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Background: RADS54L is a prominent member of the SWI2/SNF2 protein family, primarily involved in the homologous recombina-
tion repair (HRR) process, thereby playing a pivotal role in the repair of DNA double-strand breaks (DSBs). RADS4L has been
implicated in the development of numerous tumors. Consequently, we aimed to investigate the potential contribution of RADS54L in
pan-cancer.

Methods: Various databases and analytical tools were employed for bioinformatics analysis. Moreover, in vitro experiments were
conducted to corroborate the findings from the bioinformatics analysis and delve deeper into the role of RADS4L in hepatocellular
carcinoma (HCC).

Results: RADS54L expression demonstrated a significant elevation in the majority of tumors, and its overexpression was strongly
associated with unfavorable survival outcomes. RADS4L displayed robust correlations with the infiltration levels of various immune
cells, including cancer associated fibroblasts (CAFs), endothelial cells, and myeloid-derived suppressor cells (MDSCs). Additionally,
associations were observed between RADS54L and key factors such as tumor mutation burden (TMB), microsatellite instability (MSI),
multiple immune checkpoints, and immune cell infiltration. Moreover, a close relationship was observed between RADS54L expression
levels in HCC and clinicopathological characteristics, as well as immune cell infiltration. Experimental techniques including qRT-PCR,
Western blotting, colony-forming, Cell Counting Kit-8 (CCK-8), wound-healing, and transwell assays were employed, which
collectively demonstrated that RAD5S4L promoted the proliferation and migration of HCC cells.

Conclusion: RADS54L exhibits robust expression in both pan-cancer and HCC, exerting a significant influence on the proliferation
and migration of HCC cells. These findings highlight its potential as a promising biomarker for pan-cancer and a prospective target for
immunotherapy.
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Introduction

RADS54L is a member of the SWI2/SNF2 chromatin remodeling protein family, which plays a crucial role in mobilizing
nucleosomes and DNA-associated proteins within mammalian cells." Similar to other SWI2/SNF2 remodeling enzymes,
RADS54L possesses the ability to translocate along DNA, inducing superhelical torsion and promoting accessibility of
nucleosomal DNA.** The binding of RADS54L protein significantly enhances the stability of RAD51 nucleoprotein
filaments formed on single-strand DNA (ssDNA) or double-strand DNA (dsDNA), thereby facilitating DNA strand
exchange.® Furthermore, RAD54L actively promotes the formation of specific dsDNA structures that effectively bind to
RADSI1, facilitating the efficient repair and translocation of damaged DNA. Homologous recombination (HR), which
involves the accurate repair of DNA double-strand breaks (DSBs) by utilizing intact sister chromatids as repair templates,
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relies heavily on the central role played by RAD54L.>” Together with RAD51, RAD54L constitutes essential compo-
nents of the eukaryotic HR machinery. In vitro, RADS51 proteins assemble with ssDNA to form helical nucleoprotein
filaments that facilitate the crucial step of DNA strand exchange during HR.* In addition to its critical involvement in
DNA damage repair (DDR), the absence of RADS54L leads to a significant increase in cell death resulting from DNA
damage.® Notably, RAD54L has been implicated in promoting the development and progression of various tumor types,
including pancreatic cancer (PAAD),” bladder cancer (BLCA),'° glioblastoma (GBM),"" and head and neck squamous
cell carcinoma (HNSC),'? among others. Consequently, RAD54L emerges as a potentially important protein in tumor-
igenesis. However, existing studies on the role of RADS54L in tumors have primarily focused on specific cancer types,
limiting our comprehensive understanding of its involvement in oncogenesis.

In recent years, numerous studies have been conducted to analyze the development of pan-cancer, aiming to uncover
both the commonalities and differences among tumors. Further investigation into the gene profile of pan-cancer is crucial
for a comprehensive understanding of its underlying mechanisms. In this study, we extensively searched multiple data
sources, including The Cancer Genome Atlas (TCGA), Cancer Cell Line Encyclopedia (CCLE), Genotype-Tissue
Expression (GTEx), and Human Protein Atlas (HPA), from which we extracted relevant data. These data were utilized
to evaluate the expression pattern of RADS4L and perform correlation analyses concerning its association with
prognosis, as well as its relationship with immune cell infiltration, immune checkpoints, microsatellite instability
(MSI), and tumor mutational burden (TMB). Our analysis revealed that RADS54L expression exhibited alterations in
the majority of tumors. Particularly noteworthy were the findings from our preliminary bioinformatics analysis,
demonstrating the pronounced and prognostic significance of RAD54L expression in HCC compared to normal tissues.
Building upon these observations, we designed a series of in vitro experiments to investigate the potential role of
RADS54L in HCC. Through comprehensive data analysis and essential cellular assays, we evaluated the expression of
RADS4L in HCC cell lines and explored its potential biological function in HCC, focusing on aspects such as
proliferation and metastatic potential.

Materials and Methods
Gene Expression Analysis of RAD54L

The expression data of RADS54L in 31 normal tissues were evaluated using the GTEx database (https://www.gtexportal.

org/home/index.html). To obtain information on RADS4L expression in individual tumor cell lines, we accessed the

CCLE database (https://portals.broadinstitute.org/ccle) and analyzed the expression levels of RADS54L across 21 tissues

based on their tissue origin. To investigate the discrepancies in RADS54L expression levels between tumor and normal
tissues, we utilized the GTEx database (https://gtexportal.org/home/) and TCGA database (https://portal.gdc.cancer.gov/).
Moreover, the HPA database (https://www.proteinatlas.org/) was utilized to explore the distribution of RADS54L at the
subcellular level in tumors and to acquire information on the expression of RADS54L during different cell cycles.

