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ARTICLE INFO ABSTRACT
Keywords: Background: Several transcription factors and co-factors are encoded by the RFX (Regulatory
Pan-cancer Factor X) family (RFX1-8) and associated genes (RFXAP and RFXANK). Increasing evidence
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Regulatory factor X associated
AML

Chelerythrine

suggests that the RFX family and associated genes are involved in the development and pro-
gression of cancer. However, no prior research has focused on a multi-omic analysis of these genes
to evaluate their role in tumor progression.

Methods: Using combined TCGA and GTEx pan-cancer data, we investigated the expression pat-
terns and survival profiles of these ten genes. We then focused on RFX8 to analyze its clinico-
pathological and therapeutic features. Finally, we conducted experimental validation of RFX8
function in acute myeloid leukemia (AML).

Results: RFX5 and RFXANK showed higher expression levels, while RFX6 showed lower expression
levels in most types of cancer, with RFX8 being the most upregulated in LAML. RFX2 and RFXAP
demonstrated prognostic significance in eight types of cancer, and RFX8 showed significance in
six types of cancer. The expression of these ten genes exhibited specific characteristics in immune
subtypes, tumor microenvironment, and stemness. The expression of RFX8 was correlated with
various tumor stages, microsatellite instability (MSI), tumor mutation burden (TMB), immune cell
infiltration, and immune-checkpoint expression. Additionally, RFX8 was found to regulate
tumorigenesis and sensitivity to chelerythrine in AML.

Conclusions: Our work delineated the landscape of the RFX family and associated genes in the pan-
cancer context and the specific role of RFX8 in AML. These findings might offer cues for further
investigations of these genes in cancer biology.

1. Background

A group of transcription factors (TFs) encoded by the RFX (Regulatory Factor binding to the X-box, or Regulatory Factor X) gene
family share a distinctive DNA-binding domain. Unlike other TFs with a helix-turn-helix domain, RFX TFs recognize DNA with their
B-hairpin (wing) in the winged-helix binding domain [1]. Eight RFX TFs regulate genes involved in numerous developmental and
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cellular processes in humans [2]. During the development of embryos, vision formation, olfaction, and spermatogenesis, RFX1, RFX2,
RFX3, and RFX4 modulate ciliogenesis [3,4]. RFX6 regulates pancreatic islet cell development [5]. Recently, RFX7 has been found to
regulate the homeostasis of NK cells through metabolism [6]. The existence of the RFX8 protein has recently been identified, but little
is known about its function. RFX5 regulates the transcription of major histocompatibility complex (MHC) genes. Notably, two
important cofactors, REXAP and RFXANK, form a heterometric complex with RFX5 to regulate the transcription of MHC II. These genes
collectively play essential roles in the development of the immune system [7].

The majority of cancers, if not all, exhibit TF dysregulation, which contributes to tumor aggression. The abnormal expression of TFs
in cancer cells prevents normal differentiation and cell death while regulating endogenous signaling to drive proliferation and
migration. Additionally, TF dysregulation may result in drug resistance and immune evasion [8]. It is not surprising that RFX TFs also
function in these processes. RFX1 is abnormally expressed in several types of cancer and interferes with various cellular processes,
making it an ideal target for cancer therapy [9]. Transcriptome analysis has associated RFX2 with ovarian and non-small cell lung
cancers [10,11]. Breast cancer and glioma tumors are thought to be driven by RFX3 [12,13]. RFX4 could serve as a marker for early
glioma detection due to its differentially expressed isoforms in healthy individuals and glioma patients [14]. RFX5 acts as an activator
in tumorigenesis, whereas RFXAP is a suppressor [15,16]. RFX6 regulates tumor invasiveness and T cell immune response in liver
cancer [17]. RFX7 is generally downregulated in lymphoid neoplasms [18], especially Burkitt lymphoma. RFX7 inhibits AKT and
mTOR signaling through cooperation with p53, demonstrating a tumor suppressor role [19]. Although previous analyses suggested
that RFX8 has clinical significance in several types of cancer, only a recent report described its function as a DDX24 transcriptional
activator that stimulates liver cancer [20,21]. Previous studies have often focused on a few specific genes and lacked comprehensive
analysis across cancer types. Besides, more knowledge about the function of RFX8 is needed.

