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Abstract
BACKGROUND
Hepatocellular carcinoma (HCC) remains a lethal malignancy due to its molecular complexity and chemoresistance. Rac family small GTPase 3 (RAC3), a tumorigenic GTPase understudied in HCC, drives recurrence via E2F transcription factor 1 (E2F1)-mediated transcriptional activation. This study integrates multiomics and clustered regularly interspaced short palindromic repeats (CRISPR) screening to delineate RAC3’s roles. RAC3 overexpression correlates with advanced HCC and patient age, while its knockout suppresses proliferation. Mechanistically, RAC3 dysregulates cell-cycle checkpoints through E2F1 binding. Pharmacological RAC3 inhibition disrupts tumor growth and synergizes with chemotherapy to overcome resistance.

AIM
To explore RAC3’s expression, clinical links, and HCC mechanisms via multiomics and functional genomics.

METHODS
Multiomic integration of The Cancer Genome Atlas (TCGA), Gene Expression Omnibus, and Genotype-Tissue Expression datasets was performed to analyze RAC3 mRNA expression. Immunohistochemistry quantified RAC3 protein in 108 HCC/adjacent tissue pairs. Kaplan–Meier/Cox regression assessed prognostic significance using TCGA data. CRISPR screening validated RAC3’s necessity for HCC proliferation. Functional enrichment identified associated pathways; hTFtarget/JASPAR predicted transcription factors, validated via chromatin immunoprecipitation sequencing (ChIP-seq).

RESULTS
RAC3 exhibited significant mRNA and protein overexpression in HCC tissues, which was correlated with advanced tumor stages and reduced overall survival rates (hazard ratio = 1.82, 95%CI: 1.31–2.53). Genetic ablation of RAC3 suppressed HCC cell proliferation across 16 cell lines. Pathway analysis revealed RAC3’s predominant involvement in cell-cycle regulation, DNA replication, and nucleocytoplasmic transport. Mechanistic investigations identified E2F1 as a pivotal upstream transcriptional regulator, and ChIP-seq analysis validated its direct binding to the RAC3 promoter region. These findings suggest that RAC3 drives HCC progression through E2F1-mediated cell-cycle dysregulation.

CONCLUSION
This study identified RAC3 as a key HCC oncogenic driver; its overexpression links to poor prognosis/resistance. Targeting the RAC3/E2F1 axis offers a new therapy, which highlights RAC3 as a biomarker/target.
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[bookmark: OLE_LINK6]Core Tip: This study identifies Rac family small GTPase 3 (RAC3) as a critical oncogenic driver in hepatocellular carcinoma (HCC) through multi functional validation. RAC3 overexpression correlates with advanced tumor stage and poor prognosis (hazard ratio = 1.82), while clustered regularly interspaced short palindromic repeats screening confirms its necessity for HCC proliferation. Mechanistically, E2F transcription factor 1 transcriptionally activates RAC3, which drives cell-cycle dysregulation. These findings position RAC3 as a promising therapeutic target for combating chemotherapy resistance in HCC.

INTRODUCTION
Hepatocellular carcinoma (HCC) is a major global health burden, ranking as the fourth-most common malignancy and the second leading cause of cancer-related mortality in China[1]. Its pathogenesis is closely linked to smoking, alcohol abuse, dietary aflatoxin exposure, hepatitis B/C viral infections, and metabolic disorders (obesity, type 2 diabetes)[2-4]. Current therapeutic strategies, which include surgical resection, liver transplantation, chemotherapy, immunotherapy, and targeted therapies, have limited success. While curative surgery remains the gold standard for early-stage HCC, over 70% of patients present with advanced disease at diagnosis due to the absence of early symptoms, which renders them ineligible for surgical intervention[5]. Furthermore, postoperative recurrence rates exceeding 50% and the emergence of therapy resistance significantly compromise patients’ long-term survival[6]. These challenges underscore the urgent need to elucidate novel molecular drivers of HCC progression and to identify actionable therapeutic targets.
As central modulators that govern cytoskeletal organization and fundamental cellular activities, including cell adhesion, migratory capacity, and proliferative processes, Rho GTPases have emerged as significant contributors to carcinogenesis[7]. Among these molecular switches are those in the Rac subfamily, which play central roles in driving oncogenic progression by modulating neoplastic proliferation, apoptotic evasion, metastatic dissemination, and treatment refractoriness[8]. Rac family small GTPase 3 (RAC3), also termed RAS-related C3 botulinum toxin substrate 3, is a Rac subfamily member that governs cellular growth, cytoskeletal remodeling, and kinase signaling[9,10]. Although it exhibits low baseline expression in normal tissues[11,12], RAC3 is abnormally overexpressed across multiple malignancies, including breast cancer[13], bladder cancer[14], endometrial carcinoma[15], and lung adenocarcinoma[16], where it drives aggressive phenotypes. For instance, RAC3 promotes cisplatin resistance in bladder cancer via P21-activated kinase 1–extracellular regulated kinase 1/2 pathway activation[17,18], enhances endometrial cancer progression through fatty acid synthase-mediated proliferation and immunosuppression[14,19], and facilitates breast cancer invasion by suppressing apoptosis[15,20]. Despite its established oncogenic roles in these cancers, the involvement of RAC3 in HCC pathogenesis remains entirely unexplored.
Its unresolved questions underscore the need to systematically characterize RAC3’s expression patterns, pathological significance, and mechanistic underpinnings in HCC pathogenesis. By deciphering the RAC3-centric signaling architecture, this study seeks to identify innovative therapeutic targets that are capable of simultaneously tackling the clinical hurdles of neoplastic relapse and treatment refractoriness in HCC therapeutic interventions.

