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Abstract
SLFN11 is abnormally expressed and associated with survival outcomes in various human cancers. However, the role of 
SLFN11 in clear cell renal cell carcinoma (ccRCC) remains unclear. This study aimed to investigate the clinical value and 
potential functions of SLFN11 in ccRCC. Comprehensive bioinformatics analyses were performed using online databases. 
Quantitative real-time PCR (qPCR) and western blotting were used to validate the expression data. CCK8, flow cytometry 
analysis, and EdU staining were performed to determine the level of cell proliferation. Flow cytometry analysis was also used 
to detect cell apoptosis. Wound-healing assay and Transwell assays were performed to assess cell migration and invasion 
capability, respectively. SLFN11 was overexpressed and was an independent prognostic factor in ccRCC. SLFN11 knockdown 
inhibited cell proliferation, migration, and invasion and promoted apoptosis. Functional and pathway enrichment analyses 
suggested that SLFN11 may have an impact on tumorigenesis in ccRCC through regulation of the inflammatory response, 
the PI3K/AKT signaling pathway and other effectors. Furthermore, SLFN11 knockdown inhibited the phosphorylation of 
the PI3K/AKT signaling pathway and could be activated by 740 Y-P. Finally, we demonstrated that miR-183 may specifically 
target SLFN11, and miR-183 expression was correlated with predicted survival. SLFN11 may play a critical role in ccRCC 
progression and may serve as a novel prognostic biomarker in ccRCC.
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Introduction

Renal cell carcinoma (RCC) is the most lethal urological 
malignancy that arises from renal tubular epithelial cells, 
accounting for approximately 90% of renal malignancies and 
3% of adult malignancies [1–3]. While RCC encompasses 
various histological subtypes, clear cell renal cell carcinoma 
(ccRCC) is the most frequent subtype, being responsible 
for approximately 75% of all diagnosed cases of RCC and 
accounting for approximately 90% of renal malignancies 
and up to 4% of all newly diagnosed cancer cases in 2018 
worldwide [4, 5]. RCC may develop without typical symp-
toms, making clinical diagnosis and effective treatment 
exceptionally challenging, particularly in the early stages 
[6]. Currently, surgical resection is the mainstay of treat-
ment for patients with RCC. RCC can be surgically removed 
in most patients. However, the high rate of local or distant 
metastasis can lead to a dismal prognosis with short survival 
times in RCC patients [7, 8]. Therefore, accurate diagnosis 
and prompt commencement of therapy are of significant 
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value to improve outcomes for patients with renal clear cell 
carcinoma.

The pathogenesis of ccRCC is a complex process consist-
ing of diverse molecular and cellular events and is controlled 
by complex signaling pathways. Currently, the development 
and progression of ccRCC are not fully understood and the 
underlying mechanism has not been clarified. To this end, 
high-throughput analyses have been performed under a vari-
ety of conditions, which may revolutionize our understand-
ing of RCC [9–12]. By comparing the expression profiles 
in tumor tissues and adjacent nontumor tissues, distinct 
gene expression patterns, including up-or down-egulation 
of mRNAs and noncoding RNAs (e.g., miRNAs and lncR-
NAs) were found to be related to prognosis for patients with 
ccRCC. However, despite the unmet need to provide timely 
targeting therapy, no major improvements in the diagnosis 
of ccRCC have been implemented in the clinic. Thus, the 
identification of potential biomarkers for preliminary screen-
ing and prognosis is urgently needed.

Schlafen 11 (SLFN11) belongs to the group 3 Schlafen 
family and it halts the cell cycle progression when it expres-
sion results in the accumulation of DNA damage and rep-
lication stress [13]. SLFN11 is abnormally expressed in a 
variety of malignancies and is associated with prognosis in 
human cancers [14–16]. In recent years, SLFN11 was found 
to be associated with alterations in sensitivity to anticancer 
drugs. Junya et al. found that SLFN11 was a crucial factor 
in the anticancer activity of trabectedin in human sarcoma 
cells [17]. Moreover, SLFN11 was identified as a predic-
tive biomarker of sensitivity to poly (ADP-ribose) poly-
merase (PARP) inhibitors in small-cell lung cancer, and to 
platinum-based chemotherapy in prostate cancer [18, 19]. 
SLFN11 is also significantly overexpressed in ccRCC tis-
sues and cell lines [20]. However, the underlying role and 
mechanism of SLFN11 in the development and progression 
of ccRCC remain unclear. A previous study showed that 
changes in the DNA damage response (DDR) pathways were 
associated with the increased recurrence of locally advanced 
ccRCC [21]. Moreover, it has been shown that the sensitiv-
ity of cancer cells to DNA-damaging agents (DDAs) could 
be enhanced by SLFN11 in lung, colorectal, and ovarian 
cancers, and high SLFN11 expression was positively cor-
related with tumor-free survival in ovarian and colorectal 
cancer patients [14, 22, 23]. Therefore, we hypothesized that 
SLFN11 may be involved in ccRCC pathogenesis.

