (eQTL from GTEx V8), methylation (mQTL), and protein (pQTL from ARIC,
UKBPPP, DECODE) quantitative trait loci data. We utilized Summary-data-based Mendelian Randomization (SMR) to
infer causal associations between molecular traits and HCC risk, prioritizing candidates with higher clinical translation
potential. To refine SMR-based prioritization of candidate genes, bulk transcriptome sequencing and ELISA-based
quantification were performed as complementary analyses on peripheral blood samples from 10 HCC patients and
10 healthy controls. Following SMR-based gene prioritization, bulk transcriptome and spatial transcriptomic analyses
were first used to refine candidate selection and guide subsequent quantification, thereby avoiding unnecessary
assays and optimizing the use of clinical samples and research resources. These analyses aimed to assess whether
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expression changes were directionally consistent with eQTL and pQTL effects, providing supportive—rather than
confirmatory—evidence for the inferred genetic associations. Spatial transcriptomics was applied to HCC tissue
sections to map region-specific expression patterns of candidate genes. Finally, publicly available single-cell RNA
sequencing (scRNA-seq) data was analyzed to resolve cell composition changes, cell-type-specific expression, and
intercellular communication networks within the HCC tumor microenvironment.

Results Multi-omics SMR analysis identified numerous loci causally associated with HCC risk, with eQTL SMR
revealing enrichment in critical cancer pathways (“Signal transduction,“Cancer: overview, " Immune system”). A robust
and replicated causal signal for proteins was found on chromosome 19 across three independent pQTL cohorts, with
a secondary signal on chromosome 2. The intersection of mQTL, eQTL, and pQTL SMR analyses yielded a core set of 16
candidate genes. Peripheral blood transcriptome profiling showed a clear separation between HCC and controls, with
13 of these 16 genes (e.g., LY9, ST6GAL1, SHMT1) significantly differentially expressed. ELISA validated elevated protein
levels of STGGALT, PSMBT, LY9, and JUND, and decreased SOD4 in HCC patients. Spatial transcriptomics revealed
significant intra-tumoral heterogeneity and distinct, localized expression patterns for genes like STEGALT, LGALS1, and
JUND. Single-cell RNA sequencing unveiled shifts in cell type composition (e.g., increased Cytotoxic CD4+T cells and
MDSCs, decreased hepatocytes in tumors), cell-type specific expression of candidate genes, and complex intercellular
communication networks.

Conclusion By integrating germline (GWAS-based) and somatic evidence, this study provides a comprehensive view
of HCC pathogenesis. This integrated strategy successfully identified a core set of genes and proteins with potential
causal links to HCC, elucidating their functional convergence in cancer biology. These findings offer novel molecular

solid foundation for future translational research.

insights and candidate targets for precise diagnosis, prognostic assessment, and targeted therapy of HCC, laying a

Introduction

Liver cancer is a malignant tumor of the digestive sys-
tem with a high incidence rate and mortality rate, and
it is one of the most difficult cancers to treat [1]. Every
year, there are 870,000 new cases of liver cancer world-
wide, and 760,000 deaths. Some studies indicate that
the five-year survival rate of patients is only around 5%
to 30%. If no urgent intervention measures are taken to
reverse this trend, the number of liver cancer cases and
deaths in the next 25 years may double. Liver cancer has
a latent onset, and early-stage liver cancer often has no
obvious symptoms. In the middle and advanced stages,
the clinical manifestations often lack specificity and are
easily overlooked or misdiagnosed. More and more stud-
ies are focusing on the diagnosis and screening of liver
cancer [2]. Both inherited genetic susceptibility and
somatic oncogenic alterations contribute to hepatocellu-
lar carcinoma (HCC) development. Nearly half of HCC
patients harbor somatic driver mutations such as TP53,
CTNNBI, or TERT, while germline variants identified
through GWAS — including loci at TERT, MBOAT?7,
TM6SF2, and PNPLA3 — reflect inherited predisposition
that shapes baseline susceptibility and influences how
hepatocytes respond to carcinogenic insults [3—6].

