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Prognostic value of KLFs family 
genes in renal clear cell carcinoma
MengRu Fu 1,2,4, YuanZhuo Du 2,3,4, Fei Liu 1,2, Jun Xiao 1, Li Zhang 1, Yan Zeng 1, YuJuan Yang 1 & 
Yan Yan 1,2*

Numerous studies have shown that the Krüppel-like factors (KLFs) family of transcription factors 
regulate various eukaryotic physiological processes including the proliferation, differentiation, 
senescence, death, and carcinogenesis of animal cells. In addition, they are involved in the regulation 
of key biological processes such as cell cycle, DNA repair, and immune response. Current studies 
focus on investigating the role of KLFs in normal physiological conditions and the incidence and 
development of diseases. However002C the significance of KLFs family genes in clear cell renal cell 
carcinoma (ccRCC) remains partly understood; therefore, an in-depth investigation of their role and 
clinical value in this cancer is desired. The study aimed to investigate the role of KLF family genes in 
the incidence, development, and prognosis of ccRCC, and to identify the related potential biomarkers 
and therapeutic targets. The expression of KLFs in the RNA sequencing data of 613 ccRCCs from the 
TCGA database was analyzed using R software, and UALCAN and GEPIA assessed the expression of 
KLF genes in ccRCC. Real-time fluorescence quantitative PCR analysis was performed using 10 pairs of 
paired ccRCC sample tissues and renal cancer cell lines from the First Affiliated Hospital of Nanchang 
University. Overall survival (OS), progression-free interval (PFI), and disease-specific survival (DSS) of 
Kidney Clear Cell Carcinoma (KIRC) samples at differential expressions of KLFs in the TCGA database 
were analyzed using the R software, followed by generating a nomogram prediction model. GSCALite 
assessed the interactions of KLF genes with miRNAs and generated network maps. Protein interaction 
network maps of 50 neighboring genes associated with KLF mutations were analyzed using STRING 
with GO and KEGG functional enrichment analyses. The cBioPortal determined the probability of 
KLF gene mutations and their impact on OS and disease-free survival (DFS) in patients with ccRCC. 
Immune cell infiltration of KLFs was analyzed using TIMER. Finally, GSCALite was used to analyze 
the drug sensitivity and associated pathways of action of KLFs. Correlation validation using cellular 
experiments. KLF3/5/9/15 were significantly downregulated in ccRCC tissues, whereas KLF16/17 were 
upregulated compared with the adjacent tissues. Patients with high mRNA levels of KLF16/17 showed 
significantly lower OS, PFI, and DSS, whereas KLF3/5/9 showed a reverse trend. In patients with 
ccRCC, a significant correlation was observed between KLF mutations and OS and DSS. Furthermore, 
the correlation of KLF3/5/9 with immune cell infiltration was stronger than that of KLF15/16, while 
KLF17 was significantly associated with the Epithelial-Mesenchymal Transition (EMT) pathway. 
Overexpression of KLF5 inhibits the proliferative and migratory capacity of renal cancer cells (786-O 
and OS-RC-2), as well as their sensitivity to relevant small molecule drugs. Our research revealed 
the expression levels and biological significance of KLF genes in ccRCC, particularly highlighting 
the potential of KLF5 as a promising biomarker and therapeutic target for effective prognosis and 
diagnosis of ccRCC.
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The underlying mechanisms for the development of clear cell renal cell carcinoma (ccRCC), particularly the 
incidence and progression, remain poorly understood. ccRCC is one of the prevalent causes of cancer-related 
deaths  globally1. According to global cancer research, a total of 371,700 cases of kidney cancer were reported 
worldwide in the year 2019, with an age-standardized incidence rate (ASIR) of 4.6 per 100,0002. Moreover, the 
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global incidence of kidney cancer increased by 154.78% compared with that in the year 1990. During these three 
decades, the age-standardized mortality rate (ASMR) was persistently  high3, with ccRCC being the most preva-
lent  form4. Although a majority of the patients with ccRCC undergo surgery, local spread or distant metastasis 
occurs in approximately 30%, thereby reducing the overall 5-year survival rate to approximately 58%5. Early 
diagnosis and prompt treatment are effective in treating ccRCC. Therefore, the identification of more precise 
biomarkers and therapeutic targets for ccRCC is urgently required.