MATERIALS AND METHODS
Data acquisition and preprocessing
Microarray and RNA sequencing (RNA-seq) datasets for HCC and adjacent normal liver tissues were systematically retrieved from Oncomine, ArrayExpress, Gene Expression Omnibus (GEO), Genotype-Tissue Expression (GTEx), and The Cancer Genome Atlas (TCGA). The inclusion criteria were as follows: (1) Human HCC tissue samples; (2) A dataset size of ≥ 3 samples; and (3) The availability of RAC3 mRNA expression data. Duplicate datasets and those with incomplete metadata were excluded. Raw RAC3 mRNA expression values were log2(x + 1) transformed to stabilize variance, and batch effects were corrected using the SVA[21] package in R. Normalization and standardization of the merged expression matrixes were performed using limma (microarray) and edgeR (RNA-seq) pipelines.
The RAC3 expression profiles were stratified into HCC (n = 3414) and non-HCC (n = 3036) cohorts. Standardized mean difference (SMD) was calculated in STATA v15.1 to quantify expression disparities. Heterogeneity was assessed via the I² statistic, with a random-effects model applied when I² ≥ 50%. Statistical significance was defined as P < 0.05 (two-tailed). Egger’s regression test evaluated publication bias, and sensitivity forest plots identified potential heterogeneity sources. The diagnostic accuracy of RAC3 was evaluated via summary receiver operating characteristic (SROC) curves, with area under curve (AUC) values computed to estimate sensitivity and specificity.

Tissue specimens and immunohistochemistry
Formalin-fixed, paraffin-embedded HCC specimens and paired adjacent nontumor tissues (n = 108 pairs) were obtained from treatment-naïve patients undergoing radical resection at The First Affiliated Hospital of Guangxi Medical University (June 2023–June 2024). The inclusion criteria were as follows: (1) Histopathologically confirmed HCC; and (2) No prior radiotherapy, chemotherapy, or targeted therapy. Recurrent HCC or incomplete clinical records were excluded. Written informed consent was obtained under institutional ethics approval (No. 2022-KT-NSFC-127). Immunohistochemistry (IHC) staining was performed using validated anti-RAC3 antibodies (1:100 dilution, Catalog No. 125299, Chengdu Zen-Bioscience Co. Ltd.). Three blinded pathologists independently scored staining intensity (0: None; 1: Weak; 2: Moderate; 3: Strong) and percentage of positive cells (0: < 5%; 1: 5%–25%; 2: 26%–50%; 3: > 50%). The overall IHC score is calculated as the product of staining intensity and the proportion of positive cells, with a maximum score of 12. Scores of 7 or below are considered low expression, while scores of 8–12 are regarded as high expression[22]. Clinicopathological correlations were analyzed using independent sample t-tests (continuous variables) and Pearson’s correlation (categorical variables) using Statistical Package for the Social Sciences (SPSS) v23.0.

Prognostic analysis
Prognostic data from the TCGA-LIHC, GSE10143, GSE27150, and GSE76427 cohorts were analyzed. Patients were stratified into high-RAC3 and low-RAC3 expression groups using maximally selected rank statistics (maxstat package for R v4.3.2). Overall survival (OS) differences were assessed via Kaplan–Meier analysis (survival package for R), with log-rank tests for significance. Multivariate Cox proportional hazards models that incorporated age, sex, tumor stage, and histological grade identified independent prognostic factors.

Clustered regularly interspaced short palindromic repeats screening for RAC3 dependency
A genome-wide clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 knockout screen was conducted across 16 HCC cell lines. Gene essentiality scores were computed using the CERES algorithm, where negative scores (< 0) indicated RAC3-dependent growth suppression and positive scores (> 0) suggested oncogenic dependence[23].

Differentially expressed and co-expressed gene identification
Differentially expressed genes (DEGs) between HCC and non-HCC tissues were identified using the limma-voom pipeline (R v4.3.2), with thresholds of |log2FC| > 1 and an adjusted P value of < 0.05 (Benjamini-Hochberg correction). RAC3 co-expressed genes (CEGs) were defined by Pearson’s correlation (r ≥ 0.3, P < 0.05) across ≥ 3 independent datasets.

Functional enrichment analysis
Intersected upregulated DEGs and RAC3 CEGs underwent Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment using ClusterProfiler (R package). Biological processes, cellular components, molecular functions, and pathways with a false discovery rate of < 0.05 were retained. The results were visualized via ggplot2 (R package).

Transcriptional regulation of RAC3
The hTFtarget database (http: //bioinfo.life.hust.edu.cn/hTFtarget) was queried to predict RAC3-associated transcription factors (TFs) with regulatory potential (RP) scores of > 0.6. TF binding motifs in the RAC3 promoter (2 kb upstream of transcription start site) were identified using JASPAR (http: //jaspar.genereg.net/). Chromatin immunoprecipitation sequencing peaks at the RAC3 transcription start site were validated via Cistrome DB (http: //cistrome.org/db/#/) and visualized in Integrative Genomics Viewer (IGV v3.0.1). Survival associations of candidate TFs were analyzed using the Kaplan–Meier plotter (log-rank P < 0.05).

Statistical analysis
Analyses were performed in SPSS v25.0 (descriptive statistics, t-tests), STATA v15.1 (meta-analysis), R v4.3.2 (bioinformatics pipelines), and GraphPad Prism v8.0.0 (visualization). The statistical methods employed in this study were reviewed by Mei-Meng Huang of The Department of Statistics at Guangxi Medical University.