Many studies have shown that genetic inheritance
is closely related to the occurrence of hepatocellular
carcinoma [7, 8]. Nearly half of HCC patients carry at
least one frequent oncogenic mutation, such as TP53,
CTNNBI1 or TERT. Despite significant advancements in
HCC treatment strategies in recent years, the long-term

survival rate remains suboptimal, underscoring the
urgent need for a deeper understanding of its complex
pathogenesis and the identification of precise molecular
targets [9—11]. Integrating germline causal inference with
somatic mutation—based frameworks provides comple-
mentary insight, bridging the gap between inherited risk
and tumor-acquired alterations in hepatocarcinogenesis.

While somatic mutations such as TP53, CTNNBI, and
TERT have been well established as tumor-acquired driv-
ers that promote malignant transformation, they do not
fully explain why only certain individuals develop HCC
under similar environmental exposures or viral infec-
tions. Inherited germline variants, by contrast, shape the
baseline susceptibility and molecular context that influ-
ence how hepatocytes respond to carcinogenic insults.
Therefore, integrating germline-level causal inference
with molecular QTL data enables us to bridge the gap
between inherited risk and tumor-acquired mutations,
providing a complementary perspective to the somatic
mutation—driven understanding of HCC.

Previous genomic studies, particularly genome-wide
association studies (GWAS), have successfully identi-
fied numerous genetic variants associated with HCC
risk. However, these studies primarily focused on asso-
ciative analyses, often failing to directly elucidate the
causal relationships between genetic variants and dis-
ease. GWAS findings generally reveal correlations rather
than causations, and the biological mechanisms linking
non-coding variants to gene function or protein activity
remain obscure. They also fell short in comprehensively
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explaining how these genetic signals drive HCC devel-
opment through multi-level molecular regulation (e.g.,
gene expression, DNA methylation, and protein abun-
dance). Furthermore, traditional bulk tissue analyses fre-
quently overlooked the intricate cellular heterogeneity
of the tumor microenvironment and its critical role in
disease progression. Consequently, although GWAS has
provided valuable association maps, it lacks the power
to determine whether these associations are truly causal,
limiting their translational potential. There was also a
notable lack of multi-dimensional supportive analyses of
key target in both the circulatory system and the in situ
tumor microenvironment. These limitations collectively
pose significant challenges in sifting through vast genetic
data to identify truly causal driver genes and proteins and
translating them into effective clinical applications.

To overcome these inherent limitations of traditional
GWAS, our study introduces an innovative causal infer-
ence framework based on Summary-data-based Men-
delian Randomization (SMR). SMR leverages genetic
variants as instrumental variables to infer causal asso-
ciations between molecular traits (such as gene expres-
sion, DNA methylation, and protein levels) and HCC
risk, This approach bridges genetic associations with
biological mechanisms, revealing molecular alterations
that are not only correlated with but also potentially drive
hepatocarcinogenesis.

Specifically, our study first integrated HCC GWAS
summary data from the FinnGen consortium, expres-
sion quantitative trait loci (eQTL) data from the GTEx
V8 project, and methylation quantitative trait loci
(mQTL) data. Critically, to address the deficiency of lim-
ited coverage from single-omics data, we further incor-
porated protein quantitative trait loci (pQTL) data from
three independent cohorts: ARIC, UK Biobank Pharma
Proteomics Project (UKBPPP), and DECODE. This
multi-omics SMR framework represents a substantial
methodological advance beyond traditional GWAS by
combining genomic, epigenomic, and proteomic evi-
dence to enhance both the robustness and causal cred-
ibility of detected signals.

Moreover, unlike purely statistical analyses, we comple-
mented our SMR-based causal inference with compre-
hensive experimental supportive analyses. To explore
the clinical and biological relevance of SMR-identified
targets, we performed peripheral blood transcriptome
sequencing, ELISA-based protein quantification, spatial
transcriptomics, and single-cell RNA sequencing. These
multi-level supportive analyses ensure that the causal
signals inferred from genetic data correspond to real
biological differences at the transcriptional, proteomic,
and spatial cellular levels. Together, these innovations
establish a new integrative paradigm for uncovering truly
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causal driver genes in HCC, fundamentally surpassing
the descriptive limitations of conventional GWAS.

Through this integrated strategy of multi-omics causal
inference and multi-dimensional experimental support-
ive analyses, our study successfully identified a core set
of genes and proteins with potential causal links to HCC,
and elucidated their functional convergence in cancer
biology. These findings not only provide novel molecular
insights and candidate targets for precise diagnosis, prog-
nostic assessment, and targeted therapy of HCC but also
lay a solid foundation for future translational research in
HCC.