Clinical Correlation Analysis of RAD54L

The diagnostic potential of RADS54L in pan-cancer was assessed using the receiver operating characteristic (ROC) curve
analysis. The area under the curve (AUC) was calculated. A higher AUC indicates a better diagnostic performance, with
values closer to 1 being more accurate. To examine the relationship between RADS54L expression and patient prognosis,
univariate Cox regression analysis was conducted. Prognostic outcomes, including overall survival (OS), disease-specific
survival (DSS), disease-free interval (DFI), and progression-free interval (PFI), were evaluated. In HCC, differences in
RADS54L expression among clinical subgroups were analyzed based on factors such as grade, stage, T, N, and M stages.
We obtained information from the TCGA database (https://portal.gdc.cancer.gov/) for all tumor samples. Of all tumors,

377 samples were used for analysis. All samples were diagnosed as hepatocellular carcinoma. There were 55 patients in
G1, 180 in G2, 124 in G3, 13 in G4, 5 in unclear Grade, 175 in Stage I, 87 in Stage II, 86 in Stage III, 5 in Stage IV, and
24 in unclear stage. The prognostic impact of RAD54L in HCC was assessed using the KMplotter, and both univariate

and multivariate Cox regression analyses were performed to investigate the independent prognostic value of RADS54L.
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Immune-Related and Mutation Sites Characteristics Analysis of RAD54L

The R package “ESTIMATE” was utilized to calculate the immune, stromal, and estimate scores based on the expression
matrix. To investigate the relationship between RADS4L and the abundance of various immune-related cells in pan-
cancer, we conducted an analysis using the TIMER database (https://cistrome.shinyapps.io/timer/). Furthermore, we

extracted the expression data of chemokines, receptors, MHC genes, immunoinhibitors, and immunostimulators in pan-
cancer and performed correlation analyses with RADS54L expression. In HCC, we explored the relationship between
RADS54L and immune cell markers. Additionally, we downloaded TMB, MSI, homologous recombination deficiency
(HRD), and loss of heterozygosity (LOH) data for each tumor from the UCSC database (https://xenabrowser.net/).

Construction of Gene-Gene and Protein-Protein Interaction and Enrichment Analysis
We employed GeneMANIA (https://genemania.org/) to construct a network comprising the 20 genes most strongly

associated with RADS54L. Additionally, the RADS4L protein-protein interaction (PPI) network was constructed using the
STRING database (https://www.string-db.org/). Functional enrichment analyses, including Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, were performed using the “Clusterprofiler” package.
These analyses provided insights into the biological functions and pathways associated with RADS54L. To explore the
impact of RAD54L on tumors, we categorized the samples into high and low expression groups based on RADS54L
expression levels. Gene set enrichment analysis (GSEA) was then conducted according to KEGG and HALLMARK
pathways, allowing us to identify pathways influenced by RADS4L expression. For HCC, we performed differential
analysis using the “limma” package between high and low expression groups, with screening criteria of p < 0.05 and |
logFC| > 1. The differentially expressed genes (DEGs) were further subjected to KEGG enrichment analysis to identify
the pathways associated with RAD54L in HCC.

Cell Culture

The human HCC cell lines, HCC-LM3 and SMMC-7721, as well as the normal liver cell line LO2, were obtained from
the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RMi-1640 (Gibco, NY)
or DMEM (Gibco, NY) medium supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and
1% penicillin-streptomycin (P/S; Gibco, USA). The cell cultures were maintained in a humidified incubator (Thermo
Scientific, Waltham, MA, USA) at 37°C with 5% CO2.

Cell Transfection

Cells were seeded onto 6-well plates at a density of 2x10° cells per well and incubated in complete culture medium for
24 hours. Subsequently, cells were transfected with negative control (NC) or RAD54L-siRNAs using lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Cells were incubated for 48 hours before
being used for interference efficiency assays or in vitro experiments. The sequences of the siRNAs targeting RAD54L
were as follows: siRNA-RADS54L-001: 5’-GTGCTGGTGTCGAATTACA-3’; siRNA-RADS54L-002: 5°-
GCACGATGTCCATTAAGAA-3’; siRNA-RAD54L-003: 5’-GTTGTAGAACGCTTCAATA-3’. The NC sequence was
5’-GGCTCTAGAAAAGCCTATGC-3".

gRT-PCR Assay

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol.
The extracted RNA was then reverse transcribed into cDNA using HisScript II (Vazyme, Shanghai, China). RAD54L
expression was measured using the SYBR Green kit (Vazyme, Shanghai, China). The relative gene expression was
calculated wusing the 2-AACt method. The primer sequences were as follows: RADS5S4L-F: 5’-
TTACGCCAGAGTCCAGAGTGC-3’; RADS4L-R: 5’-TCCTCCCTCCGAGCCATTT-3". GAPDH-F: 5’-
GAACGGGAAGCTCACTGG-3’; GAPDH-R: 5’-GCCTGCTTCACCACCTTCT-3".
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Western Blotting

Proteins were extracted from HCC cells using RIPA buffer containing protease inhibitors. Then, protein concentrations
were determined using a microplate reader (BioTek, Epoch, USA). Proteins were separated by sodium dodecyl sulfate
(SDS)-PAGE on a 10% gel and transferred to a polyvinylidene fluoride (PVDF) membrane (Sigma-Aldrich, St. Louis,
MO, USA). Incubate overnight at 4°C using anti-RADS54L (1:1000, ImmunoWay, Plano, TX, USA), B-Actin primary
antibody (1:5000; 60,008-1-Lg, Proteintech). Rinse three times with TRIS -buffered saline with Tween (TBST) for 10
minutes each time. Subsequently, the secondary antibody was kept at room temperature for 1-2 hours. Finally, protein
bands were photographed using a chemiluminescent gel imaging system (FluorChem Q, protein Simple, USA).

