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ARTICLE INFO ABSTRACT

Keywords: In recent decades, substantial advancements in epigenetics have unveiled a profound under-
FOXI2 standing of its mechanisms in tumorigenesis and have offered promising strategies for epigenetic
Methylation

therapy in cancer patients. In our study, through bioinformatics analysis, we discovered a sig-
nificant downregulation and hypermethylation of FOXI2 in clear cell renal cell carcinoma
(ccRCC), while the expression in chromophobe cell carcinoma (chRCC) exhibited the opposite
trend. Moreover, we established a strong correlation between FOXI2 expression levels and the
prognosis of ccRCC. Gene enrichment analysis and cell function experiments unequivocally
demonstrate that FOXI2 possesses the capability to induce cell cycle arrest and inhibit cell
proliferation.

Our research findings demonstrate that the expression of FOXI2 in ccRCC is under the regu-
lation of promoter hypermethylation. Furthermore, in vitro experiments have conclusively shown
that the overexpression of FOXI2 induces cell cycle arrest and inhibits cell proliferation.

Renal cancer
Cell cycle arrest

1. Introduction

Renal cell carcinoma (RCC) is one of the most common types of cancer in the urinary system, various histotypes of RCC have been
defined on the basis of their histologic appearance, the most common subtype being ccRCC, papillary renal cell carcinoma (pRCC) and
chRCC, representing 75-80%, 10-15% and 5% of all RCC respectively. Among these, ccRCC exhibits the highest rates of local spread,
metastasis and mortality compared to pRCC especially to chRCC [1-4]. Fuhrman nuclear grade system has been the most widely used
grading system, and the WHO/ISUP grading system has now been implemented in ccRCC and pRCC, while, there is no effective
diagnosis biomarker used in ccRCC [5-7]. Additionally, renal cancer patients exhibit poor responses to radiation therapy and con-
ventional chemotherapy, with surgical resection in the early stages of the tumor representing the most effective treatment option [8,9].
Therefore, there is an urgent need for a more profound understanding of the mechanisms underlying ccRCC pathogenesis, as well as
improved diagnostic and therapeutic strategies.

DNA methylation plays a pivotal role as an epigenetic mechanism involved in various types of cancer, including RCC. The cancer
phenotype is defined by profound changes in DNA methylation patterns and chromatin structure. Notably, the aberrant hyper-
methylation of gene promoters, particularly those of tumor suppressor genes, significantly contributes to tumorigenesis [10-12].
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In this study, we performed comprehensive bioinformatics analyses on gene expression and methylation sequencing data obtained
from ccRCC and chRCC samples within the Cancer Genome Atlas (TCGA) dataset. Our results revealed a substantial downregulation
and hypermethylation of FOXI2 in ccRCC, contrasting with its expression pattern in chRCC. Notably, the expression level of FOXI2
exhibited a robust correlation with the prognosis of ccRCC patients. Lower FOXI2 expression levels were associated with a more
unfavorable prognosis, paralleled by higher methylation levels. Our hypothesis suggests that the downregulation of FOXI2 may
contribute to the progression of ccRCC. To substantiate this hypothesis, we conducted a series of in vitro studies aimed at elucidating
the functions and mechanisms of FOXI2 in renal tumor cell proliferation and cell cycle regulation.

2. Materials and methods
2.1. Sample collection and data sources

We analyzed 24 paired samples of ccRCC tissues and adjacent normal tissues. The tissues were sequentially collected from patients
who underwent radical nephrectomy between September 2021 and September 2022 at Jing Zhou Central Hospital. The utilization of
samples for all experiments was conducted with the informed consent of the patients and the approval of the Ethics Committee of The
Second Clinical Medical College, Yangtze University, The ethical approval number 2021-084-01. The corresponding noncancerous
tissues were collected at a minimum distance of 5 cm from the tumor site, The tissue obtained from a kidney resection is immediately
cut into small slices of 2 mm thickness after being detached. These slices are then packaged into four frozen storage tubes, each
containing 1.5 ml of RNAwait preservation solution (Biosharp, China). After thorough mixing, the tubes are placed in a cooler box and
stored in a —80 °C freezer on the same day. According to the instructions of the RNAwait preservation solution, tissues preserved in
RNAwait can be stored for an extended period at —80 °C, ensuring the stability and non-degradation of RNA.