In this paper, we sought to investigate the role of SLFN11 
and its potential as a diagnostic and prognostic biomarker 
in ccRCC. We first compared the expression of the SLFN11 
gene in ccRCC and normal renal tissues using data retrieved 
from the Gene Expression Omnibus (GEO) and The Can-
cer Genome Atlas (TCGA) databases and analyzed the cor-
relation between SLFN11 expression and overall survival 
(OS) rates. We also performed Cox regression analysis to 

define the prognostic role of SLFN11 in ccRCC. According 
to our findings, SLFN11 significantly inhibited ccRCC cell 
proliferation, triggered apoptosis, and repressed migration 
and invasion. Moreover, we found that SLFN11 can promote 
tumorigenesis through the PI3K/AKT pathway. Further-
more, we screened genes co-expressed with SLFN11 using 
LinkedOmics and cBioPortal and predicted the potential 
function of SLFN11 in ccRCC through Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analyses. We then identified SLFN11-related signaling path-
ways in ccRCC using gene set enrichment analysis (GSEA). 
Finally, we assessed the internal interaction relationship 
between hsa-miR-183 and SLFN11 using computational pre-
diction and expression relationship analyses. Taken together, 
these results together suggest that SLFN11 participates in 
ccRCC tumorigenesis and may represent a putative diagnos-
tic and prognostic biomarker for ccRCC.

Materials and methods

Data collection

The data used in this paper are available from public data-
sets. Gene expression data and clinical information were 
downloaded from the Gene Expression Omnibus (GEO 
database, http://​www.​ncbi.​nlm.​nih.​gov/​geo) (accession 
nos. GSE68417, GSE66272, GSE53000, GSE46699, and 
GSE36895) and the UCSC Xena browser (http://​xena.​ucsc.​
edu/). The expression distribution of SLFN11 in a body map 
was explored using the GEPIA database (http://​gepia.​cancer-​
pku.​cn/), a newly established platform and visualization site 
based on Genotype-Tissues Expression (GTEx) and the Can-
cer Genome Atlas (TCGA) data integration. A multitumor 
SLFN11 expression box plot was extracted from the Can-
cer Cell Line Encyclopedia project (CCLE, https://​porta​ls.​
broad​insti​tute.​org/​ccle), and the genetic alteration data (copy 
number alterations and mutations) of the SLFN11 gene were 
retrieved from cBioPortal (http://​www.​cbiop​ortal.​org).

Data processing and study design

We first identified genes that were significantly differentially 
expressed in each GEO dataset with the limma R package 
and then combined the results and eliminated the batch dif-
ference with the robustrankaggreg R package. After filter-
ing out samples missing clinical information, subsequently, 
RNA-seq data of 523 ccRCC patients and matched clinical 
annotations from TCGA were acquired from the UCSC Xena 
browser for further analysis. Survival and Cox regression 
analyses, were conducted in R 3.4.3 with the R package sur-
vival, and forest plots were constructed. Kaplan–Meier plots 
were drawn using the R package survminer. All other plots 
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were generated using the R package ggplot2 and the online 
tool LinkedOmics. The design and workflow of this study 
are illustrated as a flowchart in Fig. 1.

GO and KEGG analyses

The co-expression functions of the SLFN11 gene in ccRCC 
were further analyzed by LinkedOmics (http://​www.​linke​
domics.​org). Genes with a Pearson’s correlation values > 0.6 

were applied to identify genes co-expressed with SLFN11. 
To provide a first overview of genes co-expressed with 
SLFN11, Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway annotations were per-
formed using DAVID 6.8 (https://​david.​ncifc​rf.​gov/​home.​
jsp). Biological process GO terms and KEGG pathways with 
enrichment values of p < 0.05 were considered significant.

Gene set enrichment analysis (GSEA). Gene set enrich-
ment analysis (GSEA) was performed using GSEA 3.0 

Fig. 1   Flowchart of study design

http://www.linkedomics.org
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software from the Broad Institute (https://​softw​are.​broad​
insti​tute.​org/​gsea/). A total of 523 ccRCC specimens from 
TCGA were dichotomized into lower and higher SLFN11-
expression groups according to the median expression levels. 
To obtain the functions and potential mechanism of SLFN11 
in ccRCC, GSEA was then conducted to determine the 
enrichment significance of experimentally defined ccRCC-
related gene sets or other tumor-associated gene sets. The 
expression of SLFN11 was used as the phenotypic label, and 
1000 phenotype-based permutations were computed. The a 
priori-defined sets of genes we used were from KEGG path-
ways (c2.cp.Kegg,v7.2.symbols.gmt). All other parameters 
were set at their defaults. Gene sets with nominal values of 
p < 0.05 were considered significant.