Colony-Forming Assay

The cells were seeded into 6-well plates at a density of 500 cells per well. After 14 days of incubation, the number of
colony formation were examined. 75% ethanol was added, followed by the addition of crystal violet staining solution to
stain the cells. Then, the number of cell colonies was photographed and counted.

Cell Counting Kit-8 (CCK-8) Assay

The cells were seeded in 96-well plates at a density of 2.5x10 cells/mL. Cell viability was assessed using the CCK-8 assay
at 24, 48, 72, 96, and 120 hours. The CCK-8 mixture was prepared by combining 10 pL. of CCK-8 solution (Beyotime,
Shanghai, China) with 90 pL of serum-free medium. The mixture was added to the wells and incubated for 2—3 hours. The
absorbance of cells at a wavelength of 450 nm was measured using the microplate reader (BioTek, Epoch, USA).

Transwell Assay

Transwell chambers (Corning Inc., Corning, NY) were employed for conducting the transwell experiments. The cells
were seeded into the upper chamber. Migration of cells towards the lower chamber was induced by adding medium
containing 10% serum. After 24 hours, the cells that migrated to the lower chamber were collected to evaluate their
migratory capacity. To visualize the migrated cells, a 30-minute staining step was performed using a solution of
crystalline violet.

Wound-Healing Assay

The cells were seeded in 6-well plates with complete medium. Once the cells reached confluency, the monolayer was
carefully disrupted by gently scraping it with a sterile pipette tip. Any resulting cell debris was then removed by rinsing
with phosphate-buffered saline (PBS), and serum-free medium was added. Photographic documentation of the cell
morphology was performed at both 0 hour and 24 hours after the monolayer disruption.

Statistical Analysis

The statistical analysis was conducted using R software. For the comparison of two groups of continuous variables, the
Wilcoxon test was employed. The Kruskal-Wallis test was utilized for comparing continuous variables among multiple
groups. Correlation analysis was performed using the Spearman test. Prognostic analyses were conducted using Kaplan-
Meier curves and Log rank tests. A significance threshold of p < 0.05 was applied to all statistical analyses.

Results
Gene Expression Analysis of RAD54L in Pan-Cancer

To investigate the mRNA expression of RADS54L in normal tissues, we examined its expression in physiological tissues
using the GTEx. Varying levels of RAD54L expression across different types of normal tissues, with the majority
exhibiting low expression levels (Figure 1A). Notably, the lowest expression was observed in the liver and pancreas,
while higher expression levels were detected in bone marrow and testis. In parallel, we evaluated RADS54L expression in
a panel of tumor cell lines and found it to be highly expressed in most of them (Figure 1B). We found that RADS54L was
expressed at higher levels in most tumor tissues compared to normal tissues, highlighting its potential oncogenic
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Figure | Differential expression of RAD54L. (A) Expression of RAD54L in normal tissues. (B) Expression of RAD54L in tumor cell lines. (C) Comparative expression of
RADS5A4L in TCGA tumors and adjacent normal tissues. (D) Comparison of RAD54L expression in tumor and normal tissues based on the combined TCGA and GTEx
databases.

properties and significant relevance to cancer research. Furthermore, we assessed RADS4L mRNA expression levels in
both tumor and normal tissues. Our analysis demonstrated significantly higher RADS54L expression in 22 tumor types,
including glioblastoma multiforme (GBM), uterine corpus endometrial carcinoma (UCEC), breast invasive carcinoma
(BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), lung adenocarcinoma (LUAD),
esophageal carcinoma (ESCA), Stomach and Esophageal carcinoma (STES), kidney renal papillary cell carcinoma
(KIRP), Pan-kidney cohort (KICH+KIRC+KIRP)(KIPAN), colon adenocarcinoma (COAD), Colon adenocarcinoma/
Rectum adenocarcinoma Esophageal carcinoma (COADREAD), prostate adenocarcinoma (PRAD), stomach adenocar-
cinoma (STAD), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), lung
squamous cell carcinoma (LUSC), liver hepatocellular carcinoma (LIHC), bladder urothelial carcinoma (BLCA), thyroid
carcinoma (THCA), rectum adenocarcinoma (READ), pheochromocytoma and paraganglioma (PCPG), and cholangio-
carcinoma (CHOL) (Figure 1C). Subsequently, we conducted a pan-cancer analysis using the combined TCGA and
GTEx databases. Results indicated significant variations in RAD54L expression across 30 different tumor types. Notably,
RADS54L was significantly upregulated in 28 tumor types, while downregulation was observed in brain lower grade
glioma (LGG) and THCA (Figure 1D). On the whole, we observed that RADS54L was upregulated in nearly all cancer
types, with only a small number of tumors showing downregulation.

Intracellular Localization of RAD54L

We examined the subcellular localization of RADS5S4L using the HPA database. Specifically, we investigated its
localization in A-431 (human epidermoid carcinoma cells), U-251MG (human astrocytoma cells), and U2 osteosarcoma
(OS) cells. To determine the intracellular location of RAD54L, we employed immunofluorescence techniques. RAD54L
co-localized with DAPI staining in A-431, U-251MG, and OS cells, indicating its presence in the nuclei (Figure 2A).
Moreover, we conducted an analysis to assess the expression of RADS4L throughout the cell cycle. We observed
a correlation between RADS4L expression and the cell cycle (Figure 2B). During G1, S, and G2 of the cell cycle, which

were critical periods of active material metabolism, DNA replication, and synthesis of RNA and proteins, we found that
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Figure 2 Intracellular localization of RAD54L. (A) Immunofluorescence staining of endoplasmic reticulum (ER), nucleus and microtubules of RAD54L-expressing subcellular
distribution in A-431, U-25IMG and osteosarcoma (OS) cells. (B) Relationship of RAD54L and the cell cycle.

