117134 Revision Auto Edited.docx



Name of Journal: World Journal of Hepatology
Manuscript NO: 117134
Manuscript Type: ORIGINAL ARTICLE

Basic Study
Overexpression and clinicopathological significance of cullin-2 in hepatocellular

carcinoma progression

CUL2 in HCC Progression

Pan Tang, Qiu-Hong Nong, Kun-Hua Xiong, Huan-Huan Tang, Bei-Bei Huang, Guang-
Lei Huang, Qi Li, Shi-Pei He, Gang Chen, Zhen-Bo Feng, Jian-Di Li

Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) is a life-threatening malignant tumor with complex
pathogenesis and limited treatment. The core clinical protocols include surgical
resection, liver transplantation, local  ablation, (Transcatheter Arterial
Chemoembolization, TACE), targeted therapy, immunotherapy and systemic
chemotherapy. As a core component of the Cullin-RING E3 ubiquitin ligase complex,
Cullin-2 (CUL2) plays a key role in cell cycle regulation, but its clinical significance and

molecular mechanism in HCC are still unclear.

AIM

To systematically elucidate the expression pattern, clinical significance, and molecular
mechanism of CUL2 in hepatocellular carcinoma, evaluate its potential as a diagnostic
biomarker and therapeutic target, this study integrated large-scale omics data and
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) screening
technology.




METHODS

CUL2 protein expression in 125 HCC tissue specimens was assessed via
immunohistochemistry. We integrated global HCC microarray and high-throughput
sequencing datasets from a multicenter cohort (9,283 specimens: 5,204 HCC and 4,079
non-tumor tissues) for CUL2 mRNA expression analysis. Single-cell RNA sequencing
and spatial transcriptomics were employed to characterize CUL2 expression patterns.
The correlation between CUL2 expression and clinicopathological parameters was
analyzed in the TCGA-LIHC cohort (n = 371). Gene set enrichment analysis (GSEA) was
performed using Hallmark, KEGG, and GO gene sets. CRISPR functional screening and

gene co-expression network analysis were applied to elucidate molecular mechanisms.

RESULTS

CUL2 was significantly overexpressed in HCC tissues at both mRNA and protein levels.
Integrated multicenter analysis (n = 5,204) confirmed marked CUL2 mRNA up-
regulation (SMD = 0.70, P < 0.05) with moderate diagnostic value (AUC = 0.78). Patients
with high CUL2 expression showed significantly reduced overall survival
(approximately 4.1 years shorter, P = 0.0011). CUL2 expression correlated with
clinicopathological features including tumor stage. GSEA revealed significant
enrichment of E2F targets, G2M checkpoint, and MYC signaling pathways in CUL2-
high tumors. CRISPR-mediated CUL2 knockout inhibited growth in 20 of 21 HCC cell
lines. Co-expression analysis identified 190 CUL2-correlated genes enriched in nuclear
division, cell cycle transition, and nucleocytoplasmic transport pathways, indicating
CUL2 promotes HCC progression through proliferation and migration-related

mechanisms.

CONCLUSION
CUL2 is significantly overexpressed in HCC tissues, which highlights its potential as a

molecular biomarker and a promising therapeutic target for use in HCC management.
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Core Tip: Core Tip: CUL2 is highly expressed in mRNA and protein levels in
hepatocellular carcinoma ( HCC ). Multicenter analysis ( n = 5,204 ) confirmed its high
expression ( SMD = 0.70 ) and diagnostic value ( AUC = 0.78 ). The overall survival of
patients with high expression was shortened by about 4.1 years. Functional enrichment
showed that it was associated with E2F, G2M and MYC pathways and promoted cell
cycle progression. Knockout of CUL2 significantly inhibited the growth of HCC cells,

indicating that CUL2 drives HCC progression through proliferation and migration.