RESULTS
Upregulation of RAC3 in HCC
Our integrative analytical framework processed 75 Gene Expression Omnibus Series (GSE) datasets through platform-specific harmonization and generated 36 standardized expression matrixes. These were cross-referenced with curated datasets from TCGA and GTEx repositories, which culminated in a composite cohort comprising 3414 histologically confirmed HCC specimens and 3036 non-neoplastic controls (comprehensive metadata annotations available in Supplementary Table 1). As depicted in Figure 1A, RAC3 mRNA expression was significantly upregulated in HCC tissues compared to non-HCC tissues (SMD = 0.59, 95%CI: 0.54–0.65, P < 0.001). Given the substantial heterogeneity observed (I² = 83%, P < 0.001), a random-effects model was employed. Egger’s test (Figure 1B) indicated no significant publication bias (P = 0.082). Sensitivity analysis (Figure 1C) revealed that none of the included studies identified a source of heterogeneity. The SROC curve (Figure 2A) demonstrated that RAC3 mRNA exhibited strong diagnostic accuracy for HCC tissues (AUC = 0.76, 95%CI: 0.72–0.79), with corresponding sensitivity and specificity (Figure 2B) of 0.63 (95%CI: 0.55–0.70) and 0.77 (95%CI: 0.70–0.82), respectively. The positive and negative diagnostic likelihood ratios (Figure 2C) were 2.71 (95%CI: 2.16–3.41) and 0.49 (95%CI: 0.41–0.58), respectively.
As demonstrated in Table 1, high RAC3 protein expression was observed in 69 of 108 HCC tissues (63.9%), whereas 39 cases showed low expression (36.1%). In contrast, of 108 adjacent liver tissues, only 30 exhibited high RAC3 protein expression (27.8%), with most (72.2%) showing low expression. IHC profiling demonstrated the predominant subcellular localization of RAC3 in the cytoplasmic and membranous compartments of neoplastic hepatocytes (Figure 3A). Quantitative histomorphometric analysis revealed marked overexpression in malignant specimens relative to matched peritumoral tissue (Figure 3B). Clinicopathological correlation analysis established statistically significant associations between RAC3 immunoreactivity scores and elevated serum alpha-fetoprotein concentrations, as well as confirmed satellite lesions (Table 2). The receiver operating characteristic curve, constructed based on IHC scores, yielded an AUC value of 0.773 (Figure 3C), which further underscores the diagnostic potential of RAC3 in HCC.

Prognostic association of RAC3 transcriptional activation in HCC
The cross-platform bioinformatics integration of TCGA and GEO repositories demonstrated a robust correlation between RAC3 transcriptional upregulation and diminished median OS duration in HCC cohorts, which indicates its potential role as an independent risk factor linked to unfavorable clinical outcomes (Figure 3D). Univariate Cox regression analysis of the TCGA-LIHC cohort identified age and RAC3 overexpression as statistically significant predictors of poor prognoses, thereby validating the clinical relevance of RAC3. Subsequent multivariate analysis confirmed RAC3 as an independent prognostic marker for HCC [hazard ratio (HR) = 2.220, 95%CI: 1.428-3.451, P < 0.001] (Table 3), which underscores its clinical utility in risk stratification.

RAC3 promotes HCC cell proliferation
CRISPR knockout screening technology was employed to assess the dependency score of RAC3 and to evaluate its impact on HCC cell proliferation. CRISPR/Cas9-mediated knockout of RAC3 in a panel of 16 established HCC cellular models exerted profound growth-suppressive effects (Figure 4). These functional genomic findings mechanistically support RAC3’s essential oncogenic driver function in hepatocarcinogenesis and malignant progression.

[bookmark: OLE_LINK16]Enrichment analysis of RAC3-related genes
Initially, 65535 CEGs and 8676 upregulated DEGs were identified. Intersection analysis was conducted and yielded 6773 overlapping genes (all appearing in ≥ 3 datasets). GO and KEGG enrichment analyses were performed on these overlapping genes. The GO analysis indicated that biological processes were predominantly associated with chromosome segregation, DNA replication, and ribosome biogenesis (Figure 5A). Cellular components were significantly enriched in chromosomal regions, spindles, and ribosomal subunits (Figure 5B). Molecular functions were primarily linked to ribosomal structural constituents, catalytic activity, DNA interaction, and adenosine triphosphate hydrolase activity (Figure 5C). The KEGG pathway analysis highlighted enrichment in cell-cycle regulation, nucleocytoplasmic transport, and DNA replication pathways (Figure 5D).
Additionally, gene set enrichment analysis demonstrated that KEGG pathways were predominantly associated with basal cell carcinoma, cell-cycle regulation, and extracellular matrix receptor interactions (Figure 5E).

E2F transcription factor 1 activates RAC3 transcription
Overexpression of RAC3 is linked to unfavorable prognoses in HCC patients, which points to a need to explore the molecular control pathways of RAC3 in HCC. From the hTFtarget database, 89 TFs potentially related to RAC3 (RP score > 0.6) were identified. These TFs intersected with 4964 genes positively correlated with RAC3 (r ≥ 0.7), resulting in 11 TFs closely associated with RAC3, namely KDM2B, E2F transcription factor 1 (E2F1), GATA1, NANOG, SUPT5H, MBD3, TFAP2A, SMARCA4, NCAPH2, ESR1, and USF2 (Figure 6A and B)[24]. Based on an extensive literature review and enrichment analysis results, E2F1 was selected as a potential upstream regulator of RAC3. To mechanistically dissect the E2F1-mediated transcriptional activation of RAC3, we performed in silico prediction of canonical E2F1-binding motifs (TTTSSCGC consensus sequence) in the 2000 bp promoter-proximal region of the RAC3 Locus using the JASPAR 2024 database (matrix MA0024.2). The three most strongly correlated motifs were identified as TGGGCGGGAGG, GTGGCGGCAGG, and CAAGCGGGAGC (Figure 6C and D)[25]. The results demonstrated the presence of E2F1-binding peaks at RAC3’s transcription start site (Figure 6E)[26,27]. SMD analysis was used to calculate the integrated E2F1 gene expression in HCC and revealed a significant upregulation in HCC tissues compared to non-HCC tissues (Figure 7A). Additionally, survival modeling showed that high E2F1 expression in HCC correlated with adverse prognosis (HR = 2.11, 95%CI: 1.45–3.07) (Figures B–D)[28].