2.2. Data acquisition

Gene expression sequencing and methylation sequencing data pertaining to ccRCC and chRCC, along with the corresponding
clinical data of ccRCC patients, were retrieved from The UCSC Cancer Genomics Browser (https://genome-cancer.ucsc.edu) and
MEXPRESS (https://mexpress.be/) [13,14].

2.3. Cell culture, infection and transfection

All cell lines were cultured under standard conditions (37 °C, 5% CO2, humidified atmosphere) using their respective recom-
mended media: HEK293T and ACHN in DMEM and 786-0, CaKi-1 and OS-RC-2 in RPMI-1640. All media were supplemented with 10%
FBS and 2 mmol/L r-glutamine.

2.4. Plasmids and stable transfected cells establishment

The FOXI2 cDNA was amplified by PCR using KOD-Plus-Neo and then directionally cloned into the EcoRI and BamHI sites of the
lentiviral vector pCDH-CMV-MCS-copGFP-puro (System Biosciences). HEK293T cells were transfected with the lentiviral construct
along with helper plasmids to generate recombinant lentivirus. Target cells were then infected with the lentivirus, followed by pu-
romycin selection to obtain stable cell lines for further experiments. All cell lines were obtained from the National Collection of
Authenticated Cell Cultures of China. The EZH2 knockout 786-O cell as well as the two shRNA interference plasmids targeting EZH2
were generously provided by Professor Chen Ke from the Department of Urology at Wuhan Tongji Hospital [15].

2.5. Quantitative real-time PCR (qRT-PCR), western blot analysis

To assess the efficiency of FOXI2 overexpression, QqRT-PCR was conducted using SYBR Premix Ex TaqTM (Takara Bio, Dalian,
China), following the manufacturer’s guidelines. The primer sequences for quantitative detection and full-length amplification are
provided in the supplement.

For Western blot analysis, the indicated cells were harvested, and proteins were extracted using NP-40 lysis buffer. Inmunoblot
analysis was performed according to previously described procedures by the research team led by Professor Chen [15]. Primary an-
tibodies against P21, CDK4, CDK6 (dilution 1:1000; CST), EZH2 (dilution 1:2000; Proteintech), Beta Actin (dilution 1:2000; Pro-
teintech), FOXI2 (dilution 1:1000; SANTA CRUZ) and tubulin (dilution 1:1000; Affinity) were used.

2.6. Cell proliferation, and flow cytometric analysis

Cell viability was assessed at 0, 12, 24, 48, and 72 h after stable transfection with the PCDH or FOXI2 overexpression plasmid in
786-0 and ACHN cells using the MTS assay (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay Promega) in accordance
with the manufacturer’s instructions. Each MTS assay was conducted with five replications.

To investigate the impact of FOXI2 overexpression on cell cycle progression, cells were transfected with either a control PCDH
plasmid or a FOXI2 overexpression plasmid. Following transfection, 2 x 10”5 cells per well were seeded in 6-well plates. To synchronize
the cell cycle, they were then subjected to serum starvation for 24 h in serum-free medium. After starvation, fresh growth medium was
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added for 48 h. Subsequently, cells were harvested for cell cycle analysis using propidium iodide (PI) staining with the BD Cycletest
Plus DNA Reagent Kit (125 pg/mL, BD Biosciences, MA, USA). Flow cytometry was performed on a Beckman CytoFLEX system (USA)
to quantify the cell cycle distribution of PCDH and FOXI2-overexpressing cells. This analysis focused on determining and comparing
the percentages of cells in the GO/G1, S, and G2/M phases of the cell cycle between the two groups.