In this paper, we employed bioinformatics methods to analyze the relationship between ten RFX family and associated genes
(referred to as RFX-related genes) and 33 types of cancer. We measured differential expression, survival status, stemness, and immune
microenvironment scores for all genes. We then focused on RFX8 by analyzing its correlation with cancer stages, immune cell fractions,
and expression of immune-related molecules. Finally, we validated the function of RFX8 in AML cell lines. Our work demonstrated the
landscape of RFX-related genes across cancers and the specific role of RFX8 in AML.

Table 1

Samples used for analysis.
Abbreviation Name Full Name Number of tumor samples Number of normal samples
ACC Adrenocortical carcinoma 79 128
BLCA Bladder Urothelial Carcinoma 411 28
BRCA Breast invasive carcinoma 1104 292
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma 306 13
CHOL Cholangiocarcinoma 36 9
COAD Colon adenocarcinoma 471 349
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma 48 337
ESCA Esophageal carcinoma 162 668
GBM Glioblastoma multiforme 168 1157
HNSC Head and Neck squamous cell carcinoma 502 44
KICH Kidney Chromophobe 65 53
KIRC Kidney renal clear cell carcinoma 535 100
KIRP Kidney renal papillary cell carcinoma 289 60
LAML Acute Myeloid Leukemia 173 337
LGG Brain Lower Grade Glioma 529 1152
LIHC Liver hepatocellular carcinoma 374 160
LUAD Lung adenocarcinoma 526 347
LUSC Lung squamous cell carcinoma 501 338
MESO Mesothelioma 86 -
oV Ovarian serous cystadenocarcinoma 379 88
PAAD Pancreatic adenocarcinoma 178 171
PCPG Pheochromocytoma and Paraganglioma 183 3
PRAD Prostate adenocarcinoma 499 152
READ Rectum adenocarcinoma 167 10
SARC Sarcoma 263 2
SKCM Skin Cutaneous Melanoma 471 558
STAD Stomach adenocarcinoma 375 211
TGCT Testicular Germ Cell Tumors 156 165
THCA Thyroid carcinoma 510 338
THYM Thymoma 119 339
UCEC Uterine Corpus Endometrial Carcinoma 548 23
ucs Uterine Carcinosarcoma 56 78
UvM Uveal Melanoma 80 -
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2. Materials and Methods
2.1. Public data acquisition

Multimodal data of 33 types of cancer were retrieved from the combined cohort “TCGA TARGET GTEx” in UCSC XENA. We selected
TCGA and GTEx samples with complete gene expression, clinical information, and mutation data to facilitate our analysis. Table 1 lists
the samples we used.

2.2. Differential expression Gene (DEG) analysis

The analysis between tumor and normal samples was conducted in the pan-cancer cohort using the limma package in R. DEG
comparison was made using the Wilcoxon test. Then, the correlation matrix for each pair of genes was conducted with the Pearson
correlation test. The pheatmap package was used to draw heatmaps, and the corrplot package was used to draw the correlation plots.
Cancer types with three or fewer normal samples were excluded from DEG analysis.

2.3. Survival and cancer stage analysis

The survival analysis of RFX-related genes in various cancer types was conducted using both Kaplan-Meier (KM) and univariate
COX regression analyses. For KM analysis, the median expression of genes was used as the cutoff. AJCC stage data for non-neurological
and non-hematological tumors were used for cancer stage comparison. Four stages were used to compare gene expression, and these
were measured using the Wilcoxon test.

2.4. Immune and microenvironment-related analysis

The immune subtype data were retrieved from previous research. Six subtypes were identified in TCGA non-hematological tumor
samples, named “wound healing" (C1),"IFN-y dominant" (C2), “inflammatory" (C3), “lymphocyte depleted" (C4), “immunologically
quiet" (C5), and “TGF-f dominant" (C6) [22]. Six subtypes were compared per gene between samples using the Kruskal-Wallis test.
From solid cancer expression data, the ESTIMATE algorithm was used to calculate stromal and immune cell scores and their aggre-
gation, known as ESTIMATE scores. These scores reflect relative levels of infiltrating stromal and immune cells, and tumor purity [23].
CIBERSORT was used to estimate the immune cell fraction based on expression data [24]. Several previous studies were used to
compile the immune checkpoint gene list summary [25,26]. The DEG between subtypes was compared using the Wilcoxon test. For
ESTIMATE and CIBERSORT analyses, the correlation of gene expression with these scores was done using the Pearson correlation test.
The corrplot package was used to depict the correlation plots.