Recently, the role of Krüppel-like factors (KLFs) family genes in ccRCC has been widely investigated. KLFs are 
a class of zinc finger-containing transcription factors that are crucial in regulating various biological processes, 
including cell proliferation, differentiation, and  survival6. KLFs promote or inhibit the expression of target genes 
by binding to specific DNA sequences. Particularly in ccRCC, the expression of several KLF family genes is associ-
ated with the occurrence, development, invasion, and prognosis of the  tumor7. For example, KLF6, an important 
member of the KLF family, has a potential oncogenic role in tumorigenesis and progression. In patients with 
ccRCC, a downregulated expression of KLF6 was associated with poor  prognosis8. Similarly, KLF4 is crucial in 
the normal functioning of renal cells and is associated with the progression of ccRCC; therefore, it may serve 
as a potential therapeutic target. Nevertheless, in vitro and in vivo studies have reported that overexpression of 
KLF4 inhibits the proliferation of renal cancer cells and induces apoptosis, highlighting its potential application 
in anti-tumor  therapy9.

Recent research has also revealed the role of KLFs in regulating the immune response and inflammatory 
reactions, particularly those crucial in the microenvironmental regulation of ccRCC. Reportedly, KLF2 and 
KLF4 influence the tumor microenvironment and associated immune  cells10. In addition, the role of KLFs in 
metabolic alterations of renal cancer cells has presented potential signs for developing novel metabolic interven-
tion  strategies11. Owing to their multifaceted roles in the pathophysiology of renal cell carcinoma, KLFs could 
serve as valuable targets in future therapeutic strategies.

Materials and methods
Patients and tumor samples
We analyzed the mRNA expression of KLFs using R software (“stats” and “ggplot2” packages) on 613 RNAseq 
results obtained from the public TCGA database (https:// portal. gdc. cancer. gov), including 541 ccRCC sample-
sand 72 adjacent tissue samples followed by data visualization. Simultaneously, 10 pairs of ccRCC and adjacent 
tissue samples were collected at the Department of Urology, the First Affiliated Hospital of Nanchang University 
between February 2021 and December 2022. Ethics approval was obtained from the Ethics Committee of the 
First Affiliated Hospital of Nanchang University, reference number: (2022) CDYFYYLK (10–011). All methods 
were performed in accordance with the relevant guidelines and regulations, and written informed consent was 
obtained from all subjects. These tissue specimens were confirmed as ccRCC by 2–3 pathologists and stored in 
liquid nitrogen for further use. Total RNA extraction from the tissues utilized the “Trizol” method, followed 
by reverse transcription using the  EasyScript® All-in-One First-Strand cDNA Synthesis SuperMix for qPCR kit. 
Real-time fluorescence quantitative PCR (qRT-PCR) utilized the  PerfectStart® Green qPCR SuperMix (+ Dye 
I) kit. The mRNA expression of KLF genes in ccRCC and adjacent tissues was performed thrice for validation.

Cell lines and cell culture
The six cell lines used in the present study (HK-2, A-498, ACHN, OS-RC-2, 786-O, and Caki-1) were obtained 
from ATCC. Following the RNA extraction and reverse transcription, qRT-PCR was performed, as mentioned 
above. Subsequently, the mRNA expression levels of KLFs were validated in both HK-2 (human renal cortical 
proximal tubular epithelial cells) and human renal cancer cell lines.

RNA and real-time fluorescent quantitative PCR
The total RNA from tissues and cell lines was dissolved in RNase-free water, and the concentration was adjusted 
to approximately 500 ng/μl. The primer sequences utilized for KLFs (Table 1) were provided by ShangHai Sangon 

Table 1.  Primer sequence

Target gene Primer sequence

KLF3
F：CTC ATG GTC TCC TTA TCG GAGG 

R：TGT CCT CTG TGG TTC GAT CCCA 

KLF5
F：GGA GAA ACG ACG CAT CCA CTAC 

R：GAA CCT CCA GTC GCA GCC TTC 

KLF9
F：CTA CAG TGG CTG TGG GAA AGTC 

R：CTC GTC TGA GCG GGA GAA CTTT 

KLF15
F：GTG AGA AGC CCT TCG CCT GCA 

R：ACA GGA CAC TGG TAC GGC TTCA 

KLF16
F：TGA CTG CGC CAA AGC CTA CTACA 

R：CCT GCC AGT CAC AAG CAA AAGG 

KLF17
F：GCC TTA CTG CTG CAA CTA CGAG 

R：GTC GTC TAA GCT CAT CAG AACGG 

https://portal.gdc.cancer.gov
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Biotech, with β-actin as an internal reference. The average amplification CT values and corresponding dissolution 
curves of three replicates were obtained to calculate the expression of respective members of KLFs.