2.7. Methylation status analysis and demethylation assay

Quantitative methylation analysis of the FOXI2 promoter region was conducted using the Sequenom MassARRAY platform
(oebiotech, Shanghai, China), following the manufacturer’s protocol. Detailed information regarding primers and detecting sequences
is provided in the supplementary materials. To ascertain whether FOXI2 expression can be induced following demethylation, four RCC
cell lines, namely CAKI-1, ACHN, 786-0O, and OS-RC-2, were treated with varying concentrations of 5-aza-2-deoxycytidine (5-aza-dC).

2.8. Statistical analysis

Statistical analyses were conducted using R version 3.30. The significance of differences between groups was assessed using either
the student’s t-test or the y2 test, as appropriate. Univariate and multivariate analyses of overall survival (OS) and disease-free survival
(DFS), considering FOXI2 expression, methylation levels at specific FOXI2 sites, and clinicopathological factors, were performed using
the R package "survival" [16].
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Fig. 1. FOXI2 was downregulated and hypermethylated in ccRCC while opposite in chRCC. (A, B) The expression of FOXI2 in ccRCC, chRCC tissues
and their normal counterparts from TCGA Data Portal, ** , P < 0.001. (C) Detailed methylation profile of FOXI2 in tumor and normal tissues in
ccRCC, the black boxes highlight five methylation test probes upstream of the gene.
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3. Results
3.1. FOXI2 downregulation and hypermethylation in ccRCC contrasts with chRCC

The expression and methylation profiles of FOXI2 in ccRCC and chRCC were extracted from The UCSC Cancer Genomics Browser
and MEXPRESS within The Cancer Genome Atlas (TCGA) dataset. Remarkably, FOXI2 exhibited significant downregulation and
pronounced hypermethylation in ccRCC, whereas the opposite trend was observed in chRCC (Fig. 1A-C and Fig. 2A).

Due to the unavailability of matched normal tissues in the HumanMethylation 450 KICH dataset, we couldn’t directly compare
methylation levels between tumor and normal tissues in chRCC. Nevertheless, an observable trend of relatively higher methylation
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Fig. 2. The expression and methylation profile of FOXI2 are correlated with clinical progress in ccRCC. (A)Detailed methylation profile of FOXI2 in
tumor tissues in chRCC from TCGA, the black boxes highlight five methylation test probes upstream of the gene. (B) Relative expression of FOXI2 in
24 pairs of ccRCC tumor tissues and their normal counterparts, relative gene expression was determined using the comparative -delta CT method
(-ACT, FOXI2 minus GAPDH) , **, P < 0.001. (C, D) Kaplan-Meier curves depicting overall survival and disease-free survival of ccRCC patients
stratified by FOXI2 expression levels in TCGA. (E, F, G, H) Kaplan-Meier survival analysis of overall survival according to the represented
methylation state in ccRCC from TCGA.
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levels in tumor tissues of ccRCC patients compared to chRCC patients can be discerned from Fig. 1C and 2A.

Subsequently, we performed RT-qPCR to evaluate FOXI2 expression in 24 paired ccRCC tissues and their corresponding
noncancerous tissues. The results unequivocally revealed decreased FOXI2 mRNA levels in the tumor samples when compared to the
noncancerous tissues (Fig. 2B, P < 0.001).