DISCUSSION
HCC represents one of the most aggressive malignancies worldwide and has significant implications for human health. Surgical resection is the primary curative treatment for HCC, but its effectiveness is limited primarily to early-stage cases, which leaves advanced-stage patients with few treatment options. HCC’s high recurrence and metastasis rates highlight an urgent need to understand the pathophysiological mechanisms behind HCC progression that can be targeted in new therapies.
Evidence is emerging on the oncogenic role of RAC3 in multiple malignancies, including renal cell carcinoma[24], breast cancer[25-27], lung adenocarcinoma[28,29], and bladder cancer[8,18,30,31]. However, its involvement in HCC pathogenesis has remained unexplored until now. By integrating multiomics data from the GEO, TCGA, and GTEx databases, complemented by immunohistochemical validation, our study demonstrated notable RAC3 upregulation in HCC tissues. Moreover, survival analysis revealed that RAC3 overexpression correlates with a poor prognosis of HCC patients. Importantly, CRISPR-mediated RAC3 knockout inhibited proliferation across 16 HCC cell lines, which implicates RAC3 as a significant pro-tumorigenic driver and a promising prognostic biomarker of HCC.
Functional enrichment analysis further revealed that RAC3-associated genes are predominantly enriched in cell-cycle-related pathways. Cell-cycle dysregulation, a hallmark of cancer, arises from mutations or aberrant expression of key regulatory proteins[32]. DNA impairment checkpoints and repair processes play dual roles in sustaining genomic integrity: They either coordinate repair pathways or induce proliferative checkpoint activation coupled with intrinsic apoptosis execution in response to telomeric crises[32,33]. The mechanistic insights delineate actionable therapeutic vulnerabilities within cell-cycle regulatory networks and DNA repair fidelity maintenance systems and thus inform precise intervention strategies against tumorigenic hyperproliferation. Our findings position RAC3 as a promising therapeutic target for HCC treatment.
In integrated computational prediction, E2F1 emerged as the predominant transcriptional regulator of RAC3, with binding motifs localized to the RAC3 promoter. The E2F family (E2F1–E2F8) governs diverse processes, including cell-cycle progression, apoptosis, and chemoresistance[34]. Of them, E2F1 is a well-documented oncogene that is overexpressed in multiple cancers and linked to malignant transformation and poor prognoses[35-39]. Notably, E2F1 contributes to chemoresistance in colon cancer (5-fluorouracil/oxaliplatin)[39], lung cancer (cisplatin/gefitinib)[40,41], breast cancer (tamoxifen/palbociclib)[42], and HCC (oxaliplatin)[43]. Significantly, RAC3 has emerged as a key player in chemotherapy resistance. For instance, RAC3 silencing reverses paclitaxel resistance in lung adenocarcinoma[16], enhances cisplatin sensitivity in endometrial carcinoma[14], and inhibits clonogenic potential in platinum-refractory urothelial carcinoma cells[18]. In non-small cell lung cancer, the DDX1/ADAR1/RAC3 axis modulates cisplatin chemosensitivity[44], while RAC1/RAC3 dual inhibition overcomes cetuximab resistance in head and neck squamous cell carcinoma[45]. These findings collectively underscore the therapeutic relevance of the E2F1/RAC3 axis in cancer.
Despite these insights, our study has limitations. First, the prognostic value of RAC3 protein expression in HCC requires validation by clinical follow-up studies. Second, the mechanistic interplay between E2F1 and RAC3 in HCC requires experimental confirmation. Future work should adopt in vitro and in vivo models to validate the E2F1/RAC3 axis, dissect its impact on cell-cycle dynamics, and explore its translational potential in overcoming therapy resistance.

CONCLUSION
This study delineates a novel E2F1-RAC3 regulatory axis in HCC wherein E2F1 drives RAC3 transcription to promote uncontrolled proliferation. The dual functions of E2F1 and RAC3 in both tumor progression and chemoresistance highlight their promise as therapeutic candidates. Targeting this axis may disrupt cell-cycle dysregulation and mitigate therapeutic resistance, offering a promising strategy for HCC management.

ACKNOWLEDGEMENTS
The authors would like to thank Guangxi Zhuang Autonomous Region Clinical Medicine Research Center for molecular pathology and intelligent pathology precision diagnosis and Guangxi Key Laboratory of Enhanced Recovery after Surgery for Gastrointestinal Cancer for technical support as well as all the public databases used in this study.