Cell culture

Human renal clear cell carcinoma A-498, CAKI-1, and 
786-O cells as well as the normal human kidney epithe-
lial cell line HK-2 were purchased from the American Type 
Culture Collection (ATCC). OS-RC-2 cells were purchased 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). A-498, CAKI-1, OS-RC-2, and 786-O 

cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, Invitrogen) with 10% fetal bovine serum (FBS, 
Invitrogen), while HK-2 cells were cultured in DMEM/F12 
medium containing 10% FBS. Cells were grown at 37 °C 
with 5% CO2.

RNA extraction and quantitative real‑time 
polymerase chain reaction (qPCR)

Total RNA was extracted using an RNA-quick purifica-
tion kit (ES Science) and then was subjected to synthesize 
cDNA synthesis using a reverse transcriptase kit (TaKaRa). 
Real-time qPCR was carried out with SYBR Premix Ex Taq 
(TaKaRa), and the mRNA and miRNA expression levels 
were normalized to β-actin and U6, respectively. All samples 
were run in triplicate. Relative expression was calculated by 
the comparative ∆∆Ct method. The primer sequences were 
as follows: SLFN11 forward: CAG​CCT​GAC​AAC​CGA​GAA​
ATG; SLFN11 reverse: GGC​CCA​CTA​GAT​AGA​CTC​AGC; 
miR-183 forward: GCG​GTG​AAT​TAC​CGA​AGG​G; miR-
183 reverse: AGT​GCA​GGG​TCC​GAG​GTA​TT; RT primer: 
GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​
GAT​ACG​ACT​TAT​GG.

Fig. 2   Expression profile of SLFN11 in multiple cancers. A The heat-
map of expression differences (LogFC) of SLFN11 in 5 GEO ccRCC 
datasets. (p < 0.05). B SLFN11 gene expression map in human body. 
The median expression of SLFN11 was distributed in tumor tissue 

(red) and normal tissue (green). C Expression of SLFLN11 in human 
cancer cell lines. D Expression profile of SLFN11 in tumor samples 
and normal tissues in different cancers

https://software.broadinstitute.org/gsea/
https://software.broadinstitute.org/gsea/
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Western blotting

Analysis of protein expression was performed using western 
blotting. In brief, RIPA buffer (including PMSF) was added 

to cells after they were washed with PBS on ice. Cell scrap-
ers were used to collect the cell lysates, which were vortexed 
for 30 s before being used. The lysates were then centrifuged 
at 4 °C at 12,000 rpm for 20 min, and the supernatants were 

Fig. 3   The clinical and prognostic value of SLFN11 in ccRCC. A 
SLFN11 expression in ccRCC tumor samples (red) and normal tis-
sues (blue) from TCGA. B SLFN11 expression in ccRCC tumor 
samples (red) and adjacent paired normal tissues (blue) from TCGA. 
C High expression of SLFN11 predicted poor prognosis of ccRCC 
patients. (p < 0.001). D, E Validation of the SLFN11 expression in 

renal carcinoma cell lines (786-O, A-498, OS-RC-2, CAKI-1) and 
normal kidney epithelial cell (HK2) by qPCR and WB. F Relation-
ships between expression levels of SLFN11 with age, tumor stage, T 
stage and M stage. G Univariate Cox and Multivariate Cox regression 
model for prediction of overall survival
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collected. To detect the protein concentrations, a BCA pro-
tein assay was used (Beyotime). In this experiment, 50 ug 
of total protein sample was separated by 10% SDS‒PAGE 
and transferred to polyvinylidene fluoride membranes. After 
transfer, the PVDF membranes were blocked for 30 min at 
room temperature with the rapid blocking liquid. Then, the 
membranes were incubated overnight with a primary anti-
body at 4 °C. The following antibodies were used: SLFN11 
(1:1000) (Abcam, Cat No: ab271354), PI3K (1:1000) (Cell 
Signaling Technology, Cat No: #4257), p-PI3K (1:1000) 
(Abcam, Cat No: ab271354), AKT (1:1000) (Proteintech, 
Cat No: 10176-2-AP ), p-AKT (1:2000) (Cell Signaling 
Technology, Cat No: #4060), and β-actin (1:20000) ( Pro-
teintech, Cat No: 81115-RR).

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) (Boster, China) assay was 
used to determine cell proliferation, following the instruc-
tions provided by the manufacturer. In brief, cells were 
placed onto 96-well plates at a density of 1.5 × 103 cells per 
well and kept at 37 °C for incubation. Following the addition 
of 10 µL of CCK-8 reagents, the cells were incubated with-
out interruption for 2 h. A microplate luminometer reader 
was utilized to measure the absorbance at 450 nm.

EdU staining was performed to assess cell proliferation 
using the EdU Assay/ BeyoClick™ EdU Cell Proliferation 
Kit with Alexa Fluor 555. The detection procedure followed 
a standard protocol. An inverted fluorescence microscope 
(Nikon Corporation) was used to acquire the images of the 
plates.