2.5. Stemness score, microsatellite instability (MSI), and tumor mutation burden (TMB)

The one-class logistic regression (OCLR) algorithm was used to establish stemness indices per sample based on transcriptomic and
DNA methylation data [27]. MSI, a hypermutation pattern in genomic microsatellites with predictive and prognostic significance for
certain cancers, was retrieved from previous research [28]. To determine TMB, the number of somatic variants in the TCGA whole
exome sequencing (WES) data was divided by the target region’s size, with the estimated exome size being 38 Mb [29]. The Pearson
correlation test was used to analyze the correlation between these three scores and the expression of RFX and RFX-related genes. The
corrplot package was used to draw the correlation map of the stemness score, while the radar map of MSI and TMB was depicted using
the FMSB package.

2.6. Drug sensitivity prediction

CellMiner (Version 2022.1) was used to extract drug activity and gene expression data across the NCI-60 cell panel [30]. Drug
sensitivity is represented as normalized IC50, where a higher value indicates increased resistance. The Pearson correlation test was
used to determine the relationship between gene expression and drug activity, which was then visualized using the corrplot package.
2.7. Patients and sample preparation

Bone marrow aspirate was collected from ten patients with de novo AML and ten patients with iron-deficiency anemia (IDA). IDA
samples served as normal controls [31]. Mononuclear cells were isolated and stored at —80 °C. These procedures received informed
consent from patients and were approved by the ethics committee of Qilu Hospital, Shandong University (Ethical approval number:
KYLL-2020(KS)-535).

2.8. Cell culture, construction of Lentiviral-transfected cells, and Compound

The U937 cell line was provided by the American Type Culture Collection (ATCC), and the THP-1 cell line was purchased from
Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. Both cell lines were cultured in RPMI 1640 medium with 10 % heat-inactivated
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Fig. 1. Differential Expression and Co-Expression Analysis of 10 RFX Genes (A) Gene expression in pan-cancer. (B) The heatmap shows expression
levels of Rfx 8 genes among 33 cancer types; the color transition represents changes in log 2 Fold Change (log FC) value. (C and D) The differential
expression of RFX 4 and RFX 8 between tumor and normal samples in 31 cancer types (***p < 0.001; **p < 0.01; *p < 0.05). (E) Co-expression
heatmap demonstrates the co-expression relationships of RFX genes. The correlation coefficients are shown in separate boxes. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)



Z. Cui et al. Heliyon 10 (2024) 35368

fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and maintained in an incubator at 37 °C and 5 % CO, without antibiotics.

The RFX8 shRNA lentivirus, provided by Shanghai GeneChem Co., Ltd., targeted the sequence 5-GCTGATGTCATTGCCTGACGT-3
with a control sequence of 5-TTCTCCGAACGTGTCACGT-3’. On day 1, the lentivirus was transfected with a multiplicity of infection
(MOI) of 120. Twelve hours post-transfection, the medium was changed. On day 3, cells were further selected with puromycin (2 pg/
ml) for about three days. Knockdown efficacy was measured by changes in RNA and protein expression levels. Chelerythrine
(HY-N2359) was purchased from MCE (Shanghai, China) and dissolved in DMSO.

2.9. RNA Extraction and real-time Quantitative PCR

Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s in-
structions. The extracted RNA was reverse transcribed using the Evo M-MLV RT Kit with gDNA Clean for qPCR (Accurate Biology,
Hunan, China). The resulting cDNAs were mixed with SYBR Green (Accurate Biology, Hunan, China) for real-time PCR analysis. The
following is a list of the primers used in real-time PCR tests.

Gene Forward Primer Reverse Primer
RFX8 5-CTTCCTGGTGGACACTGCCATG-3' 5'-GGGTTATGAGGGCTTCTTGTCC-3'
Actin 5-AGTTGCGTTACACCCTTTCTTG-3' 5'-CACCTTCACCGTTCCAGTTTT-3'

2.10. Western Blot

Total protein was extracted with protease inhibitors in RIPA buffer (Beyotime, Shanghai, China), then quantified on ice. Proteins
were separated by SDS-PAGE gels before being transferred to PVDF membranes (Millipore, Bedford, MA). After blocking and washing,
the membranes were incubated overnight at 4 °C with specific primary antibodies against RFX8 (1:400, rabbit, Atlas Antibodies,
HPA059745) and Beta Actin (1:5000, rabbit, Proteintech, 66009-1-Ig). This was followed by a 1-h incubation with horseradish
peroxidase-labeled goat-anti-rabbit/mouse IgG (1:4000, Jackson ImmunoResearch). Immunoblots were probed with an ECL detection
reagent from Millipore following standard procedures.