RADS54L was expressed at a higher level during all of these periods. This supported that RAD54L played an important

function during DNA replication. Similarly, there were regular changes in RAD54L expression inside the cell cycle time.

|dentification of the Diagnostic and Prognostic Value of RAD54L in Pan-Cancer
We evaluated the diagnostic value of RADS54L through ROC curves, which provide sensitivity and specificity for various
tumors. Our results demonstrated that RADS4L exhibited high accuracy in predicting the diagnosis of 24 tumor types, as
indicated by the AUC values. Specifically, RAD54L showed high accuracy (AUC > 0.8) in predicting the following
tumor types: Acute Lymphoblastic Leukemia (ALL) (AUC = 0.91), BLCA (AUC = 0.94), BRCA (AUC = 0.96), CESC
(AUC = 1.00), CHOL (AUC = 1.00), COAD (AUC = 0.97), COADREAD (AUC = 0.96), ESCA (AUC = 0.89), GBM
(AUC = 0.81), HNSC (AUC = 0.96), acute myeloid leukemia (LAML) (AUC = 0.99), LIHC (AUC = 0.91), LUAD
(AUC = 0.86), LUSC (AUC = 0.98), Ovarian serous cystadenocarcinoma (OV) (AUC = 0.98), pancreatic adenocarci-
noma (PAAD) (AUC = 0.97), pheochromocytoma and paraganglioma (PCPG) (AUC = 0.95), READ (AUC = 0.91), skin
cutaneous melanoma (SKCM) (AUC = 0.95), STAD (AUC = 0.93), STES (AUC = 0.86), UCEC (AUC = 0.96), uterine
carcinosarcoma (UCS) (AUC = 1.00), and Wilms Tumor (WT) (AUC = 1.00). On the whole, RAD54L demonstrated
high accuracy (AUC > 0.8) in diagnosing 24 cancer types, and even higher accuracy (AUC > 0.9) in 20 tumor types
(Figure 3).

Furthermore, to assess the prognostic value of RAD54L in tumors, we conducted univariate Cox analyses for OS,
DSS, DFI, and PFI. High RADS54L expression significantly predicted poor prognosis for patients with lower grade
glioma and glioblastoma (GBMLGG), KIPAN, LGG, KIRC, adrenocortical carcinoma (ACC), mesothelioma (MESO),
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Figure 3 Receiver operating characteristic (ROC) analysis of RAD54L to distinguish tumors in pan-cancer.
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LIHC, KIRP, kidney chromophobe (KICH), PAAD, sarcoma (SARC), LUAD, and PRAD. Conversely, high RAD54L
expression was associated with a protective effect on OS in patients with thymoma (THYM), STAD, and lymphoid
neoplasm diffuse large B-cell lymphoma (DLBC) (Figure 4A). Similarly, the DSS analysis revealed that RAD54L had
a significant impact on the prognosis of GBMLGG, KIPAN, LGG, KIRP, KIRC, ACC, MESO, KICH, LIHC, PRAD,
PAAD, SARC, and LUAD patients, while conferring a protective effect in DLBC patients (Figure 4B). The DFI analysis
confirmed that high RADS54L expression was a risk factor for KIRP, LIHC, KIPAN, THCA, SARC, and BRCA

A OS

CancerCode pvalue Hazard Ratio(95%CI)
TCGA-GBMLGG(N=619) 1833 1.69(1.55,1.85)
TCGA-KIPAN(N=855) 1.4e-16 1.64(1.46,1.84)
TCGA-LGG(N=474) 5.7e-13 1.58(1.39,1.78)
TCGA-KIRC(N=515) 4.0e-8 1.49(1.30,1.72)
TCGA-ACC(N=77) 3.0e7 2.19(1.612.96)
TCGA-MESO(N=84) 6.9¢-6 1.66(1.34,2.06)
TCGA-LIHC(N=341) 9.6¢6 1.29(1.15,1.44)
TCGA-KIRP(N=276) 13¢-5 1.89(1.43,2.50)
TCGA-KICH(N=64) 3de4 2.08(1.38,3.12)
TCGA-PAAD(N=172) 1.9¢-3 132(1.11,1.57)
TCGA-SARC(N=254) 33e3 1.27(1.08,1.49)
TCGA-LUAD(N=490) 001 1.15(1.03,1.28)
TCGA-PRAD(N=492) 003 1.90(1.06,3.40)
TCGA-PCPG(N=170) 0.06 2.62(0.96.7.16)
TCGA-SKCM-M(N=347) 0.09 113(0.98,131)
TCGA-SKCM(N=444) 0.10 1.12(0.98,1.28)
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Figure 4 Univariate Cox regression analysis of RAD54L. Forest plot showing univariate Cox regression results for OS (A), DSS (B), DFI (C), and PFI (D) of RAD54L in pan-

cancer.
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(Figure 4C). Additionally, RAD54L was identified as a risk factor for GBMLGG, KIPAN, LGG, PRAD, KIRP, ACC,
KICH, LIHC, KIRC, MESO, PAAD, SARC, BRCA, and uveal melanoma (UVM) patients in the PFI analysis, while
being protective in STAD patients (Figure 4D).

Immune-Related Characteristics of RAD54L in Pan-Cancer

To further explore the relationship between RADS4L expression and tumor microenvironment (TME), we utilized the
ESTIMATE algorithm to evaluate the association of RADS4L expression with immune, stromal, and estimate scores. In
terms of immune scores, positive correlations were observed between RADS54L expression and immune scores in KIRC
and LGG, while negative correlations were found in ACC, CESC, ESCA, GBM, KIRP, LAML, LUAD, LUSC, READ,
SARC, SKCM, STAD, testicular germ cell tumors (TGCT), and UCEC (Figure 5). In LGG, RAD54L expression
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Figure 5 Correlation of RAD54L expression levels with immune score in pan-cancer.
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exhibited a positive correlation with stromal score, while negative correlations were observed in ACC, BRCA, CESC,
COAD, GBM, HNSC, LIHC, LUAD, LUSC, READ, SARC, SKCM, STAD, TGCT, THYM, and UCEC (Figure S1).
Furthermore, RADS54L expression displayed a negative correlation with the estimate score in most tumor types
(Figure S2).