Transwell migration/invasion assay

 Cell migration and invasion abilities were determined using 
Biofil Transwell insert chambers (8 mm pore size; Biofil). 
Matrigel was purchased from Corning. We digested the cells 
with trypsin, added the suspension of cells (2 × 104) to the 
upper chamber of Transwell, and then added the medium to 
the lower chamber, and maintained the culture. The upper 
membrane was incubated for 12 h, after which the cells 
remaining on the membrane were removed, fixed with 4% 
paraformaldehyde, stained with crystal violet, and imaged, 
with the white cells counted.

Wound‑healing assay

The cells were seeded in 6-well plates, and a wound-healing 
assay was performed. After cell confluence reached 80–90% 
the following day, pipette tips were used to make scratches 
perpendicular to the horizontal scratches. Then, the cells 
were rinsed with PBS and examined using a microscope. 
We observed and photographed the cells at 0, 12, and 24 h, 
and we calculated the scratch healing rate by using image 
analysis software.

Lentiviral infection

 Stable cell lines were established with by transfection with 
lentiviral vectors. Lentiviral-based small hairpin RNA 
(shRNA) targeting SLFN11 was constructed by TSINGKE 
Biological Technology (Beijing, China). The target sequence 
of shSLFN11 was 5′-CAG​AGG​ACT​AGA​GGA​GTT​AAT-3′.

Flow cytometry for cell cycle & apoptosis analyses

For cell cycle analysis, after the stable cells were digested, 
centrifuged, and purified, they were counted and seeded in a 

Table 1   Correlation between SLFN11 expression and clinical charac-
teristics in ccRCC patients (n = 523)

*The number in “GX”, “MX” and “NX” means patients missing 
information and were excluded from each analysis

Characteristics N SLFN11 level

Low (n) High (n) p-values

Age (year) ≤ 60 263 143 120 0.039
> 60 260 118 142

Gender Female 180 94 86 0.467
Male 343 167 173

Origin Left 243 117 126 0.44
Right 279 143 136
Bilateral 1 1 0

Grade G1 13 11 2 0.228
G2 227 121 106
G3 205 98 107
G4 73 27 46
*GX 5 4 1

Stage 1 261 147 114 0.001
2 57 34 23
3 123 55 68
4 82 25 57

T Stage T1 267 149 118 0.002
T2 69 41 28
T3 176 69 108
T4 11 3 8

M Stage M0 419 221 198 < 0.001
M1 77 21 56
*MX 27 19 8

N Stage N0 238 121 117 0.278
N1 15 5 10
*NX 270 135 135
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6-well culture plate. After 48 h of incubation, the cells were 
then harvested, washed with ice-cold PBS, and fixed with 
70% alcohol overnight at 4 °C. Then, cell cycle analysis was 
performed at the Laboratory of Flow Cytometry, School of 
Life Science, Chongqing Medical University.

For cell apoptosis, EDTA-free trypsin was used to digest 
the cells, which were washed twice with PBS after the diges-
tion. Subsequently, the cells were resuspended in 500 µL of 
PBS and immediately sent to the Laboratory of Flow Cytom-
etry, School of Life Science, Chongqing Medical University.

Statistical analysis

The statistical significance of SLFN11 expression between 
ccRCC specimens and adjacent normal tissues was calcu-
lated using a two-tailed Student’s t test. Pearson’s correlation 
coefficient was applied to assess correlations between gene 
expression. Associations between variables were evaluated 
by the chi-square test and the Kruskal-Wallis test for cate-
gorical and continuous variables. The log-rank test was used 
to compare the survival curves between groups of patients. 
Multivariate Cox regression analysis was adjusted accord-
ing to age, sex, origin, tumor grade, tumor stage, T stage, M 
stage, and SLFN11 expression. All statistical analyses were 
two-sided and were performed using SPSS 26.0 and Graph-
Pad Prism 8.0 software. A valued of p < 0.05 was considered 
statistically significant.

Results

SLFN11 was differentially expressed in diverse cancer types. 
To identify genes upregulated in ccRCC, a total of 5 GEO 
datasets (GSE68417, GSE66272, GSE53000, GSE46699, 
and GSE36895) were examined and analyzed for investiga-
tion. After quality assessment and data preprocessing, we 
found that SLFN11 was highly expressed in ccRCC based 
on data from GEO databases (Fig. 2A). The body map from 
GEPIA showed that SLFN11 was broadly expressed in mul-
tiple human tissues (Fig. 2B). In addition, we observed alter-
ations in SLFN11 expression in different cancer cell lines 
based on analysis of the CCLE database (Fig. 2C). We next 
analyzed SLFN11 expression across multiple tumors and 
paired adjacent normal tissues with data from TCGA and 
found that SLFN11 was differentially expressed in diverse 
cancer types (Fig. 2D).