2.11. Cell proliferation assay: CCK-8 and 5-ethynyl-2'-Deoxyuridine (EdU) assay

To detect the proliferation rates of U937 and THP-1 cells, a 5-ethynyl-2"-deoxyuridine (EdU) assay was used. Cells were incubated
with EdU for 2 h, smeared on a glass slide, and fixed with 4 % paraformaldehyde for 30 min. The Cell-Light EQU Apollo 488 In Vitro Kit
(RioBio, China) was used to stain the cells according to the manufacturer’s instructions. The slides were examined with fluorescence
microscopy, and the proportion of EdU-positive cells in total cells was calculated and compared. Three replicates were performed per
group, and significance was quantified using a t-test.

For the CCK-8 assay, cells were seeded in triplicate in 96-well plates at 10,000 to 15,000 cells per well to examine the effects of
chelerythrine and RFX8 knockdown on cell viability. Cell proliferation and viability were assessed using the Cell Counting Kit-8 (CCK-
8; APEXBIO, Houston, USA) following the manufacturer’s instructions. Three replicates were performed per group, and comparisons
were made using Student’s t-test. Cells used in the EQU assay and CCK-8 assay were stably knocked down or treated with chelerythrine
for 48 h.

2.12. IC50 Calculation

Cells were treated with increasing concentrations of chelerythrine for 48 h. Relative viability was assessed using the CCK-8 assay
with three replicates. The IC50 was calculated by correlating log-transformed concentration and relative viability values.

2.13. Statistical significance

We regarded p < 0.05 as significant for the Wilcoxon test, Kruskal-Wallis test, Pearson correlation, and Student’s t-test. Asterisks
indicate significance levels: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

3. Results
3.1. Expression profile of 10 RFX and associated genes

The workflow is shown in the Graphical Abstract. Fig. 1A depicts the expression of 10 RFX-related genes. Using the Wilcoxon test,
the 10 RFX-related genes were found to be differentially expressed in tumors and matched normal samples for 29 different types of
cancer (Fig. 1B-Table S1). There is a noticeable variance in gene expression among tumors. Gene expression varies significantly
between tumors. Upregulation of these genes is predominant in CHOL, DLBC, LAML, and THYM. Genes are generally downregulated in
ACC, BLCA, BRCA, CESC, and TGCT. The expression pattern of each gene across cancers is generally contradictory (Fig. S1). RFXANK
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downregulated in 20 (68 %) types of cancer. RFX4 from TGCT has the lowest fold change of approximately —9.7, while RFX8 from
the strongest relationships observed between RFX5-RFX7, RFX3-RFXAP, and RFX3-RFX7 (Fig. 1E).

and RFX5 rank first and second with upregulation in 28 (96 %) and 20 (68 %) types of cancer, respectively. Moreover, RFX6 is

3.2. Survival analysis of 10 RFX and associated genes
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are significant in eight types of cancer, while HRs of RFX8 are significant in six types of cancer. HRs of RFXANK and RFX3 are sig-
nificant in only two types. Notably, in the LGG background, six genes are associated with prognosis. The predictions made by COX
analysis were confirmed by additional Kaplan-Meier (KM) analysis (Fig. S2). In accordance with the COX results, high expression
indicates a poor prognosis for RFX1 in COAD, RFX5 in ACC, RFX6 in UCEC, and RFX7 in ACC. Low expression indicates a poor
prognosis for RFX2 in CESC, RFX3 in BRCA, RFX4 in PRAD, RFX8 in THYM, and RFXAP in PAAD.

3.3. Immune subtype analysis

We compared the differential expression levels of the 10 RFX-related genes across six immune subtypes in 33 TCGA cancer types
(Fig. 3A). The expression of these ten genes shows significant differences among the six immune subtypes (p < 0.001). The expression
levels of the 10 genes were then analyzed in three cancer types (Fig. 3B-D). In BRCA, LIHC, and STAD, the expression of these genes
shows significant variance among the six immune subtypes. All three types of cancer showed significant differences in the expression of
RFX1, RFX2, RFX6, RFX7, and RFXANK across subtypes (p < 0.05). Notably, RFX1 was expressed higher in C3 of these three cancers,
and RFX8 was significantly higher (p < 0.001) in the C6 immune subtypes of BRCA and STAD. Similarly, the C1 and C2 immune
subtypes had the highest RFXANK expression levels in LIHC and STAD (p < 0.001), suggesting that RFXANK may serve as an indicator
of immune subtypes.