To investigate the association between RADS54L expression and immune cell infiltration in different tumors,
we utilized the TIMER database. Among the various immune cell types, we focused on cancer associated
fibroblasts (CAFs), endothelial cells, and myeloid-derived suppressor cells (MDSCs). The heatmap revealed that
RADS54L expression was predominantly positively correlated with immune infiltration by MDSCs in most tumors,
while negative correlations were observed in CAFs and endothelial cell (Figure 6A). Moreover, we examined the
potential correlations between RADS4L expression and various immunomodulators genes, including chemokines,
receptors, MHC molecules, immunoinhibitors, and immunostimulators, across different tumor types. In most
tumors, significant correlations were observed between RADS4L expression and these genes (Figure 6B).
Notably, positive correlations were detected between RADS4L expression and most checkpoint genes in LGG,
UVM, and LIHC, while a negative correlation was observed in THYM. Additionally, we performed correlation
analyses between RADS54L expression and TMB and MSI across various tumors. The results revealed positive
correlations between RADS54L expression and TMB or MSI in several tumors such as ACC, STAD, LUAD,
LUSC, SARC, HNSC, and STES, suggesting a potential association between RADS54L and immunotherapy
efficacy (Figures 6C and D). However, THYM exhibited a negative correlation with TMB, and GBMLGG
displayed a negative correlation with MSI and a positive correlation with TMB. Furthermore, most tumors
showed a positive correlation between RADS4L expression and HRD as well as LOH (Figures 6E and F), with
notable correlations observed in BRCA, LUAD, and LIHC.

Construction of PPl and Genes Interaction Network, and Enrichment Analysis

We constructed a gene-gene interaction network comprising 21 genes and analyzed their functions using the
GeneMANIA database (Figure 7A). Among these genes, the five most associated genes with RAD54L were EMEI,
FEN1, RAD51, MAPREI, and DMCI. Furthermore, we investigated RAD54L-interacting proteins, and conducted
pathway enrichment analyses to gain insights into the molecular mechanisms underlying tumor progression. We
established a PPI network consisting of 50 RADS54L-interacting proteins (Figure 7B). Subsequently, we performed
functional enrichment analysis (Figures 7C-F). The results highlighted several significantly enriched pathways, including
the Fanconi anemia pathway, homologous recombination, mismatch repair, and cell cycle, based on the KEGG. Analysis
of biological processes (BP) indicated that RADS54L-coexpressed genes were mainly involved in DNA metabolic
processes, DNA repair, and double-strand break repair. The cellular component (CC) analysis revealed enrichment of
RADS54L in the nucleoplasm, nuclear lumen, and nuclear part. The molecular function (MF) analysis demonstrated that
RADS4L was primarily associated with nucleic acid binding, DNA binding, and DNA-dependent ATPase activity.
Subsequently, we performed GSEA to investigate potential signaling pathways related to tumors (Figures 7G-J). Results
showed that high RADS54L expression was associated with pathways such as cell cycle, oocyte meiosis, and one-carbon
pool by folate. High RADS54L expression was also mainly associated with E2F targets, G2M checkpoint, and mTORC1
signaling based on HALLMARK.

Clinical Characteristics of RAD54L Expression in HCC

We performed an analysis to examine the correlation between RADS5S4L and clinicopathological features in HCC.
Our results revealed that RAD54L was significantly upregulated in HCC compared to normal tissues (Figure 8A).
Furthermore, RADS54L exhibited a significant correlation with various clinical features of HCC patients
(Figures 8B-F). As the grade increased, RADS54L also showed an elevation. Moreover, RADS54L expression
was significantly higher in advanced stage tumors compared to early-stage tumors. Additionally, RAD54L
expression demonstrated a positive correlation with T stage, although the correlation with N and M stages was
not statistically significant. The Sankey diagram illustrated the distribution trend between RADS54L expression,
clinicopathological features, and survival status in HCC patients (Figure 8G). KM curves indicated that high
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Figure 6 Immune cell infiltration analysis. (A) Correlation of RAD54L with infiltration levels of cancer associated fibroblasts (CAFs), endothelial, and myeloid-derived
suppressor cells (MDSCs). (B) Correlation of RAD54L expression with chemokines, receptors, MHC, immunoinhibitors, and immunostimulators. (C) The relationship
between RAD54L expression and tumor mutation burden (TMB). (D) The relationship between RAD54L expression and microsatellite instability (MSI). (E) The relationship
between RAD54L expression and homologous recombination deficiency (HRD). (F) The relationship between RAD54L expression and loss of heterozygosity (LOH).
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Figure 7 Network and enrichment analyses. (A) The gene-gene interaction network of RAD54L. (B) Protein-protein interaction (PPl) network construction of 50 RAD54L-
interacting proteins. (C) KEGG pathway analysis of RAD54L binding and interacting genes. GO enrichment analysis based on three aspects, including BP (D), CC (E), and MF
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expression of RAD54L was significantly associated with a poorer prognosis in HCC, regardless of OS, DSS,
Progression-free survival (PFS), and Relapse-free survival (RFS) (Figures 8H-K). Univariate and multivariate Cox
regression analyses confirmed that RADS54L was an independent risk factor for HCC patients (Figures 8L and M).