Clinical and prognostic value of SLFN11 expression 
in ccRCC​

To further validate the high expression of SLFN11 in 
ccRCC, we analyzed the expression pattern of SLFN11 
in the TCGA database. The results indicated that SLFN11 

was significantly upregulated in ccRCC patients (p < 0.001, 
Fig. 3A). Similarly, SLFN11 expression was increased in 
cancer tissues compared to that in adjacent noncancerous 
tissues from the same patient (p < 0.001, Fig. 3B). Using 
median expression as the cutoff, 523 ccRCC specimens from 
TCGA were dichotomized into lower and higher SLFN11-
expression groups. We observed that high SLFN11 expres-
sion was associated with poor overall survival (p < 0.001, 
Fig. 3C) in ccRCC patients. Consistent with the results in 
the TCGA cohort, the SLFN11 mRNA and protein expres-
sion levels were significantly higher in renal cancer cell 
lines (Fig. 3D and E). Moreover, SLFN11 expression was 
associated with age, T stage, M stage, and clinical tumor 
stage (p < 0.05) (Fig. 3G; Table 1). Cox regression analysis 
identified SLFN11 expression as an independent prognostic 
factor in ccRCC (HR (95% CI): 1.28 (1.03–1.60); p < 0.05) 
(Fig. 3H).

SLFN11 facilitates cell proliferation, migration, 
and invasion, and inhibits apoptosis in vitro

According to the qPCR and WB analyses, SLFN11 expres-
sion levels were highest in the 786-O cell line. Therefore, 
using the lentivirus, we successfully created a stable ccRCC 
line in 786-O cells by knocking down SLFN11, and the 
knockdown efficiency was verified using qPCR and WB 
(Fig. 4A and B).

To further examine the functional role of SLFN11 in 
ccRCC progression. The CCK8 assay showed that knock-
down of SLFN11 inhibited the proliferation of ccRCC cells 
(Fig. 4C). Analysis by flow cytometry indicated that 786-O 
cells exhibited increased apoptosis ratios after SLFN11 
knockdown (Fig. 4D). Additionally, SLFN11 knockdown 
interfered with the transition from the G0/G1 to the S phase 
during the cell cycle, thus inhibiting 786-O cell proliferation 
(Fig. 4E). Similarly, the EdU proliferation assay showed that 
the proliferation of 786-O cells was largely inhibited after 
SLFN11 knockdown (Fig. 4F). We also confirmed that the 
migration of 786-O cells was inhibited after SLFN11 knock-
down by a cell wound-healing assay (Fig. 4G). Furthermore, 
the results of Transwell migration and invasion assays con-
firmed that SLFN11 knockdown also inhibited the migration 
and invasion of ccRCC cells (Fig. 4H).

Identification of genes co‑expressed with SLFN11 
and the potential function of SLFN11

The cBioPortal database was accessed to analyze the genetic 
alterations of SLFN11 in ccRCC (Kidney Cancer, TCGA, 
PanCancer Atlas). The results suggested that 6% (22/352) of 
ccRCC cases showed SLFN11 alterations, including 1 case 
of missense mutation, 1 case of amplification, 13 cases of 
mRNA upregulation, and 7 cases of mRNA downregulation 
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(Fig. 5A). To gain further insight into the mutation profiles 
of SLFN11 in the 352 ccRCC samples, we next decided to 
focus on mutational hotspots of SLFN11 in the ccRCC. For 
our subsequent detailed mutational analysis, we found that 
SLFN11 had only one mutation type (K346T), which had 
a somatic mutation frequency of 0.3% (Fig. 5B). We next 
examined 20159 genes associated with SLFN11 expression 
and visualized the positive correlations (8715 genes) and 
negative correlations (4980 genes) in a gene heatmap (Pear-
son’s correlation analysis, p < 0.05) through an analysis of 
the TCGA database using the LinkedOmics (Fig. 5C–E). In 
total, 211 genes with Pearson’s correlation coefficient > 0.5 
were selected as genes co-expressed with SLFN11, and top 
5 co-expressed genes are C6orf150, FAM102B, CSGAL-
NACT2, IFI16 and ZEB2 (Fig. 5F). Among the top 5 co-
expressed genes of SLFN11, IFI16 was found to be signifi-
cantly correlated with OS (p < 0.05) (Fig. 5G) in ccRCC 
patients. Under certain conditions, genes with similar 
expression patterns may be functionally related. To further 
explore the underlying mechanisms of SLFN11 in ccRCC, 
genes co-expressed with SLFN11 were submitted for GO 
analysis of gene function (Table 2) and KEGG pathway 
analysis in DAVID 6.8 (Table 3). According to the GO 
enrichment analysis, the genes co-expressed with SLFN11 
were related to biological processes such as inflammatory 
response, signal transduction, adaptive immune response, 
innate immune response, defense response to virus, T-cell 
receptor signaling pathway, immune response, T-cell dif-
ferentiation, hemopoiesis, and positive regulation of gene 
expression. Similarly, according to the KEGG analysis, the 
genes co-expressed with SLFN11 were mainly related to 
signaling pathways such as measles, the Jak-STAT signaling 
pathway, cytokine-cytokine receptor interaction, the PI3K-
Akt signaling pathway, platelet activation, osteoclast dif-
ferentiation, and the T-cell receptor signaling pathway, etc.