3.4. Tumor microenvironment and stemness analysis

In non-hematological tumors, we calculated the ESTIMATE score, stromal score, and immune score to examine their connections to
RFX and the expression of its associated genes (Fig. 4A-C). Most cancers show a positive correlation (p < 0.001) with RFX5 and RFX8
expression. We then analyzed the relationships between gene expression and calculated epigenetic (DNAss) and transcriptomic
(RNAss) stemness scores (Fig. 4D and E, Table S2). The highest positive correlations in DNAss were RFX2 in OV (coefficients = 0.5),
RFX3 in GBM (coefficients = 0.435), RFX5 in PCPG (coefficients = 0.44), and RFX8 in SARC (coefficients = 0.432). The highest
positive correlations in RNAss were RFX2 in THYM (coefficients = 0.586), RFX5 in PCPG (coefficients = 0.510), RFX8 in LAML
(coefficients = 0.503), and RFXANK in THYM (coefficients = 0.530) (all p < 0.001).

3.5. Clinical features of RFX8 in pan-cancer

The function of RFX8 in various cancer types is poorly understood. Consequently, our further analysis and investigation focused on
this gene. Under univariate Cox regression, RFX8 expression positively correlates with prognosis in BLCA, BRCA, GBM, LGG, and
MESO but negatively correlates with prognosis in THYM (Fig. 2F). Under KM analysis, RFX8 expression positively correlates with
prognosis in BLCA, CHOL, GBM, KIRP, and LGG but negatively correlates with prognosis in PCPG (Figs. S3A-F). Cancer stage analysis
showed diverse RFX8 expression across several representative types of cancer (Fig. 5A-I). In COAD, KIRP, and READ, expression in
Stage IV is higher than in Stage I. In BLCA and CHOL, Stage IV expression is higher than in Stage II. However, in THCA, Stage IV
expression is slightly lower than in Stage L. In LIHC, LUSC, and MESO, there is no significant variance in the expression of RFX8.

3.6. MSI, TMB, immune Cell proportion, and immune checkpoint genes correlation of RFX8 in pan-cancer

There is growing evidence suggesting that MSI and TMB values are predictive biomarkers for response to targeted therapy and
immunotherapy [32,33]. Considering this, we analyzed RFX8 expression and MSI/TMB values (Fig. 6A and B). Our analysis shows that
RFX8 expression positively correlates with TMB in LGG, LUAD, and SARC, while it negatively correlates with TMB in BRCA, THYM,
and UCEC (all p < 0.01). Regarding MSI, RFX8 expression positively correlates with MSI in LUSC, SARC, STAD, and UCEC but
negatively correlates with MSI in DLBC (all p < 0.01). These findings suggest that RFX8 can be used as a potential marker of MSI and
TMB status.

The infiltration of specific immune cells in tumor tissue can affect immune response. CD8" T cells and M1 macrophages are
regarded as anti-cancer, while Treg and M2 macrophages are pro-cancer. We observed the correlations of RFX8 expression with
immune cell fractions (Fig. 6C). For macrophages, RFX8 expression positively correlates with the M2 cell ratio in several types of
cancer, including BLCA, COAD, HNSC, SARC, TGCT, and THCA, while it positively correlates with the M1 cell ratio in ACC, KIRC,
KIRP, LGG, and LUAD (all p < 0.01). Additionally, in ACC and LGG, RFX8 expression positively correlates with the CD8" T cell ratio (p
< 0.05), which aligns with the RFX8-M1 cell correlation in these two types of cancer. To understand RFX8’s role in immunotherapy, we
examined the relationship between immune checkpoint gene expression and RFX8 expression in pan-cancer (Fig. 6D). There is a
positive correlation between RFX8 and PD-L1 (CD274) in numerous cancer types, including ACC, BLCA, COAD, HNSC, KICH, KIRC,
LGG, LIHC, LUAD, LUSC, OV, PAAD, PCPG, PRAD, SARC, SKCM, STAD, TGCT, UCEC, and UVM. Similarly, a positive correlation was
observed between RFX8 and PD-1 (PDCD1) in some cancer types (HNSC, KICH, KIRC, LGG, LIHC, LUAD, PRAD, and THYM). Addi-
tionally, RFX8 expression is positively correlated with other markers, such as CD160, CD27, CD80, CD28, and CTLA-4, in more than
five types of cancer. These results suggest that RFX8 can serve as a predictive marker for immune cell fraction and molecular
immunotherapy across different tumors.
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Fig. 3. Results of 10 RFX Gene Co-expression Analysis with Six Inmune Subtypes (A) The differential expression of the RFX genes with different
immune subtypes in all tumor types. (B-D) The correlation analysis between 10 RFX gene in BRCA, LIHC, and STAD and immune subtypes. (***:p <
0.001; **:p < 0.01; *: p < 0.05). (D and E) The two heatmaps show the correlation of expression level of 10 RFX genes and stemness indices (DNAss
elnd RNAss) in 33 TCGA cancer types. (DNAss: DNA methylation-based stemness score; RNAss: RNA-based stemness score).