To gain insights into the relationship between RADS54L expression and immune infiltration, we focused on investi-
gating the association between RADS54L and immune cell markers. After adjusting for purity, we observed that RADS4L
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expression was positively correlated with most immune cell markers, including B cells, monocytes, M1 macrophages,
M2 macrophages, natural killer cells, Thl cells, Th2 cells, Treg cells, and exhausted T cells. For instance, in the M2
subtype of tumor-associated macrophages (M2-TAM) in HCC, RADS54L expression exhibited a significant correlation
with immune markers such as CD163, VSIG4, and MS4A4A. Additionally, the expression of CD86 and CSFIR on
monocytes, CD19 and CD79A on B cells, CD3D, CD3E, and CD2 on T cells, Treg markers CCR8 and TGFBI, and
exhaustion markers PDCD1, CTLA4, and LAG3 on T cells, all displayed close correlations with RADS54L expression
(Table 1).

Table | Correlation Analysis Between Rad54L and Relate Genes and Markers of Immune Cells in TIMER

Description Gene Markers None Purity

Cor P Cor P
B cell CDI19 0.267 ok 0.328 ok
CD79A 0.168 wok 0.265 ok
Monocyte CD86 0.352 ok 0.493 ok
CSFIR 0.217 ok 0.351 ok
T cell(general) CD3D 0.337 Hokk 0.450 ok
CD3E 0.216 ok 0.354 ok
CD2 0.237 ok 0.365 ok
TAM CCL2 0.096 0.065 0.191 ok
CDé68 0.217 Hokk 0.292 ok
ILIOo 0.251 ok 0.355 ok

M1 Macrophage NOS2 —0.047 0.367 —0.039 0.468
IRF5 0.352 Hokk 0.343 ok
PTGS2 0.080 0.125 0.186 ok
M2 Macrophage CDl63 0.101 0.051 0.198 ok
VSIG4 0.147 wok 0.250 ok
MS4A4A 0.131 * 0.252 ok
Neutrophils CEACAMS 0.082 0.116 0.114 *
ITGAM 0.380 wokk 0.475 ok
CCR7 0.061 0.241 0.174 wE

Natural killer cell KIR2DLI 0.009 0.859 -0.018 0.740
KIR2DL3 0.160 wok 0.205 ok
KIR2DL4 0.246 Hokk 0.269 ok

KIR3DLI —0.012 0.8l16 —0.003 0.959
KIR3DL2 0.120 * 0.156 o

KIR3DL3 0.061 0.240 0.058 0.283

KIR2DS4 0.062 0.235 0.059 0.275
Dendritic cell HLA-DPBI 0.219 Hokk 0.326 wohk
HLA-DQBI 0.219 ok 0.316 ok
HLA-DRA 0.209 Hokk 0.314 ok
HLA-DPAI 0.177 Hokk 0.289 ok
BDCA-1 (CDIC) 0.062 0.235 0.133 *
NRPI 0.158 wok 0.177 ok
ITGAX 0.359 wokk 0.479 ok
Thi TBX2I 0.102 * 0.192 ok
STAT4 0.275 ok 0.328 ok
STATI 0.323 ok 0.349 ok
IFNG 0.319 ok 0.395 ok
TNF 0.271 ok 0.385 ok

(Continued)
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Table | (Continued).

Description Gene Markers None Purity
Cor P Cor P
Th2 GATA3 0214 ok 0.335 ok
STAT6 0.053 0.305 0.036 0.510
STATSA 0.340 ok 0.383 ok
ILI3 0.148 o 0.150 o
Tth BCL6 0.113 * 0.122 *
IL21 0.123 * 0.164 o
Thi7 STAT3 0.088 0.092 0.16 *
ILI7A 0.017 0.744 0.033 0.545
Treg FOXP3 0.136 o 0.210 ok
CCR8 0.325 ok 0.403 oK
STATSB 0.148 ok 0.129 *
TGFBI 0.243 ok 0.329 oK
T cell exhaustion PDCDI 0.350 ok 0.444 ok
CTLA4 0.399 ok 0.505 ok
LAG3 0.376 stk 0.412 oo
HAVCR2 0.373 ok 0.520 ok
GZMB 0.149 ok 0.215 ok

Notes: *p < 0.05; **p < 0.01; ***p < 0.001.

To uncover the biological significance of RADS54L in HCC progression, we performed differential analysis between
the RAD54L-low and RADS54L-high groups, and a total of 3288 upregulated genes and 235 downregulated genes were
identified (Figure 8N). The heatmap displayed the top 50 upregulated and downregulated genes (Figure 80).
Furthermore, KEGG enrichment analysis revealed their involvement in pathways such as cell cycle, DNA replication,
and HR, among others (Figure 8P).

RADS54L Promoted the Proliferation and Migration of HCC Cells

We initially found a significant upregulation of RAD54L in the HCC cell lines compared to LO2 (Figure 9A). To further
explore the functional implications of RAD54L in HCC, we employed siRNA-mediated knockdown of RADS54L in
HCC-LM3 and SMMC-7721 cells. RAD54L-Sil exhibited the most efficient knockdown effect and was chosen for
subsequent assays (Figure 9C). Western blotting analysis of human normal hepatocytes (LO2) and HCC cells (HCC-LM3
and SMMC-7721 cells) confirmed that RAD54L was highly expressed in HCC cell lines (Figure 9B). We performed
Western blotting using siRNA-mediated knockdown of RADS54L in HCC-LM3 and SMMC-7721 cells (Figure 9D).
CCK-8 assays revealed a substantial decrease in the proliferative capacity of HCC cells upon RAD54L knockdown
(Figure 9E). Moreover, we performed a colony-forming assay, which indicated a significant reduction in the clonogenic
potential of HCC-LM3 and SMMC-7721 cells upon disturbance of RADS54L expression (Figure 9F). We also investi-
gated the effect of RADS4L on the migratory ability of HCC cells. A significant decrease was observed in cell migration
following RADS54L knockdown in HCC-LM3 and SMMC-7721 cells (Figure 9G). Similarly, we could see a notable
reduction in cell migration ability after RADS54L interference (Figure 9H). Taken together, these findings underscore the
critical role of RAD54L in HCC.