Methods

Data sources for HCC GWAS and Multi-Omics QTLs
Summary-level data for hepatocellular carcinoma (HCC)
were obtained from the FinnGen consortium (release
R12, ID: finngen_R12_C3_HEPATOCELLU_CARC_
EXALLC). For causal inference, we integrated multi-
omics quantitative trait loci (QTL) data. Expression
quantitative trait loci (€QTL) summary data (P<1x107°)
were obtained from the GTEx V8 project, integrating
cross-tissue eQTL effects (pan-tissue) to capture sys-
temic regulatory influences beyond liver-specific expres-
sion. This design reflects the systemic and metastatic
characteristics of hepatocellular carcinoma and enables
identification of causal regulatory variants with multi-tis-
sue impact. Methylation QTL (mQTL) data were sourced
from. Protein QTL (pQTL) data were consolidated from
three independent studies: the Atherosclerosis Risk in
Communities (ARIC), UK Biobank Pharma Proteomics
Project (UKBPPP), and DECODE studies.

To ensure data compatibility and reduce population
or technical bias, all GWAS and QTL summary sta-
tistics were derived from European ancestry cohorts.
Prior to SMR analysis, all datasets were harmonized
to the same human genome reference build (GRCh38/
hg38) to guarantee coordinate alignment, as mismatched
genome assemblies (e.g., hgl9 vs. hg38) would result
in computational errors [12]. Furthermore, SNPs were
quality-controlled to remove ambiguous alleles and
strand inconsistencies, and allele frequencies were cross-
checked across datasets to ensure consistency before
integration.

Causal inference and functional annotation

We performed Summary-data-based Mendelian Ran-
domization (SMR) using the SMR package (v.1.3.1) to
identify potential causal links between molecular traits
and HCC risk (significance threshold: p_SMR<0.05).
Given the exploratory and discovery-oriented nature
of this study, we applied a nominal threshold of p_
SMR<0.05 to identify putatively causal associations.
HEIDI heterogeneity filtering, a standard component of
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the SMR framework, was not applied here to maximize
sensitivity for candidate discovery and facilitate subse-
quent biological validation.

Transcriptome sequencing of peripheral blood samples
Peripheral blood was collected from 10 HCC patients
and 10 healthy controls. Following quality assessment,
total RNA was extracted and used for library prepara-
tion. Eukaryotic mRNA was enriched using Oligo(dT)
magnetic beads, fragmented, and reverse-transcribed to
synthesize first-strand cDNA. After second-strand syn-
thesis, the double-stranded cDNA underwent end-repair,
A-tailing, and ligation to sequencing adapters. Fragments
of approximately 300 bp were size-selected and amplified
via PCR. Library quality and concentration (>2 nM) were
verified using an Agilent 2100 Bioanalyzer and qRT-PCR.
Qualified libraries were pooled and sequenced on an Illu-
mina platform.

Differential expression and bioinformatics analysis

After quality control of raw sequencing data, normal-
ized expression data were used for Principal Component
Analysis (PCA) to assess sample clustering. Differential
expression analysis was performed to identify differen-
tially expressed genes (DEGs) between HCC and control
cohorts. The results were visualized using heatmaps and
volcano plots generated in R. Multiple testing correction
was performed using the Benjamini—Hochberg false dis-
covery rate (FDR) procedure to control for type I errors.
Adjusted p-values (FDR<0.05) were considered statisti-
cally significant. Effect sizes were evaluated using Cohen’s
d for gene expression differences and standardized mean
differences (SMD) for protein abundance.

Spatial transcriptomics analysis of HCC tissue

Spatial transcriptomics was conducted on an HCC tissue
section using the 10x Genomics Visium platform. Raw
data were processed with the Seurat R package (v4.0).
After creating a Seurat object, we performed quality con-
trol, filtering out spots with fewer than 200 or more than
8000 detected features. Data were normalized, and highly
variable genes were identified. We then performed Prin-
cipal Component Analysis (PCA), followed by Uniform
Manifold Approximation and Projection (UMAP) and
unsupervised clustering. The SpatialFeaturePlot function
was used to visualize the expression of candidate genes
on the tissue section.