To further delineate pathways that SLFN11 may regu-
late or influence, we utilized GSEA with curated gene sets. 
Specimens from TCGA were dichotomized into lower and 
higher SLFN11-expression groups according to the median 
of the expression level. Together, these data suggested that the 
pathways associated with tumorigenesis and progression were 
significantly altered with the abnormal expression of SLFN11, 
including “renal cell carcinoma”, “regulation of actin 
cytoskeleton”, “toll-like receptor signaling pathway”, “natu-
ral killer cell-mediated cytotoxicity”, and “nod like receptor 

signaling pathway”, and “Jak-STAT signaling pathway”, 
were significantly altered with abnormal SLFN11 expression 
(Fig. 5H). In conclusion, SLFN11 may be involved in the 
tumorigenesis of ccRCC through these signaling pathways.

To investigate whether SLFN11 inhibits 786-O cell prolif-
eration and promotes apoptosis through the PI3K/Akt signal-
ing pathway, we performed WB experiments to verify the 
effect of SLFN11 on the PI3K/Akt signaling pathway. We 
observed that the phosphorylation levels of PI3K and AKT 
were markedly suppressed in the SLFN11-knockdown cells, 
with an unaltered expression of PI3K and AKT between the 
groups (Fig. 5I). Furthermore, the PI3K agonist 740 Y-P 
was subsequently used to treat SLFN11-knockdown cells, in 
which SLFN11 had been silenced to further investigate the 
relationship between SLFN11 and the PI3K/AKT signaling 
pathway in ccRCC progression. Our data showed that 740 
Y-P could restore the PI3K and AKT phosphorylation in 
SLFN11 knockdown 786-O cells (Fig. 5J).

miR‑183 may directly target SLFN11

To identify miRNAs associated with SLFN11 expres-
sion, we explored the correlation between the expression 
of SLFN11 and miRNAs (Pearson’s correlation analysis, 
p < 0.05) (Fig. 6A–C). Then, we searched for miRNAs that 
may directly target SLFN11 via “TargetScan”, " miRBridge”, 
“RNAhybrid”, “miRanda” and “miRDB” databases, respec-
tively. A Venn diagram was constructed to analyze the over-
lapping miRNAs in the five databases, and 53 overlapping 
miRNAs were identified (Fig. 6D). Then, the 53 overlap-
ping miRNAs were crossed with the top 30 negatively cor-
related miRNAs in the Venn diagram, leaving only miR-183 
(Fig. 6E). As with the previous prediction, low expression of 
miR-183 in human renal cancer cell lines was confirmed by 
qPCR using U6 as an internal control (Fig. 6F).

We next used the LinkedOmics database to analyze the rela-
tionship between the expression of hsa-miR-183 and the prog-
nosis of ccRCC patients. We found that miR-183 was negatively 
correlated with SLFN11 expression (R = − 0.4361, p < 0.001, 
Fig. 6G), and miR-183 expression was significantly correlated 
with overall survival (p = 0.046), pathological stage (p = 0.002), 
T stage (p = 0.002,) and N stage (p = 0.003) in ccRCC patients 
(Fig. 6H–K). Altogether, these results suggested that miR-183 
may serve as a negative regulator of SLFN11 and could be used 
as a prognostic marker in ccRCC patients.

Discussion

SLFN11 is abnormally expressed in a variety of malignan-
cies and is linked to prognosis in human cancers [14–16]. 
Using RNA-seq, Vincenza et al. found that SLFN11 was 

Fig. 4   SLFN11 knockdown alters 786-O cell proliferation, invasion, 
migration and apoptosis. A, B Transfection efficiency of SLFN11 in 
786-O. C CCK8 assay was used to evaluate cell proliferation. D Flow 
cytometry was performed to detect 786-O apoptosis. E Flow cytom-
etry was performed to determine cell cycle. F EdU staining (red) was 
used to detect cell proliferation. G The scratch-wound assay revealed 
the effects of transfection on the migration of 786-O cells. H Tran-
swell assay analysis of cell invasion and migration

◂
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highly expressed in metastatic castration-resistant prostate 
cancer, and confirmed its overexpression in lung and ovarian 
cancers [18, 19, 23]. Moreover, high SLFN11 expression 
was associated with better prognosis in patients with ovarian 
cancer and esophageal squamous cell carcinoma [15, 23], 
and could predict better survival in colorectal cancer patients 
expressing wild-type KRAS exon 2 receiving oxaliplatin-
based adjuvant chemotherapy [14]. However, the diagnostic 
and prognostic value of SLFN11 in ccRCC and the poten-
tial molecular mechanism of SLFN11 in the pathogenesis of 
ccRCC have not yet been reported.