RITROD UCTION

Liver cancer is the sixth most common cancer in the world and the third leading cause
of cancer-related mortality ﬂCC is the most common histological subtype of liver
cancer, accounting for about 80 % of all primary liver cancers [1, 2]. While significant
progress has been made in relation to treatment strategies for HCC in recent years, the
five-year survival rate of patients with HCC remains suboptimal due to the
heterogeneity and invasiveness of HCC [3].This situation urgently requires us to further
elucidate the molecular pathogenesis of HCC and xplore new biomarkers and
therapeutic targets to improve the prognosis of patients. This situation indicates an
urgent need to further elucidate the molecular pathogenesis of HCC and explore new
biomarkers and therapeutic targets to improve HCC patients” prognosis.

The @llin family proteins are the core components of Cullin-RING E3 ubiquitin
ligases (CRLs) and an important part of the ubiquitin-proteasome system (UPS). In
mediating the ubiquitination and degradation of various substrate proteins such as cell
cycle regulators and transcription factors, CRLs control key cellular processes, including
cell cycle progression, DNA damage repair, transcriptional regulation, and signal

transduction [4]. As a member of the Cullin family, CUL2 acts as a central scaffold




protein in the CUL2-RBX1-EloC-EloB complex. It binds to substrate recognition
subunits, such as the von Hippel-Lindau (VHL) tumor suppressor, to form an E3
ubiquitin ligase complex similar to the SKP1- CUL1-F-box protein complex [5, 6]. This
multi-protein combination plays a key role in a number of basic physiological and
pathological pathways, including oxygen sensing, cell proliferation, apoptosis, and
angiogenesis [7]. There is a growing body of evidence that CUL2 is abnormally
expressed in various malignant tumors, where it is believed to promote the occurrence
and progression of such tumors by regulating the stability of oncoproteins or tumor
suppressors [8].For example, dysregulation of CUL2 has been documented in gastric
cancer [9], cervical cancer [10], and breast cancer [11], while its expression is associated
with an aggressive phenotype and a poor patient prognosis. Despite this, the expression
patterns, clinical relevance, and potential molecular mechanisms of CUL2 in HCC have
not yet been fully characterized. It is worth noting that other Cullin family members
have also been shown to be associated with the pathogenesis of hepatocellular
carcinoma, forming a complex regulatory network. Studies have shown that CUL4A is
highly expressed in hepatocellular carcinoma tissues, and it can promote the occurrence
of hepatocellular carcinoma by promoting cell cycle progression and epithelial-
mesenchymal transition[12]. In addition, the loss of CUL3 expression leads to abnormal
activation of Nrf2, which in turn promotes the proliferation of biliary epithelial cells and
promotes the development of cholangiocarcinoma[13]. The above research shows that
Cullin family proteins constitute a wide and complex regulatory network in
hepatocellular carcinoma, which further highlights the necessity of further exploring
the role of CUL2 in this malignant tumor.

To address this gap in the literature, the present study sought to systematically
elucidate the significant overexpression and prognostic value of CUL2 in HCC tissues at
both the protein and mRNA levels by integrating HCC clinical tissue samples,
immunohistochemistry results, and large-scale global HCC microarray and high-

throughput sequencing data. The results of this study will help clarify the key role of




CUL2 in HCC and indicate new molecular markers and potential targets for prognostic

evaluation and targeted therapy in HCC.

MATERIALS AND METHODS
MATERIALS AND METHODS

Hepatocellular carcinoma tissue specimens:

A total of 125 paired HCC and corresponding adjacent non-tumorous liver tissues were
obtained from patients who underwent radical resection at Wuming Hospital of
Guangxi Medical University between January 2019 and June 2023. All specimens were
histopathologically confirmed as HCC. The study protocol was approved by the
Institutional Ethics Committee of the hospital, and written informed consent was

obtained from all participating patients.