Introduction and application of relevant online databases
GEPIA
The GEPIA database (http:// gepia. cancer- pku. cn/) was employed to analyze the RNA sequencing data from 
TCGA and GTEx databases. The database compiles data from 9,736 tumor tissue and 8,587 normal tissue sam-
ples, and the project is technically supported by the Advanced Innovation Center for Genomics at Peking Univer-
sity. We utilized this database for the comparative analyses of the correlation of KLFs at various stages of ccRCC.

UALCAN
UALCAN (http:// ualcan. path. uab. edu/ index. html) includes post-methylation and differential expression data 
of KLFs in ccRCC and adjacent tissues. This database analyzes data from TCGA, MET500, CPTAC, and CBTTC 
databases, and provides the expression profiles of protein-coding, lincRNA-coding, and miRNA-coding genes 
with patient survival information. In addition, it presents data analyses from the Clinical Proteomic Tumor 
Analysis Consortium, including total and phosphorylated protein data. We utilized this database for the analysis 
of KLFs’ methylation levels, status of lymph node metastasis, and expression in ccRCC subtypes and grades.

cBioPortal
cBioPortal (https:// www. cbiop ortal. org/) offers online visualization tools for the analysis of cancer-related genetic 
data and to identify molecular data based on cancer histological and cytological studies. It compiles data from 
the TCGA, GDAC, UCSC, and others, to provide information on network connections and interactions between 
cancer mutations. We employed this database to analyze the probability, patterns, and potential sites of mutations 
in KLFs. In addition, we examined the effect of such mutations on the overall and disease-specific survival (DSS) 
before and after the mutation. Subsequently, 50 genes were identified as most relevant to the KLF mutations.

GSCALite
GSCALite is an online analytical tool developed by Professor Guo Anyuan’s team at Huazhong University of 
Science and Technology, which provides data on differential expression, methylation, and survival analysis. We 
used this tool to identify miRNA molecules associated with KLFs and to create a network diagram. Additionally, 
we integrated drug sensitivity and gene expression profile data from cancer cell lines in the CTRP database to 
study the drug sensitivity of KLFs. Spearman’s coefficient was used to correlate the expression of each gene in the 
gene set with small molecule/drug sensitivity (IC50). KLF17 could not be analyzed due to its unavailability in 
the CTRP database. Finally, pathway activity modules were used to analyze KLFs-related pathways and generate 
a visual representation of the global percentage.

STRING
Designated as a core data resource by ELIXIR and the Global Alliance for Genomics and Health, STRING 
(https:// string- db. org/) comprises a comprehensive collection of known and predicted protein/gene interac-
tions, and is capable of generating interaction network diagrams for known genes or proteins. We utilized this 
database to analyze the 50 genes associated with KLF mutations and to generate an interaction network diagram.

TISCH
Tumor Immune Single-cell Hub (TISCH, http:// tisch1. comp- genom ics. org) is a scRNA-seq database designed 
to characterize the tumor microenvironment (TME) at single-cell resolution. TISCH provides detailed cell 
type annotations at the single-cell level, thus enabling the exploration of TME in different cancer types. TISCH 
provides detailed cell type annotations at the single-cell level, enabling the exploration of the TME in different 
cancer types, and its data are mainly derived from the GEO database.

TIMER
TIMER (https:// cistr ome. shiny apps. io/ timer/) is designed to identify the immune cell infiltration in tumor tis-
sues. Based on the RNA-Seq expression profile, it provides comprehensive information on the infiltration of B 
cells, CD8 + T cells, CD4 + T cells, macrophages, neutrophils, and dendritic cells. We utilized this tool to analyze 
the relationship between KLs expression levels, overall immune infiltration, and levels of the six immune cell 
types. Additionally, we examined the levels of infiltration in the somatic cells expressing KLFs.