Fig. 5   Identification of SLFN11 co-expressed genes and the poten-
tial function of SLFN11. A The alteration and expression heatmap 
of SLFN11 from cBioPortal database. B Mutational Hotspots of 
SLFN11 in the ccRCC from the cBioPortal database (TCGA, Pan-
Cancer Atlas). C–E Identification of SLFN11 co-expressed genes 
in ccRCC using Linkedomics database. F Scatter plot of correlation 
between expression levels of SLFN11 and top 5 co-expressed genes. 
G Kaplan–Meier analysis of IFI16 levels with overall survival in 
ccRCC. H Significantly enriched KEGG pathways by GSEA. I The 
levels of p-PI3K, PI3K, p-AKT, and AKT were determined by West-
ern blot, and were analyzed after treatment with PI3K inhibitor (740 
Y-P, 10ng/mL) in 786-O cells

◂

Table 2   Enriched GO terms in 
SLFN11 co-expressed genes

FDR false discovery rate
p < 0.05 were considered statistically significant

Category ID Term Count p-value FDR

BP GO:0006954 Inflammatory response 19 1.95E-07 2.59E-04
BP GO:0007165 Signal transduction 34 3.75E-07 2.59E-04
BP GO:0002250 Adaptive immune response 12 7.05E-07 3.24E-04
BP GO:0045087 Innate immune response 19 1.23E-06 4.25E-04
BP GO:0051607 Defense response to virus 12 2.07E-06 5.70E-04
BP GO:0050852 T cell receptor signaling pathway 11 5.39E-06 1.24E-03
BP GO:0006955 Immune response 17 1.65E-05 3.25E-03
BP GO:0030217 T cell differentiation 5 3.06E-04 5.27E-02
BP GO:0030097 Hemopoiesis 6 4.64E-04 7.11E-02
BP GO:0010628 Positive regulation of gene expression 11 6.41E-04 8.83E-02

Table 3   Enriched KEGG 
pathways in SLFN11 
co-expressed genes

FDR false discovery rate
p < 0.05 were considered statistically significant

Category ID Term Count p-value FDR

KEGG_PATHWAY​ hsa05162 Measles 10 3.76E-05 5.52E-03
KEGG_PATHWAY​ hsa04630 Jak-STAT signaling pathway 10 7.41E-05 5.52E-03
KEGG_PATHWAY​ hsa04060 Cytokine-cytokine receptor interaction 12 2.00E-04 9.94E-03
KEGG_PATHWAY​ hsa04151 PI3K-Akt signaling pathway 13 1.11E-03 2.96E-02
KEGG_PATHWAY​ hsa04611 Platelet activation 8 1.14E-03 2.96E-02
KEGG_PATHWAY​ hsa04380 Osteoclast differentiation 8 1.19E-03 2.96E-02
KEGG_PATHWAY​ hsa04660 T cell receptor signaling pathway 7 1.49E-03 3.18E-02
KEGG_PATHWAY​ hsa04666 Fc gamma R-mediated phagocytosis 6 3.87E-03 6.70E-02
KEGG_PATHWAY​ hsa05169 Epstein-Barr virus infection 7 4.07E-03 6.70E-02
KEGG_PATHWAY​ hsa04640 Hematopoietic cell lineage 6 4.50E-03 6.70E-02
KEGG_PATHWAY​ hsa04062 Chemokine signaling pathway 8 8.39E-03 1.14E-01
KEGG_PATHWAY​ hsa04015 Rap1 signaling pathway 8 1.57E-02 1.94E-01
KEGG_PATHWAY​ hsa04014 Ras signaling pathway 8 2.25E-02 2.45E-01
KEGG_PATHWAY​ hsa05152 Tuberculosis 7 2.30E-02 2.45E-01
KEGG_PATHWAY​ hsa05134 Legionellosis 4 2.96E-02 2.94E-01
KEGG_PATHWAY​ hsa04620 Toll-like receptor signaling pathway 5 4.32E-02 3.90E-01
KEGG_PATHWAY​ hsa04668 TNF signaling pathway 5 4.45E-02 3.90E-01
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In the present study, we have identified for the first time 
that SLFN11 may be a potential oncogene and a novel prog-
nostic marker of poor prognosis in ccRCC in humans. To 
our knowledge, this is the first study to comprehensively 

investigate the expression and clinical value of SLFN11 in 
ccRCC. We found that SLFN11 was highly expressed in 
ccRCC, and its upregulation predicted a poor prognosis. 

Fig. 6   miR-183 may target SLFN11 expression. A Funnel plot dem-
onstrating the distribution of positively and negatively correlated 
miRNAs with SLFN11. B, C Heatmap of expression of miRNAs 
positively (B) and negatively (C) correlated with SLFN11 expres-
sion (top 50). D Venn diagram showing the overlap of miRNAs that 
potentially interact with SLFN11. Different colors represented dif-

ferent databases; E Venn diagram showing miRNA overlapping in 
“53 Common miRNAs” and “SLFN11 negatively correlated miR-
NAs (top 30)”. F miR-183 expression was assessed by qRT-PCR. (p 
< 0.05). G Scatter plot of correlation between expression levels of 
SLFN11 and miR-183. H–J Correlation between miR-183 expression 
and clinical characteristics
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These results were further confirmed by qPCR, indicating 
that SLFN11 may play a critical role in ccRCC.