Iminunohistochemistry staining:

IHC staining was performed using a rabbit anti-human CUL2 polyclonal antibody
(ABclonal Technology Co., Ltd., 1: 500 dilution). Two independent pathologists, ginded
to the clinical data, evaluated the staining intensity and the percentage of CUL2-positive
HCC cells. The scoring criteria were as follows: (1) The proportion of positive cells was
scored as: Zero (0%-5%), one (6%-25%), two (26%-50%), three (51%-75%), or four ( >
75%). (2) Staining intensity was graded as: Zero (negative), one (weak/Light yellow),
two (moderate/brownish-yellow), or three (strong/dark brown). (3) A semi-
quantitative H-score was calculated using the formula: H-score = staining intensity

score X percentage score.

Microarray and high-throughput sequencing analysis:
To investigate the mRNA expression level of CUL2, this study acquired relevant gata

from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/), the Gene

Expression Omnibus (https://www.ncbinlm.nih.gov/geo/), e Sequence Read

Archive (https://www.ncbi.nlmnih.gov/sra), and the ArrayExpress database




(https:/ /www .ebi.ac.uk/arrayexpress/). Relevant high-throughput sequencing

datasets and datasets from the same platforms were merged separately. Appropriate
data processing tools were utilized to remove batch effects between different datasets,
resulting in multiple HCC expression matrices.To analyze the differential expression of
the CUL2 protein between HCC tissues and non-cancerous liver tissues, violin plots of
its expression level and geceiver Operating Characteristic (ROC) curves were plotted. If
the Area Under the Curve (AUC) was not less than 0.70 or 0.90, it indicated that the

protein possessed moderate or strong discriminatory capability, respectively.

Prognostic analysis of CUL2 mRNA expression using the UALCAN database:

The association between CUL2 mRNA expression levels and patient prognosis in HCC
was analyzed using the UALCAN online portal. The analytical procedure was as
follows: The TCGA module was selected on the UALCAN homepage, followed by
entry of the target gene CUL2 and selection of HCC. After clicking “Explore,” the
“Survival” option under the “Link for analysis” tab was utilized to perform the survival

analysis and export the resultant plots.

Single-cell RNA sequencing data analysis:

Based on the HCC single-cell RNA sequencing dataset (GSE112271), t-SNE nonlinear
dimensionality reduction and supervised learning algorithms were employed to
visualize CUL2 mRNA expression across distinct HCC cellular subpopulations.
Differential expression of CUL2 mRNA between normal hepatocytes and HCC cells

was assessed using non-parametric tests.

Spatial transcriptomics data analysis:
Utilizing the HCC spatial transcriptomics dataset (GSE245908), stringent quality control
was implemented by applying the thresholds of nFeature Spatial > 500 and

percent_mito < 25. Spatial localization and expression patterns of CUL2 mRNA, along




with established HCC markers ARG1 and GPC3, were visualized on the HCC tissue

sections.

Gene co-expression network analysis:

Based on gene expression values, genes positively correlated with high CUL2
expression in HCC were identified through batch calculation using the following
criteria: (1) standardized mean difference (SMD) > 0 with P < 0.05 (or a confidence
interval not spanning zero), and (2) Spearman correlation coefficient = 0.30 with P <
0.05. Genes meeting these thresholds were subsequently subjected to Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment

analyses.

CRISPR functional screening data analysis:

Publicly available clustered regularly interspaced short palindromic repeats (CRISPR)
screening data were utilized to analyze the impact of CUL2 knockout on cellular
growth across a panel of 21 HCC cell lines. A CRISPR gene effect score of < 0 was

interpreted as indicative of a growth-promoting role for the gene.

Gene set enrichiment analysis :

In order to clarify the mechanism of CUL2 in liver cancer, g} samples were divided
into high and low expression groups based on the median expression of CUL2 in the
TCGA-LIHC cohort, and the differences were analyzed by limma package. Using the R
language clusterProfiler package, the genes were sorted by t value, and GSEA analysis
was performed on the Hallmark, KEGG, and GO Biological Processes gene sets in the
MSigDB database. The size of the included gene set was 15 to 500, and after 1000

permutation tests, P < 0.05 was considered significant after correction.