Statistical analysis
Data analysis utilized SPSS 26.1 and R 4.1.3 software. Continuous variables were represented as mean and stand-
ard deviation, whereas percentage (%) was used for categorical variables. Further, Wilcoxon signed-rank and 
rank-sum tests were utilized for comparing the paired and unpaired samples, respectively.

Ethical approval
Our research protocol was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang 
University. Ethics number: (2022) CDYFYYLK (10–011). Data were retrieved from online databases, and tissue 
samples were collected from patients who had given permission for their samples to be used in research and 
admitted to the Department of Urology in hospital.

http://gepia.cancer-pku.cn/
http://ualcan.path.uab.edu/index.html
https://www.cbioportal.org/
https://string-db.org/
http://tisch1.comp-genomics.org
https://cistrome.shinyapps.io/timer/
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Results
mRNA expression levels of KLFs in tumor and adjacent tissues
We analyzed the expression of KLFs in TCGA ccRCC and adjacenttissue samples followed by data visualiza-
tion using R (by “stats” and “ggplot2” packages, respectively; Fig. 1A and B for non-paired and paired samples, 
respectively). Notably, the expressions of KLF1/6/7/8/14/16 were significantly higher in all the specimens of 
tumor compared with the adjacent tissue samples (p < 0.001). Conversely, the expressions of KLF5/9/15 were 

Figure 1.  Differential expressions of KLFs in tumor and adjacent tissues in TCGA: (A) Non-paired samples; 
(B) Paired samples. Differential expression of KLF3/5 in 10 pairs of tumor and adjacent tissues (C, E) and cell 
lines (D, F).
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significantly lower in tumor samples relative to the adjacent tissues (p < 0.001). Similarly, for non-paired samples, 
the expressions of KLF3 and KLF17 were significantly downregulated (p < 0.001) and upregulated (p < 0.05), 
respectively, in tumors compared with the adjacent tissue samples.

Subsequently, the qPCR results of 10 pairs of renal cancer and adjacent tissues revealed significant differ-
ences in the expression of KLFs. While KLF3/5/9/15 were downregulated in the renal cancer tissues (Figs. 1C,E 
and 2A,C), the expression of KLF16 was upregulated (Fig. 2E) and that of KLF17 remained unaltered (Fig. 2G). 

Figure 2.  Expression of KLFs in ccRCC tissue samples and renal cancer cell lines: (A–G) ccRCC tissue samples; 
(B–H) Renal cancer cell lines.
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Moreover, the expressions of KLF3/5/9/15 were downregulated in the majority of the renal cancer cell lines 
(Figs. 1D,F and 2B,D), while the expression of KLF16/17 in various cell lines varied non-significantly (Fig. 2F,H).

Clinical relevance of members of KLFs
Furthermore, we analyzed the expression of KLFs in patients with ccRCC based on TCGA data to assess their 
prognostic value and to generate the Kaplan–Meier survival curves (Fig. 3A–L). Lower mRNA levels of KLF3 

Figure 3.  Correlation between expression levels of KLF3/5/9/15 and the prognosis of ccRCC patients: (A, D, 
G, J) Overall Survival (OS); (B, E, H, K) Disease-Specific Survival (DSS); (C, F, I, L) Progression-Free Interval 
(PFI).
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(HR = 0.66, 95% CI 0.48–0.89 and p = 0.006), KLF5 (HR = 0.63, 95% CI 0.46–0.85 and p = 0.003), KLF9 (HR = 0.47, 
95% CI 0.34–0.64 and p < 0.001), and KLF15 (HR = 0.67, 95% CI 0.49–0.90 and p = 0.009) were associated with 
poor overall survival (OS) in patients with ccRCC (Fig. 3A,D,G,J). Similarly, lower mRNA levels of KLF3 
(HR = 0.50, 95% CI 0.33–0.74 and p < 0.001), KLF5 (HR = 0.65, 95% CI 0.44–0.95 and p = 0.025), KLF9 (HR = 0.38, 
95% CI 0.25–0.57 and p < 0.001), and KLF15 (HR = 0.57, 95% CI 0.39–0.84 and p = 0.005) were associated with a 
shorter DSS (Fig. 3B,E,H,K), whereas lower mRNA levels of KLF3 (HR = 0.59, 95% CI 0.43–0.81 and p = 0.001), 
KLF5 (HR = 0.57, 95% CI 0.41–0.78 and p < 0.001), and KLF9 (HR = 0.45, 95% CI 0.33–0.63 and p < 0.001) were 
significantly correlated with a shorter progression-free interval (PFI; Fig. 3C,F,d,I). In contrast, upregulated 
expressions of KLF16 (HR = 1.52, 95% CI 1.12–2.06 and p = 0.007) and KLF17 (HR = 1.72, 95% CI 1.27–2.33 and 
p < 0.001) were associated with a poor OS (Fig. 4A,D). Similarly, higher mRNA levels of KLF16 (HR = 1.75, 95% 
CI 1.19–2.59 and p = 0.005) and KLF17 (HR = 1.82, 95% CI 1.23–2.68 and p = 0.003) were associated with a poor 
DSS (Fig. 4B,E). Moreover, higher mRNA levels of KLF16 (HR = 1.57, 95% CI 1.14–2.15 and p = 0.006) and KLF17 
(HR = 1.39, 95% CI 1.02–1.90 and p = 0.039) were associated with a shorter PFI (Fig. 4C,F). Collectively, these 
results suggested a significant correlation between the expression of KLF3/5/9/15/16/17 genes and the prognosis 
of ccRCC, making them potential biomarkers for predicting the survival probability of patients with ccRCC.