3.7. RFX8 knockdown inhibits AML Cell line proliferation

Acute myeloid leukemia (AML) is the most common leukemia among the adult population. The 5-year survival rate is around 30 %,
and the refractory/relapse rate is around 40 %, making it one of the most challenging cancers to overcome. According to the results
above, RFX8 expression shows a relatively high fold change (10.5) in LAML patients compared to healthy controls. The expression of
RFX8 is associated with stemness indices in LAML cohorts (0.50 in RNAss and 0.25 in DNAss, all p < 0.001). Although RFX8 has no
prognostic significance in LAML cohorts, in silico analysis indicates that RFX8 may regulate proliferation in AML as well as drug
sensitivity. First, we validated RFX8 expression in our own samples, where de novo AML patients showed higher RFX8 expression than
normal controls (Fig. 7A). We then used the AML cell lines U937 and THP-1 to create RFX8 knockdown cell lines. Knockdown effi-
ciency was validated at mRNA and protein levels (Fig. 7B-C, Fig. S4). Following knockdown, cell proliferation was measured using the
CCK-8 assay at 24h and the EdU assay at 72h. The CCK-8 assay showed significant viability loss in both cell lines (Fig. 7D). The EdU
assay results were similar, with the knockdown effect on proliferation was evident in both U937 and THP-1 cell lines (Fig. 7E and F).

3.8. RFX8 enhances the sensitivity of AML cells to chelerythrine

Biomarkers are crucial for defining phenotypes and predicting therapy responses, integral to precision medicine [34]. Building on
initial findings, we investigated whether RFX8 expression correlates with drug sensitivity. Using the pharmacogenomic database
CellMiner, we found that higher RFX8 expression correlates with higher IC50 values for several standard chemotherapeutic agents in
AML, including cytarabine, daunorubicin, arsenic trioxide, and etoposide (Fig. 8A, Table S3). Although the highest correlation was
observed with nelarabine (NEL), combining RFX8 knockdown with NEL had no effect, even at doses up to 200 pM (Figs. S3G and S3H).
Consequently, we focused on the second-highest correlated drug, chelerythrine (CHE).

CHE effectively kills AML cells, with an IC50 around 15 pM in U937 cells. RFX8 knockdown lowers the IC50 to approximately 5 pM
(Fig. 8B). The EdU assay confirmed these findings, showing a similar pattern (Fig. 8C). These results suggest that RFX8 is a functional
target for enhancing drug sensitivity and inhibiting tumor proliferation in AML.

4. Discussion

Advancements in detection technology in molecular biology have enabled the exploration of disease etiology at the molecular level.
This has facilitated the deciphering of gene-disease relationships, contributing to an in-depth understanding and control of diseases.
Previous studies have shown that RFX1 regulates tumor progression, drug resistance, and cancer metastasis [35-37]. RFX2 has been
found to positively regulate PAF1 expression, maintaining stemness in spinal ependymoma [38]. RFX3, RFX4, and RFX5 are also
reported to play roles in cancer progression or suppression. However, there has been no pan-cancer study on RFX-related genes until
now. Through a data-driven analysis, we aimed to uncover the complex roles of RFX-related genes in pan-cancer and identify inter-
esting features for individual genes and cancer types.