Correlation analysis of clinicopathological features :




Based on the TCGA-LIHC cohort (1 = 371), the correlation between CUL2 mRNA
expression and key clinicopathological parameters was analyzed, including age,
gender, tumor stage, histological grade and T stage. The median expression was
divided into high and low expression groups. The categorical variables were tested by
X* test or Fisher 's exact test, and the continuous variables were tested by f test or
Wilcoxon rank sum test. All nalyses were two-sided test, P < 0.05 was considered

statistically significant.

gta tistical analysis:

Data analysis was performed using SPSS software (version 26.0) and R (version 4.2.1).
Differences between two groups were compared using Student’s t-tests or Wilcoxon
rank-sum tests, as appropriate. Survival analysis was conducted using the Kaplan-
Meier method with log-rank tests for comparison. A two-sided P-value of < 0.05 was

considered statistically significant.

RESULTS

RESULTS

CUL2 protein is significantly overexpressed in HCC tissues:

Immunohistochemical staining was performed to assess CUL2 protein expression in 125
paired HCC and corresponding adjacent non-tumorous liver tissues. Quantitative
evaluation of the staining revealed predominant subcellular localization of CUL2 within
the cytoplasmic compartment of HCC cells (Figure la-d). Comparative analysis using
an independent samples t-test demonstrated significantly higher CUL2 protein levels in

HCC tissues compared to matched peritumoral controls (Figure 1e, P < 0.05).

CUL2 mRNA is validated as overexpressed in multicentric cohorts:

Integrated analysis of global HCC microarray and high-throughput sequencing datasets
demonstrated significant upregulation of CUL2 mRNA in 5,204 HCC tissues compared
to 4,079 non-neoplastic controls (Figure 2a) (SMD = 0.70, P < 0.05). Sensitivity analysis




confirmed the stability of the pooled SMD estimate, as no individual dataset
significantly altered the overall effect size upon sequential exclusion (Figure 2b). Both
Begg's and Egger's tests indicated no substantial publication bias (P > 0.05) (Figure 2c,
d).

Validation of CUL2 mRNA expression in HCC single-cell and spatial transcriptomics:

Density plots illustrated the characteristic expression pattern of CUL2 mRNA across
cellular subpopulations, demonstrating significant overexpression in HCC single-cell
clusters compared to normal hepatocytes (Figure 3) (P < 0.05). Spatial transcriptomic
analysis further revealed a scattered, heterogeneous distribution pattern of CUL2
mRNA in HCC tissues, contrasting with the diffuse expression characteristics of

established markers ARG1 and GPC3 (Figure 4).

CUL2 mRNA exhibits moderate diagnostic value for HCC:

CUL2 mRNA exhibited moderate discriminatory power for distinguishing HCC tissues
2

(Figure 5) (AUC = 0.78, P < 0.05), with a sensitivity of 0.65, specificity of 0.79, and

positive and negative likelihood ratios of 3.04 and 0.44, respectively.

CUL2 mRNA predicts unfavorable prognosis in HCC

Analysis via the UALCAN database further elucidated the prognostic impact of CUL2
mRNA expression in HCC tissues. The results demonstrated @at patients with high
CUL2 mRNA expression exhibited significantly shorter overall survival (OS) compared
to those with low expression (P = 0.0011) (Figure 6a). Furthermore, even within the

same tumor grade, high CUL2 mRNA expression remained significantly associated

with reduced OS (P = 0.0047) (Figure 6b).

CUL2 expression correlates with clinical-pathological features:
To evaluate the clinical significance of CUL2 expression, we analyzed its correlation

with major clinicopathological parameters in the TCGA-LIHC cohort (n = 371). The




distribution of primary tumor T stage between CUL2 expression groups indicates that
both groups are predominantly comprised of patients with early-stage lesions (T1-T2)
(Figure 7a). However, there is no significant difference in the overall AJCC stage
distribution between CUL2 expression groups (Figure 7b), suggesting that the up-
regulation of CUL2 may be an early event in the occurrence of HCC and persist

throughout the disease progression.