Next, we analyzed the correlation between the mRNA levels of KLFs and clinical-pathological features (indi-
vidual pathological staging). As shown in Fig. 4G–L, expression of KLF16 was not significantly correlated with the 
pathological stages of ccRCC (p > 0.05). However, the expression of KLF3/5/9/15 decreased with the advancing 
pathological stages of ccRCC (p < 0.001). Conversely, the expression of KLF17 increased with the higher patho-
logical stage of ccRCC (p < 0.001). These results suggested the potential of KLF3/5/9/15 as tumor-suppressing 
and KLF17 as tumor-promoting genes in ccRCC.

Subsequently, the methylation levels of KLFs mRNA, lymph node metastasis, and expression in different 
tumor subtypes and grades were evaluated by using the UALCAN database. As shown in Fig. 5A–F, the methyla-
tion levels of KLF3/5/15 were significantly higher in ccRCC than in adjacent tissues (p < 0.001), whereas those 
of KLF16/17 were significantly lower (p < 0.001). In Fig. 5J–L, compared with the adjacent tissues, expressions 
of KLF3/5/9/15 were decreased in ccRCC tissues with increased lymph node metastasis. Moreover, in differ-
ent ccRCC subtypes, KLF3/5/9/15 were significantly downregulated (Fig. 6A–F), while KLF16/17 were signifi-
cantly upregulated in ccRCC. In addition, the levels of KLF3/9/15/17 varied significantly in different subtypes 
(p < 0.001). Increased tumor grades were accompanied by decreased levels of KLF3/5/9/15 (Fig. 6G–L) and 
increased levels of KLF16. These results further suggested the potential roles of KLF3/5/9/15 and KLF16/17 as 
tumor-suppressing and tumor-promoting genes, respectively, in ccRCC.

Combined analysis of differential expression of the KLF genes and tumor grading predicted the survival time 
of patients with ccRCC. Results revealed that lower expression of KLF3/5/9/15 and higher expression of KLF16/17 
were significantly correlated with a decreased survival period (Fig. 7A–D, P < 0.001).

Development and validation of a prognostic model for column-line diagrams
After selecting independent prognostic factors including age, pathological M stage, and KLF5 through Cox 
regression analysis, we constructed a forest plot prognostic model (Fig. 8A). The AUC values for the ROC curves 
at 1, 3, and 5 years were 0.89 (0.95–0.83), 0.82 (0.88–0.75), and 0.82 (0.88–0.75), respectively (Fig. 8B). The cali-
bration curves of the prediction model confirmed a better fit of the curves for 1, 3, and 5 years with the diagonal 
line (Fig. 8C), indicating a high accuracy of the prediction model. Further validation using an external database 
(E-MTAB-1980)12 was satisfactory (Fig. 8D–E). The proportional hazards assumption test for the constructed 
model was performed followed by visualization using R (“ggplot2” package). Results suggested that the model 
met the proportional hazards assumption (Supplementary Fig. 1A,B).