Protein quantification by ELISA

Targeted protein quantification for candidate genes was
performed using enzyme-linked immunosorbent assay
(ELISA) kits. Human ST6GAL1 ELISA Kit, Human
SOD4 ELISA Kit, Human PSMB1 ELISA Kit, Human
Ly9 ELISA Kit, and Human JUND ELISA Kit were all
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purchased from Jingmei Biotechnology (Jiangsu, China).
Briefly, samples and standards were added to antibody-
coated microplates. After incubation, HRP-conjugated
detection antibodies were added, followed by substrate
incubation. The reaction was terminated, and absorbance
was measured at 450 nm. Protein concentrations were
calculated based on standard curves.

Single-Cell RNA sequencing data analysis

Single-cell RNA sequencing (scRNA-seq) data (GSE245906)
were obtained from the Gene Expression Omnibus (GEO)
database. The dataset comprised cells from both “NonTu-
moral” and “Tumor” samples. Following standard prepro-
cessing, which included quality control, normalization, and
batch correction, the data were integrated into a Seurat
object. Cell types were annotated based on known marker
genes, and dimensionality reduction techniques such as
UMAP and t-SNE were employed to visualize cell popula-
tion distributions. Cellular proportions were calculated to
assess differences in cell type composition between “Non-
Tumoral” and “Tumor” samples. The expression patterns of
candidate genes were profiled across various cell types using
dot plots and visualized on t-SNE plots. Intercellular com-
munication networks within the HCC microenvironment
were analyzed using the CellChat R package to infer and
visualize ligand-receptor interactions between different cell
populations.

Statistical analysis

All statistical analyses were performed using R software
(version 4.2.0). Summary-data-based Mendelian Ran-
domization (SMR) analyses were conducted using the
SMR package (v.1.3.1) with a nominal threshold of p_
SMR<0.05 to maximize discovery sensitivity. While we
applied a nominal p-value threshold to maximize sensi-
tivity in this discovery phase, we complemented this with
stringent biological supportive analyses across multiple
orthogonal platforms (cross-omics convergence, inde-
pendent cohort replication, and experimental confirma-
tion) to control false discovery.

Differential gene expression was analyzed using
DESeq2 (v.1.34.0) with Benjamini-Hochberg FDR cor-
rection (adjusted p <0.05). Effect sizes were evaluated by
log2 fold-change, with |log2FC| > 1 considered biologi-
cally meaningful. ELISA data were compared using two-
tailed Student’s t-tests or Mann-Whitney U tests after
normality assessment (Shapiro-Wilk test), with p<0.05
considered significant.

Results

Integrated multi-omics SMR identifies causal loci and
convergent candidate genes in hepatocellular carcinoma
To elucidate causal molecular drivers of hepatocellular
carcinoma (HCC), we applied an integrated multi-omics
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framework combining GWAS summary statistics with
methylation (mQTL), expression (eQTL), and protein
(pQTL) quantitative trait loci through summary-data-
based Mendelian randomization (SMR).

As shown in Fig. 1A-B, the genome-wide SMR analy-
ses of mQTL and eQTL datasets identified widespread
associations across chromosomes. A total of 93,011
mQTL sites were analyzed, yielding 4,487 significant
associations and 1,606 mQTL-significant genes, while
15,639 eQTL loci produced 841 significant associations
and 696 eQTL-significant genes.

At the protein level, pQTL-SMR analyses across three
independent cohorts—ARIC (1,616 sites, 72 significant
loci), DECODE (1,739 sites, 84 loci), and UKBPPP (2,010
sites, 93 loci)—revealed consistent causal protein signals
(Fig. 1C-E). Integrative comparison of mQTL-, eQTL-,
and pQTL-derived gene sets identified 16 overlapping
genes exhibiting convergent evidence across all molecu-
lar layers (Fig. 1F). These candidates, including ST6GALI,
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PSMBI, JUND, LY9, SHMTI, and LGALSI, represent
high-confidence causal mediators in HCC pathogenesis.
Complete SMR statistical outputs are provided in Sup-
plement File.