Potential function and molecular mechanisms of CUL2 in HCC:

To further investigate the potential function of CUL2 in HCGC, this study first confirmed
ubiquitous expression of CUL2 across all 21 examined HCC cell lines. CRISPR-
mediated knockout screens revealed that genetic ablation of CUL2 significantly
suppressed cellular growth in 20 out of the 21 HCC cell lines (Figure 8) (CRISPR gene
effect score < 0), strongly suggesting an essential pro-proliferative role of CUL2 in HCC.
Building upon these findings, we subsequently dissected the underlying molecular
mechanisms of CUL2 in HCC. Integrated analysis identified 190 genes positively
correlated with high CUL2 expression in HCC (Figure 9a). Subsequent enrichment
analysis demonstrated that these CUL2-coexpressed genes were predominantly
associated with GO terms including uclear division, chromosome segregation, and
mitotic cell cycle phase transition, and were significantly enriched in key KEGG

pathways such as nucleocytoplasmic transport and cell cycle regulation (Figure 9b).

Gene Set Enrichment Analysis Reveals CUL2-Driven Proliferation Programs:

In order to systematically elucidate the molecular mechanism of CUL2 function in HCC,
we performed a comprehensive gene set enrichment analysis. Hallmark pathway
analysis showed that the characteristics of proliferation-related genes were significantly
enriched in CUL2-overexpressing tumors (Figure 10a). The most significantly enriched
pathways include E2F target (NES = 2.18, P.adj < 0.001), G2M checkpoint (NES = 2.05,
P.adj < 0.001) and the v-myc avian myelocytomatosis viral oncogene homolog (MYC)

target V1 (NES = 1.85, P.adj < 0.001), which are classical driving pathways for cell cycle




progression and cell proliferation. Other enrichment pathways cover mitotic spindle
assembly, protein secretion, and mTOR signaling, all of which point to the central role
of CUL2 in coordinating cell growth and division procedures. In order to further
analyze the specific biological processes regulated by CUL2, we used the Gene
Ontology biological process gene set focusing on proliferation and migration
mechanisms for targeted GSEA analysis. Proliferation-related GO analysis showed that
pathways regulating DNA replication, mitotic sister chromatid separation, and cell
cycle phase transition were significantly enriched (Figure 10b), and the normalized
enrichment scores of the top-ranked pathways exceeded 1.5 (all P.adj < 0.05). Among
them, DNA-templated DNA replication-related pathways are most strongly associated
with high CUL2 expression. GO pathway analysis related to migration and metastasis
showed that nuclear migration, cerebral cortex cell migration and smooth muscle cell

migration were significantly enriched in CUL2-overexpressing tumors (Figure 10c).

DISCUSSION

1. DISCUSSION

This multi-center study comprehensively reveals that CUL2 is significantly
overexpressed in HCC tissues, and CUL2 is closely related to the poor prognosis of
patients. Functional experiments and bioinformatics studies further confirmed the
important role of CUL2 in maintaining the growth of HCC cell lines, which may be
achieved by regulating key signaling pathways involved in cell cycle control and
nuclear transport. In summary, our study for the first time comprehensively elucidated
the key role of CUL2 in HCC progression, highlighting its dual potential as a prognostic
biomarker and a new therapeutic target for HCC.

Our results clearly confirmed the significant overexpression of CUL2 in HCC tissues.
Immunohistochemical analysis showed that CUL2 protein was mainly localized in the
cytoplasm, and the expression level of CUL2 protein in HCC specimens was
significantly higher than that in matched adjacent non-tumor tissues. This observation

is consistent with the previously recorded up-regulation trend of CUL2 in a variety of




malignant tumors (14-17), in which clinical specimen verification and database analysis
confirmed the carcinogenic characteristics of CUL2 in HCC. In addition, our findings
are further supported by large-scale multi-queue data integration. By systematically
integrating the global HCC microarray and high-throughput sequencing data sets, we
verified that CUL2 mRNA was significantly up-regulated in 5204 HCC tissues,
demonstrating a stable standardized mean difference estimate and no significant
publication bias. These consistent findings across experimental platforms indicate that
CUL2 overexpression is a common phenomenon and may be related to the
pathogenesis and progression of HCC. In addition, CUL2 mRNA showed moderate
discrimination in HCC detection (area under the curve = 0.78), indicating its potential as
a biomarker for HCC treatment.