3.2. Association of FOXI2 expression and methylation with clinical parameters in ccRCC

We obtained FOXI2 expression and methylation data, along with corresponding clinical information from ccRCC patients through
The UCSC Cancer Genomics Browser. FOXI2 expression and methylation levels at several putative promoter region sites (the probes
highlighted in black boxes in Fig. 1C and 2A) were divided into low-expression groups and high-expression based on their respective
median values. Kaplan-Meier analysis and the log-rank test were utilized to evaluate the impact of FOXI2 expression on Overall
Survival (OS) and Disease-Free Survival (DFS) in ccRCC patients. Additionally, we investigated the influence of specific methylation
levels on OS in ccRCC patients. The results revealed that patients with lower FOXI2 expression experienced reduced OS and DFS
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Fig. 3. Overexpression of FOXI2 inhibits cell proliferation, induces cell cycle arrest in vitro (A) GSEA of KEGG_CELL_CYCLE SIGNALIN PATYWAY in
50 samples of the highest FOXI2 expression versus 50 samples with the lowest FOXI2 expression. (B, C) MTS assays revealed cell growth curves of
indicated cells. **, P < 0.001. (D) Flow cytometric analysis showed that FOXI2 overexpression increased the number of cells in the G0/G1 phase and
reduced the number of cells in the S phase, results were the mean + SEM from three independent experiments, P < 0.05. (E) The efficiency of FOXI2
overexpression plasmid in renal cancer cell lines 786-O and ACHN , relative gene expression was determined using the comparative delta-delta CT
method (2°(-AACt)) , ** , P < 0.001. (F) The levels of cell cycle-related proteins were tested by Western blot. The original blots can be found in the
attached file Fig. 3 F. (G) RT-qPCR demonstrated FOXI2 expression in four renal cancer cell lines after treatment with different concentrations of 5-
aza-2-deoxycytidine for 48 h, ** , P < 0.001.
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compared to those with higher FOXI2 expression (Fig. 2C and D). Furthermore, patients with higher methylation levels at several
putative promoter region sites of FOXI2 exhibited a worse prognosis (Fig. 2 F, G, H, I).

Furthermore, we found that FOXI2 expression in ccRCC was correlated with clinical parameters, including histologic grade,
pathologic stage, as well as lymph node status. Lower FOXI2 expression was associated with a higher histologic grade, advanced
pathologic stage, and a higher rate of lymph node positivity. Detailed data are not presented here.

3.3. Overexpression of FOXI2 inhibits cell proliferation and induces cell cycle arrest in vitro

To further investigate the potential function of FOXI2 in ccRCC, we utilized Gene Set Enrichment Analysis (GSEA). We analyzed the
gene expression data from 50 samples with the lowest FOXI2 expression and 50 samples with the highest FOXI2 expression. The GSEA
results revealed significant enrichment of gene sets associated with the cell cycle pathway in samples with low FOXI2 expression.
Moreover, decreased FOXI2 expression was associated with the upregulation of genes involved in the cell cycle, suggesting a pivotal
role for FOXI2 in cell cycle progression (Fig. 3A). We conducted MTS assays, which revealed that FOXI2 overexpression (Fig. 3E)
resulted in decreased proliferation of 786-O and ACHN cells (Fig. 3B and C). Flow cytometric analysis demonstrated that FOXI2
overexpression increased the number of cells in the GO/G1 phase and decreased the number of cells in the S phase (Fig. 3D).

To further elucidate the molecular mechanisms underlying FOXI2-mediated proliferation, we assessed several proteins involved in
cell cycle progression. As illustrated in Fig. 3F, FOXI2 overexpression resulted in the downregulation of CDK6 and CDK4, while
inducing the upregulation of p21. These findings collectively underscore the role of FOXI2 in regulating the cell cycle in ccRCC, with
FOXI2 overexpression promoting cell cycle arrest in 786-O and ACHN cells.
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3.4. Methylation of FOXI2 contributes to reduced expression in ccRCC

We also conducted a restoration experiment for FOXI2 expression using 5-aza-dC treatment. Cells were cultured with or without
10-20 pmol/L of 5-aza-dC for 48 h. The expression of FOXI2 before and after 5-aza-dC treatment was determined via RT-qPCR. Our RT-
gPCR analysis demonstrated a progressive increase in FOXI2 transcript abundance following 5-aza-dC treatment (Fig. 3G).

To investigate whether promoter hypermethylation contributes to the reduced expression of FOXI2 in ccRCC, we quantitatively
examined the promoter methylation status of FOXI2 using the Sequenom MassARRAY platform. CpG islands within the putative FOXI2
promoter were identified through the Methprimer database. Compared to normal tissues, the MassARRAY assay showed higher
methylation levels at several tested sites and a higher average methylation level within the promoter region in six ccRCC tumor tissues
(Fig. 4A and B, with red arrows indicating significantly different methylation levels at CpG sites between the N and T groups, p < 0.05).
Specific sequencing results are provided in the attachment.