Neighboring genes associated with KLF mutations
GSCALite generated a network diagram showing the interactions between KLF3/5/9/15 and numerous miRNAs 
(Fig. 9A). Additionally, the cBioPortal identified 50 adjacent genes associated with KLF mutations and cre-
ated a corresponding protein interaction network using the STRING tool (Fig. 9B). Subsequently, R software 
(“ggplot2” package) was employed to perform KEGG and GO functional enrichment analyses for KLFs and the 
50 adjacent genes (Fig. 9C). Biological processes (BP) included genes for acyl-CoA biosynthesis (GO:0,071,616), 
thioester biosynthesis (GO:0,035,384), acetyl-CoA metabolism (GO:0,006,084), and acetyl-CoA biosynthesis 
(GO:0,006,085). In addition, cellular components (CC) included GO:0,007,044 (cell-substrate junction compo-
nent), GO:0,048,041 (focal adhesion component), GO:0,035,579 (specific granule membrane), and GO:1,905,286 
(serine-type peptidase complex). Moreover, KEGG pathways included hsa05202 (transcriptional misregulation 
in cancer) and hsa00410 (butanoate metabolism). Notably, these processes are associated with KLF mutations 
in ccRCC.

Single-cell analysis of the KLFs family in ccRCC 
The selected single-cell analysis dataset (KIRC_GSE121636) contained a significant number of CD4Tconv cells 
(Fig. 10A). While a majority of the immune cells expressed KLF3/9 genes, a relatively higher distribution was 
observed for CD4 Tconv cells, CD8 T cells, and NK cells (Fig. 10B,C,E). Conversely, cells expressing KLF5/9 
genes were less prevalent (Fig. 10D,F).

Association of KLF gene mutations with OS and PFS
We employed cBioPortal to assess the correlation of mutations in KLFs with OS and PFS in patients with ccRCC. 
Figure 11A shows the genetic alterations in KLFs associated with ccRCC. The KM curves showed that the KLF 
mutations were significantly related to shorter OS (Fig. 11C, P = 4.415e−3) and DFS (Fig. 11C, P = 3.571e−3) in 
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patients with ccRCC. Consequently, mutations in KLFs may significantly affect the patient survival prognosis 
of ccRCC.

Association of immune cell infiltration with the KLFs in ccRCC 
The TIMER database evaluated the correlation between immune cell infiltration and KLF gene expression. As 
shown in Fig. 12A–F, infiltration of B cells, CD8 + T cells, CD4 + T cells, macrophages, neutrophils, and dendritic 
cells positively correlated with the KLF3/5 expression. Similarly, KLF9 expression positively correlated with the 

Figure 4.  Correlation between expression levels of KLF16/17 and the prognosis of ccRCC patients: (A, D) 
Overall Survival (OS); (B, E) Disease-Specific Survival (DSS); (C, F) Progression-Free Interval (PFI). (E–H) 
Correlation between expression levels of KLFs and pathological stages of ccRCC.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20204  | https://doi.org/10.1038/s41598-024-69892-5

www.nature.com/scientificreports/

infiltration of CD8 + T cells, CD4 + T cells, macrophages, neutrophils, and dendritic cells, and KLF15 expression 
positively correlated with the infiltration of CD4 + T cells, neutrophils, and dendritic cells. Conversely, expres-
sion of KLF16 negatively correlated with the infiltration of B cells, CD4 + T cells, and dendritic cells. Similarly, 
KLF17 expression negatively correlated with the infiltration of CD4 + T cells, macrophages, neutrophils, and 
dendritic cells.

Drug sensitivity and related pathways of action in members of KLFs
We employed GSCALite (A total of 481 molecules selected from the CTRP database) to analyze the drug sensi-
tivity of KLFs. Spearman’s coefficient analyzed the correlation between the individual expression of KLF genes 
and their sensitivity to small molecules. Since the drug sensitivity data for KLF17 was not available in the CTRP 
database, the respective results were not displayed. The results (Fig. 13A) revealed that the expression of KLF3/5 
was positively correlated with the small molecules/drugs, suggesting that a higher expression of KLF3/5 was 
associated with a greater resistance to these drugs. Conversely, the expression of KLF15/16 was negatively corre-
lated with small molecules/drugs, suggesting that a higher expression of KLF15/16 was associated with increased 
sensitivity. However, the association of KLF9 with drug resistance was non-significant.