In addition, this study used single-cell and spatial transcriptome sequencing to
achieve detailed characterization of CUL2 mRNA expression patterns in HCC. Single
cell analysis showed that CUL2 mRNA was significantly overexpressed in HCC cell
subsets compared with normal hepatocytes, confirming that CUL2 was up-regulated in
single cell resolution and suggesting its potential functional significance in specific
tumor subsets. Spatial transcriptomics further characterized the heterogeneous
distribution of CUL2 mRNA in HCC tissue sections, showing a dispersed and non-
diffuse expression pattern, which was different from the diffuse expression
characteristics of the established HCC markers ARG1 (18) and GPC3 (19).This spatial
heterogeneity may reflect the dynamic expression of CUL2 in the tumor
microenvironment or the functional diversity of different tumor regions (20, 21), which
provides a new perspective for understanding the multifaceted role of CUL2 in HCC
progression. The overall survival of patients with high CUL2 expression was
significantly shortened, and this poor prognosis persisted even in the same tumor
grade. These findings are consistent with pan-cancer studies that have reported that
CUL2 is associated with poor prognosis in a variety of malignant tumors (22), strongly
supporting that CUL2 is not only a potential molecular marker, but also an independent

predictor of poor prognosis in HCC. These consistent observations highlight the clinical




importance of CUL2 in HCC progression and indicate its potential use as a prognostic
biomarker for risk stratification and personalized treatment strategies.

Finally, our study provides preliminary insights into the molecular mechanism of
CUL2 in HCC through functional verification and bioinformatics exploration. Crispr-
mediated gene knockout screening showed that CUL2 gene ablation significantly
inhibited cell growth in 20 of 21 HCC cell lines. This finding is consistent with previous
reports that down-regulation of CUL2 inhibits the proliferation and migration of HCC
cells (23), thereby consolidating its tumor-promoting function. These results provide an
experimental basis for CUL2 as a potential therapeutic target for HCC. Subsequent
bioinformatics analysis showed that 190 genes positively correlated with CUL2
overexpression were significantly enriched in gene ontology such as nuclear division,
chromosome separation, mitotic cell cycle phase transition, especially genes related to
KEGG pathways such as nuclear cytoplasmic transport and cell cycle regulation. Cell
cycle dysregulation is a hallmark of tumorigenesis, and CUL2, as a core component of
the ubiquitin ligase complex, controls cell cycle progression by mediating
ubiquitination and degradation of various substrate proteins (24-27). At the same time,
abnormal nuclear transport has become a key mechanism for tumor cell proliferation,
drug resistance and maintenance of malignant phenotype (28).Therefore, we believe
that CUL2 may promote the abnormal proliferation and tumor progression of HCC by
regulating the stability of key cyclins. In addition, it may also be involved in the
regulation of nuclear transport process.

Our gene set enrichment analysis revealed the mechanism by which CUL2 drives
HCC progression. The results showed that E2F targets, G2/M checkpoints and MYC
signaling pathways were significantly enriched in tumors with high CUL2 expression,
suggesting a direct link between CUL2 overexpression and cell cycle out of control.
CUL2 is the core component of the CRL2 ubiquitin ligase complex, which is known to
regulate the stability of key cell cycle proteins (such as E2F). Therefore, the high
expression of CUL2 may accelerate the entry of cells into the S phase by destroying the

normal regulation of E2F(29), thereby promoting proliferation. At the same time, the




enrichment of G2/M checkpoint genes indicates that abnormal expression of CUL2 may
interfere with the degradation process of checkpoint proteins, weaken the ability of cells
to monitor DNA damage, and enable damaged cells to enter mitosis(30). In addition,
the enrichment of MYC target genes suggests that CUL2 may affect the activity of MYC
signaling pathway through an undefined mechanism(31). The analysis also found that
the nuclear transport pathway was significantly enriched in CUL2-overexpressing
tumors. Nuclear-cytoplasmic transport disorder is one of the characteristics of cancer,
which may affect the localization and function of many key proteins(32). It is worth
noting that pathways related to cell migration and metastasis are also enriched, such as
nuclear migration and smooth muscle cell migration. This is consistent with previous
findings that CUL2 circular RNA (circCUL2) can promote epithelial-mesenchymal
transition in liver cancer, suggesting that CUL2 may also be involved in regulating
tumor invasiveness at the linear mRNA level.