Discussion

RAD54L belongs to the SWI2/SNF2 protein family, which comprises DNA-dependent ATPases."? It has been demon-
strated to interact with RAD51 recombinase and participate in the repair of DSBs through the process of HR.'* HR is
a critical pathway for DNA double-strand break (DSB) repair, and proteins involved in HR play a crucial role in
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maintaining genomic stability, suppressing tumor development, and repairing DSBs and damaged cross-replication. '’
Both endogenous (spontaneous) and exogenous (environmental) DNA damage significantly contribute to tumorigenesis
and progression, as they can promote genetic instability.'®'” DSBs pose a particularly serious threat to genomic stability,
as the lost sequence information cannot be recovered from the same DNA molecule. To prevent errors in genetic
information and disruptions in essential processes like replication and transcription, cells have robust mechanisms to
repair DSBs.'® When recombination is required, a series of ordered reactions initiates, and DSBs are an inevitable
consequence of DNA replication. Homologous recombination repair (HRR) is essential for the repair of these single-end
breaks.'” Thus, HR is a vital process, with RAD54L considered a key gene within the HRR pathway. Our GO and KEGG
enrichment analyses strongly support the involvement of RAD54L in HRR and DSBs. This finding aligns with the
aforementioned understanding of RAD54L’s function. RAD54L not only plays a critical role in DDR but has also been
implicated in various tumors. For example, it has been identified as a potential mechanism influencing T1 stage
progression in LUAD patients’® and as a therapeutic target in multiple myeloma through its involvement in HRR
regulation.”! Moreover, RAD54L has been suggested as a significant factor in HCC prognosis.”* Despite these observa-
tions, a comprehensive pan-cancer analysis of RADS54L and its potential diagnostic, prognostic, and molecular mechan-
isms within the TME remains unexplored. Therefore, it is of paramount importance to conduct a comprehensive pan-
cancer analysis to investigate the potential biological functions of RAD54L in diverse tumor types.

In this study, we conducted a comprehensive and systematic analysis of RAD54L in human tumors to elucidate its
expression and prognostic significance in pan-cancer. To evaluate the diagnostic and prognostic value of RAD54L, we
performed ROC curve analysis across various cancer types. These robust AUC values suggest that RAD54L exhibits
high sensitivity and specificity in distinguishing tumor patients. Furthermore, we found that higher RAD54L expression
was associated with shorter survival time in most tumor types. The varying prognostic implications of RADS4L across
different tumor types highlight the significant heterogeneity in its function and underscore its potential as a biomarker for
predicting tumor patient prognosis.>> In summary, our findings warrant further investigation into the molecular mechan-
isms and therapeutic potential of RADS54L in diverse cancer contexts.

Tumor development is a multifaceted and dynamic process intricately linked to the TME.>*?* Increasing evidence has
highlighted the crucial role of the TME in promoting tumor drug resistance, supporting tumor progression, invasiveness,
metastasis, and even the maintenance of a cancer stem-like phenotype.”® Our study investigated the involvement of
RAD54L in modulating immune cell infiltration and its potential therapeutic implications in tumor treatment. One of the
major mechanisms employed by tumor cells to evade immune destruction is the suppression of antitumor immune
responses. The TME harbors a population of immunosuppressive cells known as MDSCs that contribute to the
maintenance of tumor progression.”” Additionally, CAFs interact with tumor-infiltrating immune cells and other immune
components within the TME by releasing various cytokines, thereby fostering an immunosuppressive microenvironment
that facilitates immune evasion by tumor cells.?® Furthermore, endothelial cells are involved in the detachment and
metabolism of tumor cells, promoting tumor formation and metastasis.”” We established a robust correlation between
RADS54L and the infiltration levels of diverse immune cell types, including CAFs, endothelial cells, and MDSCs.
Interestingly, we observed a negative correlation between RADS54L expression and the infiltration of CAFs and
endothelial cells in certain tumor types. Conversely, MDSCs infiltration exhibited a positive correlation across almost
all tumor types studied, contributing to the establishment of an immunosuppressive TME. These findings collectively
suggest that RAD54L may play a direct or indirect role in tumor initiation, metastasis, and subsequent induction of
immunosuppressive responses. In summary, our study highlights the intricate interplay between RAD54L and immune
cell infiltration. The identified correlations between RADS54L expression and the presence of specific immune cell subsets
shed light on its potential involvement in tumor generation, metastasis, and the establishment of an immunosuppressive
microenvironment. Further investigations are warranted to elucidate the precise mechanisms by which RADS54L
influences immune cell infiltration and to explore its therapeutic implications in tumor treatment.

We observed a significant positive correlation between RADS54L expression and the infiltration levels of various
immune cell types. These findings suggest that RAD54L may play a role in tumor immunity by influencing the presence
of these immune cell subsets. Furthermore, we conducted correlation analysis between RADS4L expression and immune
checkpoint genes. Our results revealed a positive correlation between RADS54L and the expression of several immune

Journal of Inflammation Research 2023:16 hetps: 4013

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhou et al Dove

checkpoint genes, such as LGG, KIRC, LIHC, UVM, MESO, and others. This suggests that RAD54L may be involved in
immune escape mechanisms in human tumor immunotherapy. These findings provide predictive evidence for the
potential use of RADS54L as a robust biomarker for immune checkpoint blockade therapy in the future. In recent
years, studies have increasingly demonstrated that TMB and MSI are predictive biomarkers for immunotherapy and can
predict the response to immune checkpoint inhibitors.>* 2 Our results showed a positive correlation between RAD54L
expression and TMB or MSI in various tumor types. This indicates that RADS54L expression levels may impact TMB and
MSI in tumors, consequently influencing the response of patients to immune checkpoint inhibition therapy. Based on
these compelling findings, we propose that RAD54L may exert a direct or indirect effect on tumor immunity, potentially
leading to the subsequent induction of an immunosuppressive response.