Figure 5.  Methylation levels of KLF genes in ccRCC (A–F). Differential expressions of KLF genes in ccRCC 
lymph node metastasis:(G–L).
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We utilized the pathway activity module in GSCALite to analyze the relevant pathways of KLFs (Fig. 13B). 
While KLF3 was associated with the Receptor Tyrosine Kinase (RTK) pathway, KLF9 was involved in the DNA 
Damage Response pathway, KLF15 in the Hormone ER pathway, KLF16 in the RTK pathway, and KLF5 and 
KLF17 influenced the Epithelial-Mesenchymal Transition (EMT) pathway.

Cellular experiments verified the phenotypic changes of renal cancer cells after overexpres-
sion of KLF5
After overexpression of the KLF5 gene in renal cancer cells 786-O and OS-RC-2, both cells had reduced value-
adding (Fig. 14A) and migration abilities (Fig. 14B) and were more sensitive to small molecule drug inhibitors, 
such as our predicted inhibitor of CCT036477 (Fig. 14C).

Figure 6.  Differential mRNA expression of KLF genes in ccRCC subtypes (A–F). Differential mRNA 
expression of KLF genes in different grades of ccRCC (G–L).
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Discussion
The KLF family comprises 18 members (KLF1–KLF18) and represents a subfamily of mammalian Sp/KLF zinc-
finger proteins. They play crucial roles in transcription through the interactions of their highly conserved DNA-
binding domains (DBD) or C-terminal regions with the G/C and CACCC boxes of the target  genes13. KLFs are 
involved in tumor cell proliferation, invasion, and metastasis by serving as transcriptional activators or repressors, 
depending on the type of regulatory proteins they  bind14. The KLF family proteins are associated with the forma-
tion of fat tissue and muscles, nervous system development, tumor formation, cellular and tissue metabolism, 
and supporting damage repair at cellular, tissue, and systemic  levels15,16. Each KLF gene has a unique structure 
and is specifically expressed and regulated in different tissues, times, and  environments17. While the role of 
some of the KLF genes has been reported in ccRCC, the impact of expression on ccRCC remains  unclear18. The 
present study investigated the effects of mRNA expression, methylation, protein expression, gene mutation, and 
immune infiltration of KFLs on ccRCC.

Figure 7.  Impact of mRNA levels of KLF genes on the survival of patients with ccRCC based on tumor grading.
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Under normal physiological conditions, KLF3 acts as a transcriptional repressor and is involved in various 
cellular processes, including adipocyte  differentiation19, epidermal  differentiation20, erythropoiesis, and B-cell 
 development21. Previous studies suggest that KLF3 is primarily expressed in CD4Tconv, CD8T, monocytes/mac-
rophages, endothelial, and malignant cells in most tumor  microenvironments22. KLF3 is aberrantly expressed 
in various diseases and is involved in related pathways. Therefore, its study would contribute to an in-depth 
understanding of the pathogenesis of these diseases and will provide new insights and avenues for the treatment 
of related diseases. In the present study, patients with differential expressions of KLF3 exhibited significantly 

Figure 8.  Nomogram line chart prognostic model (A). ROC curves (Receiver Operating Characteristic) for the 
training set (B) and calibration curves (C). ROC curves for the validation set (D) and calibration curves (E).
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different survival periods. Specifically, those with a decreased expression showed significantly decreased OS, 
PFS, and DSS, suggesting its tumor-suppressing role. Additionally, a similar effect of KLF3 was evident in the 
subgroup analysis of ccRCC. Moreover, Our study suggests KLF3 was associated with a higher immune cell 
infiltration. Studies have shown that KLF3 expression is closely related to the infiltration of CD4 + T cells, 
CD8 + T cells, neutrophils, myeloid dendritic cells, mononuclear/macrophages, and endothelial cells in the 

Figure 9.  Network diagram of interactions between KLFs and miRNAs (A). Protein–protein interaction (PPI) 
network of 50 adjacent genes associated with KLF mutations (B); Functional analysis of Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (C).



14

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20204  | https://doi.org/10.1038/s41598-024-69892-5

www.nature.com/scientificreports/

tumor microenvironment. It is suggested that KLF3 plays an important role in the tumor  microenvironment22. 
Therefore, it can be a potential diagnostic target for ccRCC in future studies.