Despite these meaningful findings, several limitations should be acknowledged.
Although we have gained preliminary insights into CUL2's function and potential
mechanisms in HCC through comprehensive analysis of clinical specimens, public
databases, and in vitro CRISPR screening, the specific molecular mechanisms require
further validation through cell line models and in vivo animal studies. Future
investigations should focus on: (1) identifying specific CUL2 substrate proteins in HCC
cells through co-immunoprecipitation and mass spectrometry; (2) validating the
functional role of CUL2 in HCC progression using genetic manipulation in cell lines
and xenograft models; And (3) conducting prospective clinical studies to validate CUL2

as a prognostic biomarker and predictive marker for targeted therapies.

CONCLUSION

This multi-center study comprehensively reveals that CUL2 is significantly
overexpressed in HCC tissues, and CUL2 is closely related to the poor prognosis of
patients. Functional experiments and bioinformatics studies further confirmed the

important role of CUL2 in maintaining the growth of HCC cell lines, which may be




achieved by regulating key signaling pathways involved in cell cycle control and
nuclear transport. In summary, our study for the first time comprehensively elucidated
the key role of CUL2 in HCC progression, highlighting its dual potential as a prognostic
biomarker and a new therapeutic target for HCC.

Our results clearly confirmed the significant overexpression of CUL2 in HCC tissues.
Immunohistochemical analysis showed that CUL2 protein was mainly localized in the
cytoplasm, and the expression level of CUL2 protein in HCC specimens was
significantly higher than that in matched adjacent non-tumor tissues. This observation
is consistent with the previously recorded up-regulation trend of CUL2 in a variety of
malignant tumors [14-17], in which clinical specimen verification and database analysis
confirmed the carcinogenic characteristics of CUL2 in HCC. In addition, our findings
are further supported by large-scale multi-queue data integration. By systematically
integrating the global HCC microarray and high-throughput sequencing data sets, we
verified that CUL2 mRNA was significantly up-regulated in 5204 HCC tissues,
demonstrating a stable standardized mean difference estimate and no significant
publication bias. These consistent findings across experimental platforms indicate that
CUL2 overexpression is a common phenomenon and may be related to the
pathogenesis and progression of HCC. In addition, CUL2 mRNA showed moderate
discrimination in HCC detection (area under the curve = 0.78), indicating its potential as
a biomarker for HCC treatment.

In addition, this study used single-cell and spatial transcriptome sequencing to
achieve detailed characterization of CUL2 mRNA expression patterns in HCC. Single
cell analysis showed that CUL2 mRNA was significantly overexpressed in HCC cell
subsets compared with normal hepatocytes, confirming that CUL2 was up-regulated in
single cell resolution and suggesting its potential functional significance in specific
tumor subsets. Spatial transcriptomics further characterized the heterogeneous
distribution of CUL2 mRNA in HCC tissue sections, showing a dispersed and non-
diffuse expression pattern, which was different from the diffuse expression

characteristics of the established HCC markers ARG1 [18] and GPC3 [19].This spatial




heterogeneity may reflect the dynamic expression of CUL2 in the tumor
microenvironment or the functional diversity of different tumor regions [20, 21], which
provides a new perspective for understanding the multifaceted role of CUL2 in HCC
progression. The overall survival of patients with high CUL2 expression was
significantly shortened, and this poor prognosis persisted even in the same tumor
grade. These findings are consistent with pan-cancer studies that have reported that
CUL2 is associated with poor prognosis in a variety of malignant tumors [22], strongly
supporting that CUL2 is not only a potential molecular marker, but also an independent
predictor of poor prognosis in HCC. These consistent observations highlight the clinical
importance of CUL2 in HCC progression and indicate its potential use as a prognostic
biomarker for risk stratification and personalized treatment strategies.