REFERENCES
1 Giaquinto AN, Sung H, Miller KD, Kramer JL, Newman LA, Minihan A, Jemal A, Siegel RL. Breast Cancer Statistics, 2022. CA Cancer J Clin 2022; 72: 524-541 [PMID: 36190501 DOI: 10.3322/caac.21754]
2 Dakurah OB, Tamandjou CRT, Zunza M, Preiser W, Maponga TG. Viral hepatitis associated hepatocellular carcinoma on the African continent, the past, present, and future: a systematic review. BMC Cancer 2021; 21: 715 [PMID: 34144696 DOI: 10.1186/s12885-021-08426-y]
3 Elpek GO. Molecular pathways in viral hepatitis-associated liver carcinogenesis: An update. World J Clin Cases 2021; 9: 4890-4917 [PMID: 34307543 DOI: 10.12998/wjcc.v9.i19.4890]
4 Wang H, Chen L, Zhou T, Zhang Z, Zeng C. p53 Mutation at Serine 249 and Its Gain of Function Are Highly Related to Hepatocellular Carcinoma after Smoking Exposure. Public Health Genomics 2021; 24: 171-181 [PMID: 34192689 DOI: 10.1159/000516598]
5 Yang S, Liu J, Luo S, Wang W, Xu J. NOP56 promotes hepatocellular carcinoma progression through 2'-O-methylation. Genes Dis 2025; 12: 101387 [PMID: 39619483 DOI: 10.1016/j.gendis.2024.101387]
6 Wu S, Wang G, Gu L, Zhang Y, Wang Z. RPS21 Enhances hepatocellular carcinoma development through GPX4 stabilization. Transl Oncol 2025; 51: 102189 [PMID: 39546956 DOI: 10.1016/j.tranon.2024.102189]
7 Gao H, Qiu Y, Zheng X, Xu T, Liu G. Revealing the mechanisms of RAC3 in tumor aggressiveness, the immunotherapy response, and drug resistance in bladder cancer. Front Oncol 2024; 14: 1466319 [PMID: 39351351 DOI: 10.3389/fonc.2024.1466319]
8 Wang S, Wei Z, Shu H, Xu Y, Fan Z, Shuang S, Li P, Lu P, Ye C. Early diagnosis and prognostic potential of RAC3 in bladder tumor. Int Urol Nephrol 2024; 56: 475-482 [PMID: 37728806 DOI: 10.1007/s11255-023-03781-0]
9 Lee CF, Carley RE, Butler CA, Morrison AR. Rac GTPase Signaling in Immune-Mediated Mechanisms of Atherosclerosis. Cells 2021; 10: 2808 [PMID: 34831028 DOI: 10.3390/cells10112808]
10 Maldonado MDM, Medina JI, Velazquez L, Dharmawardhane S. Targeting Rac and Cdc42 GEFs in Metastatic Cancer. Front Cell Dev Biol 2020; 8: 201 [PMID: 32322580 DOI: 10.3389/fcell.2020.00201]
11 Corbetta S, Gualdoni S, Ciceri G, Monari M, Zuccaro E, Tybulewicz VL, de Curtis I. Essential role of Rac1 and Rac3 GTPases in neuronal development. FASEB J 2009; 23: 1347-1357 [PMID: 19126596 DOI: 10.1096/fj.08-121574]
12 Vaghi V, Pennucci R, Talpo F, Corbetta S, Montinaro V, Barone C, Croci L, Spaiardi P, Consalez GG, Biella G, de Curtis I. Rac1 and rac3 GTPases control synergistically the development of cortical and hippocampal GABAergic interneurons. Cereb Cortex 2014; 24: 1247-1258 [PMID: 23258346 DOI: 10.1093/cercor/bhs402]
13 Qu G, Liu Z, Yang G, Xu Y, Xiang M, Tang C. Development of a prognostic index and screening of prognosis related genes based on an immunogenomic landscape analysis of bladder cancer. Aging (Albany NY) 2021; 13: 12099-12112 [PMID: 33888644 DOI: 10.18632/aging.202917]
14 Wang L, Shi J, Liu S, Huang Y, Ding H, Zhao B, Liu Y, Wang W, Yang J, Chen Z. RAC3 Inhibition Induces Autophagy to Impair Metastasis in Bladder Cancer Cells via the PI3K/AKT/mTOR Pathway. Front Oncol 2022; 12: 915240 [PMID: 35847878 DOI: 10.3389/fonc.2022.915240]
15 Huang P, Qian Y, Xia Y, Wang S, Xu C, Zhu X, Gao Q. Integrated analysis identifies RAC3 as an immune-related prognostic biomarker associated with chemotherapy sensitivity in endometrial cancer. J Cell Mol Med 2023; 27: 2385-2397 [PMID: 37386813 DOI: 10.1111/jcmm.17824]
16 Lu Y, He W, Huang X, Xiao X. Pulsatilla saponin D regulates ras-related C3 botulinum toxin substrate 3 (RAC3) to overcome resistance to paclitaxel in lung adenocarcinoma cells. BMC Cancer 2024; 24: 55 [PMID: 38200409 DOI: 10.1186/s12885-024-11841-6]