Differential gene expression analyses support SMR-
prioritized candidate genes

Principal component analysis (PCA) demonstrated a
clear separation between HCC patients and healthy con-
trols based on peripheral blood transcriptomic profiles
(Fig. 2A). A total of 2,746 differentially expressed genes
(DEGs) were identified (adjusted p<0.05, |log,FC| >
1), with a distinct chromosomal distribution pattern
(Fig. 2B). Heatmap and volcano plot analyses (Fig. 2C-D)
revealed significant upregulation of ST6GALI1, PSMBI,
JUND, and LY9, consistent with SMR predictions.
Among the 16 SMR-prioritized genes, 13 showed differ-
ential expression in peripheral blood (Fig. 3).
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Fig. 1 Summary-data-based Mendelian Randomization identifies multi-omics causal loci and genes associated with HCC. A-B Circular Manhattan plots
of genome-wide SMR results from mQTL and eQTL analyses. C-E Manhattan plots from pQTL SMR in ARIC, DECODE, and UKBPPP cohorts. F Venn diagram
illustrating overlaps across mQTL (1,606), eQTL (696), and pQTL (176) gene sets
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Fig. 2 Peripheral blood transcriptome reveals distinct gene expression profiles between HCC and controls. A PCA plot of 10 HCC and 10 controls. B
Chromosomal DEG distribution. C Heatmap of DEGs. D Volcano plot showing significant up- and down-regulated genes

Spatial transcriptomics refines candidate gene localization
and microenvironmental context

Spatial transcriptomics revealed substantial intratumoral
heterogeneity in gene expression across HCC tissue sec-
tions. Genes such as ST6GALI, PSMBI, LGALS1, LY9,
and JUND exhibited regionally localized expression pat-
terns within tumor subregions (Figs. 4 and 5). These find-
ings indicate that tumor microenvironmental context
drives spatially confined expression of key causal genes.
The protein quantification based on enzyme-linked
immunosorbent assay (ELISA) provided strong evidence
for the SMR gene, indicating that there is a largely consis-
tent directional relationship between the predicted gene
results and the observed expression differences (Fig. 6).
Supplement Fig. 1 provides extended supportive analyses
data, demonstrating reproducibility and interindividual
variation across samples.

Single-cell RNA sequencing reveals cell-type-specific
expression and immune remodeling
Single-cell RNA sequencing (scRNA-seq) identified 14
major cell clusters in tumor and non-tumor samples,
including hepatocytes, Kupffer cells, endothelial cells,
T cells, and MDSCs (Fig. 7A-C). The tumor samples
exhibited increased cytotoxic CD4* T cells and MDSCs,
with reduced hepatocyte proportion. Candidate genes
such as ST6GALI, JUND, PSMBI, and LY9 showed cell-
type—specific expression: ST6GALI was enriched in mac-
rophages and tumor endothelial cells, while JUND and
PSMBI1 were predominantly expressed in proliferative
hepatocytes and activated immune cells.

CellChat analysis demonstrated that these genes
are involved in critical ligand—receptor interactions

regulating immune suppression and metabolic signaling
(Supplement Figs. 2 and 3).

Discussion

This study applied an integrated multi-omics strat-
egy combining GWAS, eQTL, mQTL, and pQTL data
through Summary-data-based Mendelian Randomiza-
tion (SMR) to identify potential causal genes and proteins
associated with hepatocellular carcinoma (HCC). The
integration of multi-level omics and experimental sup-
portive analysis provides robust causal inference and bio-
logical interpretation for novel molecular targets.

Our analyses revealed strong causal signals across mul-
tiple QTL layers, particularly a consistent protein-level
association on chromosome 19 validated in three inde-
pendent cohorts (ARIC, DECODE, UKBPPP). Func-
tional enrichment demonstrated that these candidate
genes were primarily involved in “Signal transduction,’
“Immune system,” and other canonical cancer pathways,
indicating that genetically driven dysregulation of molec-
ular traits contributes to HCC pathogenesis. Integrating
mQTL, eQTL, and pQTL results identified a core set of
16 genes, including JUND, TDRKH, ST6GAL1, PSMBI,
and LY9, whose biological significance was further vali-
dated at transcriptomic and proteomic levels.