Finally, our study provides preliminary insights into the molecular mechanism of
CUL2 in HCC through functional verification and bioinformatics exploration. Crispr-
mediated gene knockout screening showed that CUL2 gene ablation significantly
inhibited cell growth in 20 of 21 HCC cell lines. This finding is consistent with previous
reports that down-regulation of CUL2 inhibits the proliferation and migration of HCC
cells [23], thereby consolidating its tumor-promoting function. These results provide an
experimental basis for CUL2 as a potential therapeutic target for HCC. Subsequent
bioinformatics analysis showed that 190 genes positively correlated with CUL2
overexpression were significantly enriched in gene ontology such as nuclear division,
chromosome separation, mitotic cell cycle phase transition, especially genes related to
KEGG pathways such as nuclear cytoplasmic transport and cell cycle regulation. Cell
cycle dysregulation is a hallmark of tumorigenesis, and CUL2, as a core component of
the ubiquitin ligase complex, controls cell cycle progression by mediating
ubiquitination and degradation of various substrate proteins [24-27]. At the same time,
abnormal nuclear transport has become a key mechanism for tumor cell proliferation,
drug resistance and maintenance of malignant phenotype [28].Therefore, we believe

that CUL2 may promote the abnormal proliferation and tumor progression of HCC by




regulating the stability of key cyclins. In addition, it may also be involved in the
regulation of nuclear transport process.

Our gene set enrichment analysis revealed the mechanism by which CUL2 drives
HCC progression. The results showed that E2F targets, G2/M checkpoints and MYC
signaling pathways were significantly enriched in tumors with high CUL2 expression,
suggesting a direct link between CUL2 overexpression and cell cycle out of control.
CUL2 is the core component of the CRL2 ubiquitin ligase complex, which is known to
regulate the stability of key cell cycle proteins (such as E2F). Therefore, the high
expression of CUL2 may accelerate the entry of cells into the S phase by destroying the
normal regulation of E2F[29], thereby promoting proliferation. At the same time, the
enrichment of G2/M checkpoint genes indicates that abnormal expression of CUL2 may
interfere with the degradation process of checkpoint proteins, weaken the ability of cells
to monitor DNA damage, and enable damaged cells to enter mitosis[30]. In addition,
the enrichment of MYC target genes suggests that CUL2 may affect the activity of MYC
signaling pathway through an undefined mechanism[31]. The analysis also found that
the nuclear transport pathway was significantly enriched in CUL2-overexpressing
tumors. Nuclear-cytoplasmic transport disorder is one of the characteristics of cancer,
which may affect the localization and function of many key proteins[32]. It is worth
noting that pathways related to cell migration and metastasis are also enriched, such as
nuclear migration and smooth muscle cell migration. This is consistent with previous
findings that CUL2 circular RNA (circCUL2) can promote epithelial-mesenchymal
transition in liver cancer, suggesting that CUL2 may also be involved in regulating
tumor invasiveness at the linear mRNA level.

Despite these meaningful findings, several limitations should be acknowledged.
Although we have gained preliminary insights into CUL2's function and potential
mechanisms in HCC through comprehensive analysis of clinical specimens, public
databases, and in vitro CRISPR screening, the specific molecular mechanisms require
further validation through cell line models and in vivo animal studies. Future

investigations should focus on: (1) identifying specific CUL2 substrate proteins in HCC




cells through co-immunoprecipitation and mass spectrometry; (2) validating the
functional role of CUL2 in HCC progression using genetic manipulation in cell lines
and xenograft models; And (3) conducting prospective clinical studies to validate CUL2

as a prognostic biomarker and predictive marker for targeted therapies.
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