To further explore the clinical significance of SLFN11 in 
ccRCC, we investigated the relationship between SLFN11 
expression and clinicopathological variables of ccRCC 
with data from the TCGA database. We found that SLFN11 
expression was related to malignant phenotypes of ccRCC, 
including tumor stage, T stage, and M stage (p < 0.05). Cox 
regression analysis also revealed an association of SLFN11 
expression with poorer outcomes (HR (95% CI): 1.28 
(1.03–1.60); p < 0.05). Additionally, we identified C6orf150, 
FAM102B, CSGALNACT2, IFI16, and ZEB2 as the top 5 
genes co-expressed with SLFN11 in LinkedOmics analy-
sis. Among them, IFI16 was found to be overexpressed in 
ccRCC and was associated with lower disease-free survival 
and overall survival [24]. ZEB2, an epithelial-to-mesenchy-
mal transition (EMT) mediator, was also reported to be an 
independent biomarker for poor prognosis in patients with 
ccRCC [25]. These findings are consistent with our data, 
which indicated that SLFN11 expression was positively cor-
related with IFI16/ZEB2 expression and was related to poor 
prognosis in ccRCC. Furthermore, in vitro experiments, our 
findings showed that SLFN11 likely functions as a tumor 
promoter in ccRCC progression. Therefore, we suggest that 
SLFN11 may be a predictor of poor prognosis for ccRCC.

To facilitate the understanding of SLFN11 in ccRCC, GO 
and KEGG analyses of genes co-expressed with SLFN11 
were performed. The results suggested that SLNF11 may 
participate in biological processes such as inflammatory 
response, signal transduction, adaptive immune response, 
innate immune response, defense response to virus, T-cell 
receptor signaling pathway, immune response, and T-cell 
differentiation. GSEA indicated that SLFN11 was involved 
in the regulation of various pathways, including natural killer 
cell-mediated cytotoxicity and the T-cell receptor signaling 
pathway. Interestingly, a recent study showed that SLFN11 
mediates T-cell-mediated cytotoxicity in a tissue-dependent 
manner and could mediate the sensitivity of tumor cells to 
cytotoxic T-cell attack through the native immune response 
[26], suggesting that SLFN11 may be of value in T and 
NK cell-based based cancer immunotherapies. In addition, 
GSEA also found that SLFN11 expression was positively 
correlated with multiple ccRCC-related signaling pathways, 
including renal cell carcinoma, the Jak-STAT signaling 
pathway, the PI3K/AKT signaling pathway, and the Toll-
like signaling pathway, etc. Thus, we found that SLFN11 
inhibited the activation of PI3K/AKT signaling pathways by 
downregulating PI3K expression and AKT phosphorylation, 
and that it was activated using the PI3K agonist 740 Y-P.

Altogether, our results demonstrate that SLFN11 may 
act as an oncogene in ccRCC. MicroRNAs (miRNAs), 
which function as negative regulators of gene expression, 
have been reported to play an important physiological and 

pathological roles in ccRCC [27]. Evidence has suggested 
novel functional roles of miRNAs in ccRCC, including 
miR-124, miR-203 [28], and miR-122 [29], etc. In this 
study, we found that miR-183 was downregulated in 
ccRCC cell lines. Furthermore, we found that SLFN11 
was a potential target of miR-183, while SLFN11 expres-
sion was negatively correlated with the level of miR-183 in 
ccRCC. Simultaneously, miR-183 expression was signifi-
cantly associated with tumor stage, T stage, N stage, and 
overall survival in ccRCC patients. An increasing body of 
evidence has revealed the aberrant expression and essential 
roles of miR-183 in various types of human cancers [30, 
31]. Yuan et al. found that miR-183 inhibits starvation-
induced autophagy and apoptosis by targeting UVRAG 
in human gastric cancer cells [32]. However, the role of 
miR-183 has not been reported in ccRCC. Here, our study 
revealed that miR-183 may negatively target SLFN11, and 
play an anticancer role through SLFN11 in ccRCC.

We acknowledge that this study does have some limita-
tions, including that the expression levels of SLFN11 and 
miR-183 were verified only in ccRCC cell lines. Further 
studies will be necessary to validate the results in a large 
number of clinical samples. In addition, biochemical and 
functional studies are needed to elucidate the exact func-
tion of SLFN11 and confirm this hypothesis.

In conclusion, our study revealed the abnormal expres-
sion and clinical value of SLFN11 in ccRCC through 
bioinformatics analysis. SLFN11 might have potential 
clinical value in the diagnosis and prognosis prediction 
for ccRCC as well as in targeted anticancer therapy for 
ccRCC patients.
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