JUND and TDRKH have been identified as key driver
genes that may act on convergent oncogenic pathways.
As a core component of the AP-1 transcription factor,
JUND is upregulated at both mRNA and protein levels
in HCC patients, and is enriched in tumor subregions.
It can activate the ]NK/MMP9 signaling pathway, pro-
moting extracellular matrix degradation, migration, and
invasion [13, 14]. Although TDRKH has been less studied
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and down-regulated genes.
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between HCC and normal groups

in HCC, multi-omics Mendelian randomization analysis
has classified it as a core oncogenic gene. Its antisense
transcript TDRKH-AS1 can promote proliferation and
inhibit apoptosis through the Akt signaling pathway, sug-
gesting that the sense and antisense transcripts share a
common survival-promoting function [11]. These find-
ings are consistent with the stress-related and Akt activa-
tion signals observed in single-cell studies [14].

ST6GALI exhibits context-dependent functions: it can
promote proliferation and invasion through the PI3K/
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Akt pathway, and can also inhibit metastasis by lyso-
phosphatidic acidification mediated by MCAM [15-17].
In this study, ST6GALI was significantly upregulated at
both transcriptional and protein levels, and showed spa-
tial enrichment in tumor subregions, suggesting that its
function is regulated by the microenvironment. As a key
sialyltransferase, ST6GALI can stabilize PD-L1 through
a2,6-sialylation [18], This promotes immune evasion
and regulation of the tumor microenvironment. Its dual
effects suggest that circulating ST6GALI has diagnostic
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Spatial Expression of Key Genes (Group 1)
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Fig. 4 Spatial transcriptomics reveals heterogeneous and localized expression of candidate genes in HCC tissue. Spatial feature plots of ITIH4, MAP2K3,
SHMT1, PSMG4, DNAJB6, PSMB1, ST6GALT and LGALST demonstrating localized expression in tumor subregions

potential, while the tumor-intrinsic activity may be jointly
shaped by the PI3K/Akt signaling and immune-matrix
interactions in the immunosuppressive niche [19, 20].

Through multi-omics SMR analysis and proteomic
supportive analysis, PSMBI1, a proteasome (1 subunit,
was identified as upregulated in HCC. Although direct
evidence for PSMBI in HCC remains limited, studies on
related proteasome components (e.g., PSMBS8, PSMD13)
highlight the proteasome’s role in metabolic reprogram-
ming, immune evasion, and proteostasis maintenance
[21]. Our findings extend this concept, suggesting that
PSMBI may contribute to HCC progression by regu-
lating metabolic enzyme stability, redox balance, and
immune microenvironment remodeling [22, 23].

LY9 exhibits tissue-specific expression differences: it is
significantly upregulated in peripheral blood, but signifi-
cantly downregulated in liver tissue. This pattern is con-
sistent with previous reports, which regarded SLAMF3/
LY9 as a tumor suppressor receptor for hepatocytes [24].
The upregulation of LY9 in peripheral blood is more likely
to reflect changes in the ratio and function of immune
cells (such as activated CD4* T cells), rather than the
expression of liver cells themselves [25]. Therefore, this

phenomenon suggests that the systemic immune sta-
tus should be considered when interpreting key target
changes. Overall, the changes in peripheral LY9 can serve
as a powerful supplement to tissue-level diagnosis and
enhance its potential application value in immune moni-
toring [26].

Among the five genes validated by ELISA (ST6GALL,
CCS, PSMBI, LY9, and JUND), their selection was based
on significant differential expression at the transcriptome
level and spatial transcriptomics co-localization within
tumor subregions, consistent with previous integrative
omics screening strategies reported in liver cancer stud-
ies. Notably, although SOD4 (regulated by CCS) showed
upregulated gene expression, its protein abundance
decreased, a discrepancy likely explained by post-tran-
scriptional and oxidative stress—induced mechanisms
such as impaired copper chaperone activity, enhanced
protein degradation, or miRNA-mediated suppression.
These mechanisms have been widely reported in oxida-
tive stress and neurodegeneration models [27-29].

By integrating multi-omics causal inference with tran-
scriptomic, proteomic, and spatial supportive analysis,
this study advances our understanding of HCC biology.
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Fig.5 Spatial transcriptomics reveals heterogeneous and localized expression of candidate genes in HCC tissue. Spatial feature plots of LY9, GAS2, SH28B3,
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Known oncogenic factors such as JUND were reaffirmed,
while novel causal genes such as PSMBI and context-
dependent regulators like ST6GAL1 were uncovered. The
convergence of multi-layered evidence strengthens their
potential as candidate key target for diagnosis and as
molecular targets for therapeutic development.