Through our comprehensive bioinformatics analysis, we discovered that RADS54L exhibited higher expression levels
and close association with clinicopathological features in HCC. Overexpression of RAD54L in HCC tissues was closely
correlated with clinicopathological features. Analysis of clinical data showed that RADS54L expression increased with
tumor stage and was associated with poor OS. Therefore, our study aimed to elucidate the role of RADS4L in the
development of HCC. Previous studies have reported increased RADS4L expression in HCC tissues using Western
blotting and quantitative immunohistochemistry (IHC) analyses, further supporting its oncogenic role.*> However, the
functional implications of RADS54L in HCC cells have not yet been validated through in vitro experiments. Therefore,
our subsequent focus was to conduct in vitro experiments. Subsequently, we verified the elevated expression of RADS54L
in HCC cell lines using Western blotting, functional effects in HCC cells. As anticipated, our experimental findings
corroborated the bioinformatics analysis and confirmed that RADS54L may promote HCC cell proliferation and metas-
tasis. In summary, we found that RAD54L, a representative gene of HRR in HCC, was upregulated in tumors. RAD54L
was also associated with poor prognosis and can be used as a marker to predict HCC progression.

In summary, our initial pan-cancer analysis of RADS4L revealed its differential expression in tumor and normal
tissues, with high RADS54L expression correlating with poor prognosis in patients. Additionally, our investigation into the
clinical features of RADS54L in HCC, along with validation from in vitro assays, confirmed its upregulation in HCC cell
lines. Our results suggest that RADS54L can serve as an independent prognostic factor in various tumors, with the level of
its expression contributing to distinct prognostic outcomes in different tumor types. Further exploration of the specific
role of RADS54L in each tumor is warranted. However, it is important to acknowledge that these results are based on data
analyses from various databases, introducing potential systematic bias. Therefore, our future plans involve collecting
tissue samples for validation and conducting prospective experimental studies to delve deeper into the mechanistic
aspects and to continue unraveling the specific role of RAD54L in HCC.

Conclusion
The high expression of RAD54L was found in most tumors, and was closely associated with poor prognosis. It could
provide an important reference value for tumor diagnosis and prognosis.

Abbreviation

ACC, Adrenocortical carcinoma; ALL, Acute Lymphoblastic Leukemia; AUC, Area under the curve; BLCA, Bladder
cancer, BLCA, Bladder urothelial carcinoma; BP, Biological processes; BRCA, Breast invasive carcinoma; CAFs,
Cancer associated fibroblasts; CC, Cellular component; CCK-8, Cell Counting Kit-8; CCLE, Cancer Cell Line
Encyclopedia; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL,
Cholangiocarcinoma; COAD, Colon adenocarcinoma; COADREAD, Colon adenocarcinoma/Rectum adenocarcinoma
Esophageal carcinoma; DDR, DNA damage repair; DEGs, Differentially expressed genes; DFI, Disease-free interval;
DLBC, Lymphoid neoplasm diffuse large B-cell lymphoma; DSB, DNA double-strand break; DSBs, DNA double-strand
breaks; dsDNA, Double-strand DNA; DSS, Disease-specific survival, ER, Endoplasmic reticulum; ESCA, Esophageal
carcinoma; FBS, Fetal bovine serum; GBM, Glioblastoma multiforme; GBMLGG, Lower grade glioma and glioblas-
toma; GO, Gene Ontology; GSEA, Gene set enrichment analysis; GSEA, Gene set enrichment analysis; GTEXx,
Genotype-Tissue Expression; HCC, Hepatocellular carcinoma; HNSC, Head and neck squamous cell carcinoma; HPA,
Human Protein Atlas; HR, Homologous recombination; HRD, Homologous recombination deficiency; HRR,
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Homologous recombination repair; IHC, Immunohistochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes;
KICH, Kidney chromophobe; KIPAN, Pan-kidney cohort; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal
papillary cell carcinoma; LAML, Acute myeloid leukemia; LGG, Brain lower grade glioma; LIHC, Liver hepatocellular
carcinoma; LOH, Loss of heterozygosity; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; M2-
TAM, M2 subtype of tumor-associated macrophages; MDSCs, Myeloid-derived suppressor cells; MESO, Mesothelioma;
MEF, Molecular function; MSI, Microsatellite instability; NC, Negative control; OS, Overall survival; OV, Ovarian serous
cystadenocarcinoma; PAAD, Pancreatic cancer; PAAD, Pancreatic adenocarcinoma; PBS, Phosphate-buffered saline;
PCPG, Pheochromocytoma and paraganglioma; PCPG, Pheochromocytoma and paraganglioma; PFI, Progression-free
interval; PFS, Progression-free survival; PPI, Protein-protein interaction, PRAD, Prostate adenocarcinoma; READ,
Rectum adenocarcinoma; RFS, Relapse-free survival; ROC, Receiver operating characteristic; SARC, Sarcoma;
SKCM, Skin cutaneous melanoma; ssDNA, Single-strand DNA; STAD, Stomach adenocarcinoma; STES, Stomach
and Esophageal carcinoma; TCGA, The Cancer Genome Atlas; TGCT, Testicular germ cell tumors; THCA, Thyroid
carcinoma; THYM, Thymoma; TMB, Tumor mutation burden; TME, Tumor microenvironment; UCEC, Uterine corpus
endometrial carcinoma; UCS, Uterine carcinosarcoma; UVM, Uveal melanoma; WT, Wilms Tumor.
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