Firstly, we examined the expression and prognosis of RFX-related genes across various cancers. RFXANK and RFX5 were upre-
gulated in most cancer types. Although reports on RFXANK in cancer are rare, RFX5 has been documented to be highly expressed in
cancer samples and to affect cancer progression in liver, breast, and lung cancers [15,39,40]. Our analysis showed that RFXAP was
downregulated and negatively correlated with prognosis in pancreatic adenocarcinoma (PAAD). Previous research has reported that
higher RFXAP expression upregulates KDM4A, inducing H3K36 demethylation, leading to DNA damage and cell cycle arrest [16]
Conversely, RFX6 was upregulated and positively correlated with prognosis in liver hepatocellular carcinoma (LIHC), supported by
findings that the RFX6-PGAM1 axis promotes aerobic glycolysis and tumor progression in liver cancer [41].

We then investigated the characteristics of RFX-related genes in pan-cancer using bioinformatics analyses, including immune
subtype, tumor microenvironment (TME), and stemness scores. Six immune subtypes were first calculated and interpreted from TCGA
multi-omic data by Vésteinn et al. [22]. In our analysis, RFX4 expression was higher in C5 ("immunologically quiet"), mainly due to the
enrichment of lower-grade glioma (LGG) and glioblastoma multiforme (GBM) samples in C5. C5 is associated with a better outcome
due to fewer immune cell interactions [42]. The TME consists of non-tumor cells and matrix, and interactions between tumor cells and
TME significantly impact tumor progression. The correlation between RFX-related gene expression and TME (ESTIMATE) and
Stemness Scores suggests that these genes play a role in TME construction and the maintenance of cancer stem cells.

There have been some reports on the differential expression or genetic variance of RFX8 in various physiological or pathological
contexts, including adipocyte differentiation [43], fatty liver [44], bladder cancer [45], and kidney cancer [46]. While the detailed
structure of RFX8 transcripts was recently identified, its specific function remains unknown [2]. Our results showed that RFX8
expression is highly upregulated in acute myeloid leukemia (LAML). Cox regression and survival analyses revealed that RFX8 is a
prognostic factor in BLCA, BRCA, GBM, LGG, MESO, and THYM. RFX8 has significance for prognosis in BLCA, CHOL, GBM, KIRP, LGG,
and PCPG for KM analysis. The discrepancy between Cox and KM analyses may arise from the arbitrary cutoff for group division in KM
plots. Additionally, RFX8 was upregulated in the C6 immune subtype, which is associated with an immunosuppressed TME, leading to
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Fig. 4. Correlation Analysis of 10 RFX Genes with Tumor Stemness Score and Tumor Microenvironment Score (A-C) Correlation analysis of 10 RFX
genes expression with ESTIMATE immune and stromal score in 30 cancer types. (Positive and negative correlations are indicated by red and blue
dots, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(H) and THCA (D).

poorer prognosis due to low lymphocyte and high M2 macrophage content [22]. The ESTIMATE, CIBERSORT, and checkpoint cor-
relation analyses further elucidate the role of RFX8 in cancer immunity from a multidimensional pan-cancer perspective.

AML is the most common leukemia among the adult population. Motivated by the differential expression and stemness scores in
AML, we explored RFX8’s biological function in tumor cell lines. In vitro assays validated the tumor-promoting role of this gene.
Moreover, a drug sensitivity analysis followed by in vitro validation was conducted. It is noteworthy that nelarabine, whose correlation
coefficients ranked highest, was an orphan drug used for refractory T-cell acute lymphoblastic leukemia (T-ALL) until recently. It was
repurposed to induce AML cell differentiation and death [47]. However, it failed to exhibit any effect in our cells. The heterogeneity of
the genetic background in AML likely accounts for this discrepancy.

Chelerythrine, which ranked second highest, is a plant alkaloid with multiple bioactivities, including anticancer activity. Che-
lerythrine exerts mechanistic effects on PKC, MAPK, BCL2-related molecules, and MAPK, all of which control cell proliferation and
death [48]. The application of chelerythrine has been hindered by its potential toxicity. Combination administration can alleviate both
the dose and the toxicity of chelerythrine. According to our findings, the IC50 in U937 cells decreased from 20 pM to 5 pM following
RFX8 knockdown, a relatively safe dose for normal cells [49]. These preliminary findings suggest that RFX8 can alter drug sensitivity
and proliferation, making it an ideal treatment target alone or in combination. However, additional validation in an animal model and

a search for downstream targets are needed.