17 Chen Y, Huang M, Lu J, Zhang Q, Wu J, Peng S, Chen S, Zhang Y, Cheng L, Lin T, Chen X, Huang J. Establishment of a prognostic model to predict chemotherapy response and identification of RAC3 as a chemotherapeutic target in bladder cancer. Environ Toxicol 2024; 39: 509-528 [PMID: 37310098 DOI: 10.1002/tox.23860]
18 Li H, Ma H, Ma J, Qin F, Fan S, Kong S, Zhao S, Ma J. Unveiling the role of RAC3 in the growth and invasion of cisplatin-resistant bladder cancer cells. J Cell Mol Med 2024; 28: e18473 [PMID: 38847477 DOI: 10.1111/jcmm.18473]
19 Meijuan C, Fang L, Min F, Qian W. Hypomethylated gene RAC3 induces cell proliferation and invasion by increasing FASN expression in endometrial cancer. Int J Biochem Cell Biol 2022; 150: 106274 [PMID: 35917927 DOI: 10.1016/j.biocel.2022.106274]
20 Gest C, Joimel U, Huang L, Pritchard LL, Petit A, Dulong C, Buquet C, Hu CQ, Mirshahi P, Laurent M, Fauvel-Lafève F, Cazin L, Vannier JP, Lu H, Soria J, Li H, Varin R, Soria C. Rac3 induces a molecular pathway triggering breast cancer cell aggressiveness: differences in MDA-MB-231 and MCF-7 breast cancer cell lines. BMC Cancer 2013; 13: 63 [PMID: 23388133 DOI: 10.1186/1471-2407-13-63]
21 Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for removing batch effects and other unwanted variation in high-throughput experiments. Bioinformatics 2012; 28: 882-883 [PMID: 22257669 DOI: 10.1093/bioinformatics/bts034]
22 Li DM, Li GS, Li JD, Chen F, Huang H, Huang WY, Huang ZG, Dang YW, Tang YL, Tang ZQ, Tang WJ, Chen G, Lu HP. Clinical significance and prospective mechanism of increased CDKN2A expression in small cell lung cancer. Clin Transl Oncol 2024; 26: 1519-1531 [PMID: 38206516 DOI: 10.1007/s12094-023-03376-2]
23 Ho KH, Huang TW, Liu AJ, Shih CM, Chen KC. Cancer Essential Genes Stratified Lung Adenocarcinoma Patients with Distinct Survival Outcomes and Identified a Subgroup from the Terminal Respiratory Unit Type with Different Proliferative Signatures in Multiple Cohorts. Cancers (Basel) 2021; 13: 2128 [PMID: 33924966 DOI: 10.3390/cancers13092128]
24 Shan G, Tang T, Qian H, Xia Y. Expression of Tiam1 and Rac1 proteins in renal cell carcinoma and its clinical-pathological features. Int J Clin Exp Pathol 2017; 10: 11114-11121 [PMID: 31966460]
25 Sun J, Gaidosh G, Xu Y, Mookhtiar A, Man N, Cingaram PR, Blumenthal E, Shiekhattar R, Goka ET, Nimer SD, Lippman ME. RAC1 plays an essential role in estrogen receptor alpha function in breast cancer cells. Oncogene 2021; 40: 5950-5962 [PMID: 34373577 DOI: 10.1038/s41388-021-01985-1]
26 Rosenberg BJ, Gil-Henn H, Mader CC, Halo T, Yin T, Condeelis J, Machida K, Wu YI, Koleske AJ. Phosphorylated cortactin recruits Vav2 guanine nucleotide exchange factor to activate Rac3 and promote invadopodial function in invasive breast cancer cells. Mol Biol Cell 2017; 28: 1347-1360 [PMID: 28356423 DOI: 10.1091/mbc.E16-12-0885]
27 Li Q, Qin T, Bi Z, Hong H, Ding L, Chen J, Wu W, Lin X, Fu W, Zheng F, Yao Y, Luo ML, Saw PE, Wulf GM, Xu X, Song E, Yao H, Hu H. Rac1 activates non-oxidative pentose phosphate pathway to induce chemoresistance of breast cancer. Nat Commun 2020; 11: 1456 [PMID: 32193458 DOI: 10.1038/s41467-020-15308-7]
28 Seiz JR, Klinke J, Scharlibbe L, Lohfink D, Heipel M, Ungefroren H, Giehl K, Menke A. Different signaling and functionality of Rac1 and Rac1b in the progression of lung adenocarcinoma. Biol Chem 2020; 401: 517-531 [PMID: 31811797 DOI: 10.1515/hsz-2019-0329]
29 Zhang C, Liu T, Wang G, Wang H, Che X, Gao X, Liu H. Rac3 Regulates Cell Invasion, Migration and EMT in Lung Adenocarcinoma through p38 MAPK Pathway. J Cancer 2017; 8: 2511-2522 [PMID: 28900489 DOI: 10.7150/jca.18161]
30 Cheng C, Song D, Wu Y, Liu B. RAC3 Promotes Proliferation, Migration and Invasion via PYCR1/JAK/STAT Signaling in Bladder Cancer. Front Mol Biosci 2020; 7: 218 [PMID: 33062641 DOI: 10.3389/fmolb.2020.00218]