3.5. Negative correlation between EZH2 and FOXI2 expression in ccRCC: Implications for FOXI2 epigenetic silencing

Through an analysis of FOXI2 and EZH2 expression in ccRCC and chRCC within the TCGA dataset, we found that FOXI2 and EZH2
expression were negatively correlated in ccRCC. (p < 0.001), while no such correlation was observed in chRCC (Fig. 5B and C). To
delve deeper into the epigenetic regulation of FOXI2, we explored the UCSC Genome Browser, focusing on the methylation status of
FOXI2 and its interaction with the transcription factor EZH2. As illustrated in Fig. 5A, the promoter region of FOXI2 contains abundant
CpG islands, and H3K27Me3 marks were identified in several cell lines, indicative of epigenetic silencing. Furthermore, the ENCODE
Transcription Factor Binding tracks indicated a robust binding affinity between EZH2 and the FOXI2 promoter region in A673,
GM23338, and hepatocyte cells.

To experimentally verify the role of EZH2 in FOXI2 expression, we conducted RT-PCR in EZH2 knockout 786-0O cells and performed
Western blot analysis of EZH2 and FOXI2 expression after EZH2 interference in ACHN and 786-O cell lines. Remarkably, we observed a
notable upregulation of FOXI2 in EZH2 knockout 786-0 cells compared to normal 786-0 cells (Fig. 5D). Furthermore, the expression of
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between the expression of FOXI2 and EZH2 in ccRCC and chRCC in TCGA. (D) Relative expression of FOXI2 was measured by RT-qPCR in 786-O
cells after EZH2 knock out *, P < 0.05. ( E ) Western blot was performed to detect the expression of EZH2 and FOXI2 in 786-O and ACHN cell lines
stably transfected with shNC and shEZH2 interference plasmids, the original blots can be found in the attached file Fig. 5 E.
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FOXI2 was significantly increased in ACHN and 786-O cell lines after EZH2 interference (Fig. 5E).
4. Discussion

Aberrant promoter hypermethylation, particularly affecting tumor suppressor genes, represents a prevalent mechanism for tran-
scriptional silencing in cancer, playing a pivotal role in various malignant diseases [17-19]. Over the past two decades, extensive
research has identified numerous tumor suppressor genes such as APC, APAF1, CDKN2A, and pivotal signaling pathways including the
WNT-B-catenin and SLIT2-ROBO1 pathways, all of which have been found to be dysregulated or silenced through epigenetic
mechanisms, primarily via the methylation of promoter CpG islands in renal cancer [20-23]. Moreover, a comprehensive molecular
characterization of over 500 ccRCC samples and 161 pRCC in TCGA revealed that the overall frequency of promoter DNA hyper-
methylation in these tumors increases with higher stage and grade [24,25].

Our investigation into the gene and methylation profiles of two types of kidney cancer, ccRCC and chRCC, which exhibit distinct
prognoses, revealed striking differences in FOXI2 expression and methylation status. FOXI2 was significantly downregulated and
extensively hypermethylated in ccRCC, whereas its expression in chromophobe cell carcinoma exhibited an opposite pattern, marked
by relatively lower methylation rates at corresponding CpG sites. Furthermore, lower FOXI2 expression was correlated with worse
overall survival, disease-free survival, and higher stage and grade in ccRCC. Notably, the methylation levels at several CpG sites within
the putative promoter region of FOXI2 displayed an inverse correlation with disease prognosis (Fig. 2F, G, H, I). These intriguing
findings prompted us to investigate the potential role of FOXI2 in ccRCC, as well as the mechanisms underlying its regulation. FOXI2 is
a member of the Forkhead box (Fox) protein superfamily, a group of proteins known to function as either tumor suppressors or on-
cogenes [26-28]. Remarkably, prior to this study, FOXI2 had not been subjected to functional investigations in neoplastic diseases,
particularly in renal cell carcinoma.