In conclusion, our work focused on RFX-related genes from a pan-cancer perspective. We demonstrated their expression profiles
and roles in immunity, stemness, and prognosis through bioinformatics analysis. A more specific study of RFX8 was conducted in silico
and in vitro. Our work can facilitate future exploration of the molecular mechanisms and targeted therapies involving these genes.
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Fig. 6. Correlation of RFX 8 Gene Expression with Tumor Mutation Burden, Microsatellite Instability, Inmune Cell Proportion, and Immune
Checkpoint Gene Expression in Pan-Cancer. (A and B) RFX 8 gene expression correlation with TMB and MSI in 33 cancer types. The correlation
coefficients are shown as points in the radar map. (**: p < 0.01; *: p < 0.001;: p < 0.05). (C) RFX 8 gene expression correlation with immune cell
proportion in 33 cancer types. Positive and negative correlations are indicated by red and blue triangles. (***:p < 0.001; **:p < 0.01; *: p < 0.05).
(D) RFX 8 gene expression correlation with 47 immune checkpoint gene expression in 33 cancer types. Positive and negative correlations are
indicated by red and blue triangles. (***:p < 0.001; **:p < 0.01; *: p < 0.05). (For interpretation of the references to color in this figure legend, the
l;eader is referred to the Web version of this article.)
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TF Transcription factor
RFX Regulatory Factor binding to the X-box, or Regulatory Factor X
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RFXANK Regulatory Factor X Associated Ankyrin Containing Protein
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CHOL Bile Duct Cancer
COAD Colon Cancer
READ Rectal Cancer
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Fig. 7. Validation and Proliferation Analysis of RFX 8 Knockdown in AML Cell Lines. (A) RFX 8 mRNA expression in AML and normal samples. (***:
p < 0.001; **:p < 0.01; *: p < 0.05). (B and C) RNA and protein knockdown efficiency of RFX 8 knockdown cell and control vector in U937 and
THP-1 cell lines. (***:p < 0.001; **:p < 0.01; *: p < 0.05). (D) CCK8 assay of RFX 8 knockdown cell and control vector in U937 and THP1 cell lines.
Viability values were calculated per 24h and final values at 72h were examined. (***:p < 0.001; **:p < 0.01; *: p < 0.05) (E and F) EdU assay of
RFX 8 knockdown cell and control vector in U937 and THP-1 cell lines. Photos were taken at 72h shown as DAPI Edu and merged staining. Positive

cell percentage (%) was qualified as in bar plot. (***:p < 0.001; **:p < 0.01; *: p < 0.05).

14



Z. Cui et al.

A

RFX8, Chelerythrine
Cor=0.588, p<0.001

RFX8, Cytarabine
Cor=0.306, p=0.018

2.0

Normalized IC50

RFX8, Arsenic trioxide
Cor=0.417, p<0.001

RFX8, Daunorubicin
Cor=0.299, p=0.020

Heliyon 10 (2024) e35368

RFX8, Etoposide
Cor=0.357, p=0.005

4 . .
-
e
o . :
0 - s
-1 .‘ .
=
)
-2
0.0 0.5 1.0 15 2.0

RFX8, Idarubicin
Cor=0.267, p=0.039

25 - -

.

1 -

e

0.
4 . - -

- r .
I

s :
0.0 0.5 1.0 1.5 20 0.0 05 1.0 1.5 2.0

B u93r
1.5
. -+ U937-NC
® X
& —= U937-SH
2 1.0
3 =
2 \\
@
-% 0.5 S
2 st
0.0 T T T T \I l\l
0 5 10 15 20 25 30
Chelerythrine(uM)
C DAPI

U937-NC
+DMSO

U937-SH
+DMSO

U937-NC+
CHE

U937-SH+
CHE

RFX8 expression

1IC50=15.11uM
1C50=4.99uM

EDU

15

Edu+ cells{%)

(caption on next page)



Z. Cui et al. Heliyon 10 (2024) 35368

Fig. 8. Validation of RFX 8 as a Sensitizer to Chelerythrine (CHE). (A) Correlation analysis of RFX 8 expression and drug sensitivity. Each plot shows
gene expression on the horizontal axis and IC50 value on the vertical axis. (B) CCK-8 assay of RFX 8 knockdown and control vector U937 cell line
with varying concentrations of CHE. Viability values were calculated at 24h. (C) EdU assay of RFX 8 knockdown and CHE combination in U937 cell
lines. Cells, with or without RFX 8 knockdown, were treated with 15 pM CHE or solvent DMSO for 72h. Positive cell percentage (%) is shown in the
l:ar plot. (***:p < 0.001; **:p < 0.01; *: p < 0.05).
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