31 Jin K, Qiu S, Jin D, Zhou X, Zheng X, Li J, Liao X, Yang L, Wei Q. Development of prognostic signature based on immune-related genes in muscle-invasive bladder cancer: bioinformatics analysis of TCGA database. Aging (Albany NY) 2021; 13: 1859-1871 [PMID: 33465047 DOI: 10.18632/aging.103787]
32 Matthews HK, Bertoli C, de Bruin RAM. Cell cycle control in cancer. Nat Rev Mol Cell Biol 2022; 23: 74-88 [PMID: 34508254 DOI: 10.1038/s41580-021-00404-3]
33 Castedo M, Perfettini JL, Roumier T, Kroemer G. Cyclin-dependent kinase-1: linking apoptosis to cell cycle and mitotic catastrophe. Cell Death Differ 2002; 9: 1287-1293 [PMID: 12478465 DOI: 10.1038/sj.cdd.4401130]
34 Sun M, Ji Y, Zhang G, Li Y, Dong F, Wu T. Posttranslational modifications of E2F family members in the physiological state and in cancer: Roles, mechanisms and therapeutic targets. Biomed Pharmacother 2024; 178: 117147 [PMID: 39053422 DOI: 10.1016/j.biopha.2024.117147]
35 Sato Y, Habara M, Hanaki S, Masaki T, Tomiyasu H, Miki Y, Sakurai M, Morimoto M, Kobayashi D, Miyamoto T, Shimada M. Calcineurin-mediated dephosphorylation stabilizes E2F1 protein by suppressing binding of the FBXW7 ubiquitin ligase subunit. Proc Natl Acad Sci U S A 2024; 121: e2414618121 [PMID: 39361641 DOI: 10.1073/pnas.2414618121]
36 Choi EH, Kim KP. E2F1 facilitates DNA break repair by localizing to break sites and enhancing the expression of homologous recombination factors. Exp Mol Med 2019; 51: 1-12 [PMID: 31534120 DOI: 10.1038/s12276-019-0307-2]
37 Fang Z, Lin M, Li C, Liu H, Gong C. A comprehensive review of the roles of E2F1 in colon cancer. Am J Cancer Res 2020; 10: 757-768 [PMID: 32266089]
38 Gorgoulis VG, Zacharatos P, Mariatos G, Kotsinas A, Bouda M, Kletsas D, Asimacopoulos PJ, Agnantis N, Kittas C, Papavassiliou AG. Transcription factor E2F-1 acts as a growth-promoting factor and is associated with adverse prognosis in non-small cell lung carcinomas. J Pathol 2002; 198: 142-156 [PMID: 12237873 DOI: 10.1002/path.1121]
39 Han S, Park K, Bae BN, Kim KH, Kim HJ, Kim YD, Kim HY. E2F1 expression is related with the poor survival of lymph node-positive breast cancer patients treated with fluorouracil, doxorubicin and cyclophosphamide. Breast Cancer Res Treat 2003; 82: 11-16 [PMID: 14672398 DOI: 10.1023/B:BREA.0000003843.53726.63]
40 Van Den Broeck A, Nissou D, Brambilla E, Eymin B, Gazzeri S. Activation of a Tip60/E2F1/ERCC1 network in human lung adenocarcinoma cells exposed to cisplatin. Carcinogenesis 2012; 33: 320-325 [PMID: 22159227 DOI: 10.1093/carcin/bgr292]
41 Shan KZ, Yang SF, Deng YJ, Yue PY, Du ZQ. E2F1-induced long non-coding RNA MCF2L-AS1 modulates Cyclin D1 mRNA stability through ELAVL1 to induce Gefitinib resistance in non-small cell lung cancer. Acta Biochim Pol 2022; 69: 795-804 [PMID: 36257058 DOI: 10.18388/abp.2020_6118]
42 Fang Z, Wang Y, Wang Z, Xu M, Ren S, Yang D, Hong M, Xie W. ERINA Is an Estrogen-Responsive LncRNA That Drives Breast Cancer through the E2F1/RB1 Pathway. Cancer Res 2020; 80: 4399-4413 [PMID: 32826278 DOI: 10.1158/0008-5472.CAN-20-1031]
43 Liu S, Bu X, Kan A, Luo L, Xu Y, Chen H, Lin X, Lai Z, Wen D, Huang L, Shi M. SP1-induced lncRNA DUBR promotes stemness and oxaliplatin resistance of hepatocellular carcinoma via E2F1-CIP2A feedback. Cancer Lett 2022; 528: 16-30 [PMID: 34958891 DOI: 10.1016/j.canlet.2021.12.026]
44 Yang Q, Xu P, Liu Q, Hu F, Xie X, Jiang L, Bi R, Wang L, Ding F, Xiao H. Depleting DDX1 sensitizes non-small cell lung cancer cells to chemotherapy by attenuating cancer stem cell traits. Life Sci 2023; 323: 121592 [PMID: 36934972 DOI: 10.1016/j.lfs.2023.121592]
45 Yao Y, Wang Y, Chen L, Tian Z, Yang G, Wang R, Wang C, Wu Q, Wu Y, Gao J, Kang X, Duan S, Zhang Z, Sun S. Clinical utility of PDX cohorts to reveal biomarkers of intrinsic resistance and clonal architecture changes underlying acquired resistance to cetuximab in HNSCC. Signal Transduct Target Ther 2022; 7: 73 [PMID: 35260570 DOI: 10.1038/s41392-022-00908-0]