In this study, we initially investigated the expression of FOXI2 in 24 paired ccRCC tissues and their corresponding adjacent normal
tissues through RT-qPCR and the result is consistent with the expression profiles observed in TCGA data. Subsequently, we conducted
fundamental functional studies within ccRCC cells. Remarkably, we found that FOXI2 overexpression possessed the capability to
inhibit cell growth and induce cell cycle arrest in both 786-O cells and ACHN cells. Furthermore, our Western blot analyses provided
further evidence of FOXI2’s tumor-suppressive role by demonstrating its downregulation of CDK6 and CDK4 expression while upre-
gulating p21 expression. These results underscore the pivotal function of FOXI2 in inhibiting cell proliferation and inducing cell cycle
arrest.

In addition to functional experiments, we utilized Sequenom MassARRAY to analyze the methylation status of FOXI2 promoter
region in six paired ccRCC tissues. Notably, the average methylation level of the promoter region and methylation levels at several CpG
units (highlighted by red arrows) were significantly different in tumor and paired normal tissues, with an overall higher methylation
level in the tumor tissues (Fig. 4A and B). Interestingly, treatment of four ccRCC cell lines with 10-20 pmol/L of 5-aza-dC for 48 h
resulted in a substantial increase in FOXI2 expression (Fig. 3G). This observation supports the hypothesis of epigenetic silencing of
FOXI2 through methylation of promoter CpG islands and encourages further exploration of the potential mechanisms underlying
FOXI2 methylation.

To delve deeper into this mechanism, we examined the relationship between FOXI2 expression and EZH2, a histone methyl-
transferase. We observed an inverse correlation between FOXI2 and EZH2 expression in ccRCC, but not in chRCC (Fig. 5B and C). We
also explored the UCSC genome browser to investigate the potential role of histone modifying factors, such as EZH2, in mediating
H3K27 trimethylation (H3K27me3) and their binding to the FOXI2 promoter. The promoter region of FOXI2 was found to contain
abundant CpG islands, and H3K27me3 marks were detected in several cell lines. Moreover, strong binding capability with EZH2 was
observed in the FOXI2 promoter region in A673, GM23338, and hepatocyte cells, according to ENCODE Transcription Factor Binding
tracks (Fig. 5A). To further corroborate our findings, we examined FOXI2 expression by RT-PCR in EZH2 knockout 786-O cells, which
exhibit weakened histone methyltransferase activity [15]. Interestingly, we observed relatively increased FOXI2 expression in EZH2
knockout 786-0O cells compared to normal 786-0 cells (Fig. 5D). We further performed Western blot analysis to analyze EZH2 and
FOXI2 expression following EZH2 knockdown in both 786-O and ACHN cell lines. Similarly, our results revealed that FOXI2 expression
was significantly upregulated in both cell lines after EZH2 interference (Fig. 5E). This finding lends support to the hypothesis that
EZH2 may be involved in the methylation process of FOXI2. However, further experiments, such as RNA immunoprecipitation (RIP)
and Chromatin Immunoprecipitation Assay, are necessary to confirm this assumption.

5. Conclusions

In summary, our research highlights the differential expression and methylation profiles of FOXI2 in ccRCC and chRCC, which are
correlated with clinical parameters and patient survival in ccRCC. Our study provides the first functional annotation of FOXI2 as a
tumor suppressor gene in ccRCC, demonstrating its ability to inhibit cell growth and induce cell cycle arrest in vitro by regulating cell
cycle-related proteins such as CDK6, CDK4, and p21. Additionally, our findings suggest that EZH2 may play an important role in the
epigenetic silencing of FOXI2 in ccRCC. Therefore, strategies aimed at either specifically reprogramming the FOXI2 promoter or
targeting FOXI2-dependent downstream pathways may represent potent therapeutic approaches that warrant further exploration.
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