Furthermore, the SMR framework of this study demon-
strates a remarkable multi-omics integration advantage in
terms of methodology. Unlike previous studies that relied
solely on single-level GWAS or co-localization analysis,
this study achieved cross-level causal inference by inte-
grating mQTL, eQTL, and pQTL data. It also combined
multi-dimensional supportive analysis using peripheral
blood transcriptomes, ELISA, and spatial transcrip-
tomes, significantly enhancing the biological credibility
and clinical translational potential of the causal inference
[30, 31]. Concurrently, single-cell transcriptomics further
revealed the specific expression and signaling commu-
nication patterns of candidate genes (such as ST6GALI,
JUND) in immune cell subsets, suggesting their crucial
roles in the remodeling of the immune microenviron-
ment and the progression of HCC.

Nevertheless, several limitations remain. We sincerely
acknowledge that the HEIDI heterogeneity test, an essen-
tial component of the SMR framework, was not imple-
mented in the present analysis. This omission represents
a methodological limitation of our study. In order to
more comprehensively explore potentially relevant genes
and facilitate downstream biological screening and vali-
dation, we adopted a nominal threshold of p_SMR <0.05
without HEIDI filtering. We fully recognize that this
exploratory approach may include non-causal associa-
tions, and we plan to incorporate standard HEIDI test-
ing and more stringent filtering criteria in future analyses
to further strengthen causal inference. The causal infer-
ence of SMR requires functional supportive analyses(e.g.,
knockdown or overexpression) in cellular or animal mod-
els. The relatively small supportive analyses cohort (n=10
per group) may limit generalizability, and future studies
should therefore expand the sample size (for instance,
to at least 50 participants per group) and include inde-
pendent cohort validation to enhance the robustness and
reproducibility of the results. Expanding the multi-omics
framework to include metabolomics and single-cell epig-
enomics would offer a more holistic view of molecular
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regulation. Ultimately, clinical trials are warranted to
determine the diagnostic and prognostic value of these
key target in diverse HCC populations. Another limita-
tion of this study is the composition of the control group.
The peripheral blood samples used for transcriptomic
and proteomic supportive analyses were obtained from
healthy individuals rather than high-risk populations

such as patients with cirrhosis or chronic liver disease.
Given that hepatocellular carcinoma (HCC) often arises
in the context of chronic liver injury, it is possible that
some of the molecular signals identified here reflect
underlying hepatic dysfunction rather than cancer-spe-
cific alterations. The absence of high-risk controls may
therefore lead to an overestimation of the differences
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populations

between HCC and normal groups. Future studies should
include cirrhotic or chronic liver disease cohorts as inter-
mediate controls to better distinguish HCC-specific key
target from those associated with hepatic inflammation
or fibrosis.

Although the spatial transcriptomics analysis was per-
formed on a single representative HCC tissue section,
it served as a spatial supportive analyses of key genes

identified through multi-omics SMR and blood-based
assays. The convergent evidence from multi-platform
analyses supports the biological relevance of these find-
ings, though future studies with larger spatial sampling
will be needed to confirm tumor-wide representativeness.
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Conclusion

This study employed a comprehensive multi-omics SMR
framework coupled with multi-dimensional experimental
supportive analyses to precisely identify potential driver
genes and proteins causally linked to hepatocellular car-
cinoma (HCC). By integrating GWAS, eQTL, mQTL,
and pQTL data, we robustly inferred causal associations,
highlighting a core set of 16 candidate genes, including
JUND, TDRKH, ST6GAL1, PSMB1, and LY9, whose
roles were further supported by differential expression
and protein abundance in peripheral blood, distinct spa-
tial localization within tumor tissues, and cell-type spe-
cific patterns in the tumor microenvironment. These
findings not only advance our understanding of HCC
pathogenesis beyond mere associations, providing novel
molecular insights into known and emerging drivers, but
also establish a strong foundation for developing precise
diagnostic, prognostic, and therapeutic strategies, paving
the way for future translational research in HCC.
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