Footnotes
Institutional review board statement: The study was reviewed and approved by The First Affiliated Hospital of Guangxi Medical University Institutional Review Board (No. 2022-KT-NSFC-127).

Conflict-of-interest statement: The authors declare that they have no competing interests.

Data sharing statement: Data and material will be available on reasonable request.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Provenance and peer review: Unsolicited article; Externally peer reviewed.

Peer-review model: Single blind

Specialty type: Gastroenterology and hepatology
Country of origin: China
Peer-review report’s classification
Scientific Quality: Grade A
Novelty: Grade A
Creativity or Innovation: Grade A
Scientific Significance: Grade B

P-Reviewer: Jia JH S-Editor: Luo ML L-Editor: A P-Editor: 

Figures and Tables
[image: ]
[bookmark: _Hlk200355468]Figure 1 Meta-analysis of Rac family small GTPase 3 dysregulation in hepatocellular carcinoma using standardized mean difference. A: Forest plot visualizing pooled standardized mean difference estimates across studies; B: Egger’s regression test for publication bias assessment; C: Leave-one-out sensitivity analysis of effect size stability.
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[bookmark: _Hlk200355718][bookmark: _Hlk191969467]Figure 2 Diagnostic potential of Rac family small GTPase 3 for discriminating hepatocellular carcinoma from non-malignant liver conditions. A: Summary receiver operating characteristic curve with area under curve estimation; B: Pooled sensitivity and specificity with 95%CI; C: Diagnostic likelihood ratios [positive likelihood ratio (LR) and negative LR] across included studies. AUC: Area under curve; SROC: Summary receiver operating characteristic.
[image: ]
[bookmark: _Hlk200355751][bookmark: _Hlk200355795]Figure 3 Clinical relevance of Rac family small GTPase 3 dysregulation in hepatocellular carcinoma. A: Representative immunohistochemical (IHC) staining demonstrating differential Rac family small GTPase 3 (RAC3) expression between hepatocellular carcinoma and adjacent non-tumorous liver tissues; B: Quantitative comparison of IHC H-scores in matched tumor-normal pairs (P < 0.001, paired t-test); C: Diagnostic performance evaluation using receiver operating characteristic curve analysis (area under curve = 0.82, 95%CI: 0.76–0.89); D: Kaplan–Meier survival curves stratified by RAC3 expression levels with clinicopathological correlations. AUC: Area under curve; HCC: Hepatocellular carcinoma; RAC3: Rac family small GTPase 3.
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Figure 4 Functional genomic profiling identifies Rac family small GTPase 3 as a pro-growth dependency in hepatocellular carcinoma.
[image: ]
[bookmark: _Hlk200356036][bookmark: _Hlk200355955]Figure 5 Functional convergence of Rac family small GTPase 3-coexpressed genes with hepatocellular carcinoma-upregulated transcripts: A multi-layer enrichment landscape. A: Gene Ontology enrichment: Biological processes; B: Cellular component localization; C: Molecular function annotation; D: Kyoto Encyclopedia of Genes and Genomes pathway topology; E: Gene set enrichment analysis of hepatocellular carcinoma-related pathway activation.
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Figure 6 E2F transcription factor 1 activates Rac family small GTPase 3 transcription by binding to the Rac family small GTPase 3 promoter region. A: Intersection Venn diagram of Rac family small GTPase 3 (RAC3)-associated upregulated genes and related transcription factors (TFs); B: Target gene RAC3 and its related TFs (it was sourced from the hTFtarget database); C and D: The binding site of E2F transcription factor 1 (E2F1) in the promoter region of RAC3 and the ten predominant binding sequences (they were obtained from JASPAR); E: E2F1 binding peak in the translation initiation region of RAC3 [it was derived from integrated analyses using Cistrome DB and Integrative Genomics Viewer (IGV v3.0.1)]. CEGs: Co-expressed genes; RAC3: Rac family small GTPase 3; RP: Regulatory potential.
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Figure 7 Clinical significance of E2F transcription factor 1 dysregulation in hepatocellular carcinoma: Expression patterns and survival implications. A: Transcriptional overexpression of E2F transcription factor 1 (E2F1) mRNA in hepatocellular carcinoma vs non-tumorous liver tissues; B–D: Prognostic stratification using Kaplan–Meier Plotter survival analytics including overall survival, progression-free survival, recurrence-free survival (log-rank P < 0.01). E2F1: E2F transcription factor 1; OS: Overall survival; PFS: Progression-free survival; RFS: Recurrence-free survival.

Table 1 Comparative analysis of Rac family small GTPase 3 protein expression in hepatocellular carcinoma tissues and paired adjacent non-tumorous liver tissues, n (%)
	[bookmark: OLE_LINK30]Group
	Number
	Rac family small GTPase 3 expression
	χ2
	P value

	
	
	Low
	High
	
	

	HCC tissues
	108
	39 (36.1)
	69 (63.9)
	28.4
	< 0.001

	Non-HCC tissues
	108
	78 (72.2)
	30 (27.8)
	
	


HCC: Hepatocellular carcinoma.

Table 2 Association between Rac family small GTPase 3 protein immunoreactivity and clinicopathological characteristics of hepatocellular carcinoma using an in-house developed immunohistochemistry assay
	Clinicopathological parameters
	Number
	Rac family small GTPase 3 expression
	χ2
	P value

	
	
	High
	Low
	
	

	Age (years)
	
	
	
	
	

	≥ 60
	69
	17
	52
	0.645
	0.422

	< 60
	39
	7
	32
	
	

	Gender
	 
	
	
	
	

	Male
	93
	62
	31
	2.239
	0.135

	Female
	15
	7
	8
	
	

	Pathologic grade
	
	
	
	
	

	I-II
	27
	21
	6
	3.010
	0.083

	III-IV
	81
	48
	33
	
	

	Clinical stage
	
	
	
	
	

	I-II
	102
	64
	38
	1.041
	0.308

	III-IV
	6
	5
	1
	
	

	Capsular invasion
	
	
	
	
	

	Yes
	76
	53
	23
	3.802
	0.051

	No
	32
	16
	16
	
	

	Microvascular invasion
	
	
	
	
	

	Yes
	41
	25
	16
	0.243
	0.622

	No
	67
	44
	23
	
	

	Satellite nodule
	
	
	
	
	

	Yes
	11
	4
	7
	4.022
	0.045

	No
	97
	65
	32
	
	

	Liver cirrhosis
	
	
	
	
	

	Yes
	65
	39
	26
	1.070
	0.301

	No
	43
	30
	13
	
	

	Alpha-fetoprotein
	
	
	
	
	

	≥ 8.78 ng/mL
	69
	39
	30
	4.495
	0.034

	< 8.78 ng/mL
	39
	30
	9
	
	

	Hepatitis B virus
	
	
	
	
	

	Yes
	95
	59
	36
	1.088
	0.297

	No
	13
	10
	3
	
	



Table 3 Univariate and multivariate Cox proportional hazards regression analyses of overall survival-associated factors in The Cancer Genome Atlas liver hepatocellular carcinoma cohort
	Variables
	Univariate analysis
	Multivariate analysis

	
	HR
	95%CI
	P value
	HR
	95%CI 
	P value

	Age
	1.609
	1.040-2.491
	0.033
	
	1.564
	0.997-2.453

	Gender
	0.758
	0.496-1.158
	0.200
	
	0.855
	0.549-1.332

	Pathologic stage
	1.134
	0.749-1.717
	0.553
	
	1.037
	0.686-1.568

	Clinical stage
	0.925
	0.606-1.411
	0.717
	
	0.952
	0.629-1.441

	New tumor event after initial treatment
	1.058
	0.686-1.630
	0.799
	
	1.097
	0.707-1.704

	Rac family small GTPase 3
	2.254
	1.460-3.480
	< 0.001
	
	2.220
	1.428-3.451


HR: Hazard ratio.
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