Studies also suggest the ability of KLF5 to modulate the tumor  microenvironment23. KLF5 regulates the 
expression of various target genes and participates in cellular functions, including stemness, proliferation, apop-
tosis, autophagy, and  migration24. It is an essential transcription factor in cardiovascular remodeling, thereby 
serving as a potential therapeutic  target25. In our study, KLF5 was expressed at lower levels in paired and unpaired 
ccRCC tissue samples collected from the TCGA database. Similarly, it was downregulated in renal cancer cell 

Figure 10.  Proportion distribution of single-cell data from KIRC_GSE121636 (A). Cellular type distribution in 
KIRC_GSE121636 (B). Cellular distribution of KLF3 (C), KLF5 (D), KLF9 (E), and KLF16 (F).
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lines. Moreover, our results confirmed a downregulated KFL5 expression in ccRCC tissue compared with the 
adjacent tissues. Elevated levels of KFL5 were associated with longer OS, DSS, and PFI in ccRCC, suggesting 
its role as a tumor suppressor. Additionally, our results revealed a positive correlation between KLF5 expres-
sion and immune cell infiltration in ccRCC, suggesting its role in regulating tumor immunity. The potential of 
immune cells in regulating tumor growth is well-established, and immune cell infiltration around tumors is 
highly significant. Reports suggest that KLF5 inactivation delays the growth of basal-like breast tumors in a CD8 
T cell-dependent  manner26. Knocking down KLF5 can make tumors sensitive to PD-1 blocking by increasing 
 CD4+ and  CD8+T cells while reducing bone marrow-derived  cells27. Collectively, these findings suggest KLF5 
as a promising prognostic and therapeutic target for patients with ccRCC.

KLF9 is involved in transcriptional regulation and plays a crucial role in various cellular processes such as pro-
liferation, differentiation, and the development of tissues and  organs28. KLF9 is downregulated in various tumor 
tissues and cancer cells, thereby regulating cancer cell proliferation and  apoptosis29. According to a study, KLF9 
also participates in tumor cell invasion and  metastasis30. Our results also reported downregulated levels of KLF9 
in non-paired and paired tumor tissues. Moreover, patients with high KLF9 mRNA expression showed a signifi-
cantly increased OS, PFS, and DSS. Additionally, its expression decreased with an increase in the tumor grade.

KLF15 plays a crucial role in various biological processes, including the regulation of lipid metabolism, plasma 
corticosteroid transport, inflammatory  responses31, and inhibition of cardiac  hypertrophy32. Our results reported 
downregulated expression of KLF15 in both non-paired and paired tumor tissues and increased OS and DSS 
with increased KLF15 mRNA levels. This demonstrates the anti-cancer effects of KLF15 and its potential as a 
discriminatory factor for malignant tumors in ccRCC based on its relative expression levels.

KLF16 regulates the dopaminergic transmission, metabolism, and related endocrinology. Recent studies 
have shown the involvement of KLF16 in various disease mechanisms, including insulin resistance and hepatic 
 steatosis33, oxidative stress, and  inflammation34. In our study, the mRNA levels of KLF16 were upregulated in 
non-paired and paired tumor tissues. Furthermore, an upregulated expression of KLF16 was associated with 
increased OS, DSS, and PFI. Consequently, KLF16 has a significant oncogenic role, and its relative expression 
levels can be used to identify ccRCC.

Furthermore, research suggests that KLF17 is commonly downregulated in various cancer types, includ-
ing colorectal, breast, lung, esophageal, hepatocellular, and gastric  cancers35–40. Our study results revealed an 
upregulated KLF17 expression in the non-paired tumor tissues. In addition, it was associated with increased OS, 
DSS, and PFI, contrary to the findings observed in the aforementioned cancers.

Conclusion
We propose that the KLF family genes, especially KLF5, hold significant potential as prospective biomarkers and 
therapeutic targets for ccRCC, providing crucial implications for the diagnosis and prognosis of this disease.

Figure 11.  KLF mutations in ccRCC (A). Kaplan–Meier plots for overall survival (B) and progression-free 
survival (C) in ccRCC patients with or without KLF mutations.
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Figure 12.  Correlation between KLF genes and immune cell infiltration (A–F).
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Figure 13.  Drug sensitivity analysis of KLFs (CTRP) (A). Pathway analysis of KLFs (B).
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Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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