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Background

Renal cell carcinoma (RCC) is the seventh most common cancer in humans, of which clear cell renal cell carcinoma (ccRCC) accounts for the majority. Recently, although there have been significant breakthroughs in the treatment of ccRCC, the prognosis of targeted therapy is still poor. Leukemia inhibitory factor (LIF) is a pleiotropic protein, which is overexpressed in many cancers and plays a carcinogenic role. In this study, we explored the expression and potential role of LIF in ccRCC.



Methods

The expression levels and prognostic effects of the LIF gene in ccRCC were detected using TCGA, GEO, ICGC, and ArrayExpress databases. The function of LIF in ccRCC was investigated using a series of cell function approaches. LIF-related genes were identified by weighted gene correlation network analysis (WGCNA). GO and KEGG analyses were performed subsequently. Cox univariate and LASSO analyses were used to develop risk signatures based on LIF-related genes, and the prognostic model was validated in the ICGC and E-MTAB-1980 databases. Then, a nomogram model was constructed for survival prediction and validation of ccRCC patients. To further explore the drug sensitivity between LIF-related genes, we also conducted a drug sensitivity analysis based on the GDSC database.



Results

The mRNA and protein expression levels of LIF were significantly increased in ccRCC patients. In addition, a high expression of LIF has a poor prognostic effect in ccRCC patients. LIF knockdown can inhibit the migration and invasion of ccRCC cells. By using WGCNA, 97 LIF-related genes in ccRCC were identified. Next, a prognostic risk prediction model including eight LIF-related genes (TOB2, MEPCE, LIF, RGS2, RND3, KLF6, RRP12, and SOCS3) was developed and validated. Survival analysis and ROC curve analysis indicated that the eight LIF-related-gene predictive model had good performance in evaluating patients’ prognosis in different subgroups of ccRCC.



Conclusion

Our study revealed that LIF plays a carcinogenic role in ccRCC. In addition, we firstly integrated multiple LIF-related genes to set up a risk-predictive model. The model could accurately predict the prognosis of ccRCC, which offers clinical implications for risk stratification, drug screening, and therapeutic decision.
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Introduction

Renal cell carcinoma (RCC) is a malignant tumor that is derived from the lining of the proximal convoluted tubule (1). It accounts for approximately 90% of all renal malignancies, which has the highest mortality rate of the genitourinary system tumors (1). Based on genetic knowledge and histological findings, RCC is classified into five subtypes: common or conventional RCC (clear cell RCC); papillary RCC; chromophobe RCC; collecting duct carcinoma, with medullary carcinoma of the kidney; and unclassified RCC (2). In contrast to non-clear cell RCC (non-ccRCC), clear cell renal cell carcinoma (ccRCC) is the most common pathological subtype of renal cell cancer, which accounts for 75% of renal cell cancers (3). As ccRCC is not sensitive to chemotherapy and radiotherapy, surgical resection is the mainstay treatment at present. However, metastasis is a common event for ccRCC and 25% to 30% of patients have distant metastasis at the time of diagnosis (4). Several reports have demonstrated that the targeted therapies for ccRCC and non-ccRCC and their prognoses are quite different, and the prognosis of non-ccRCC is significantly better than that of ccRCC (5). Thus, further studies are required to clarify the underlying molecular mechanism of ccRCC progression and develop more efficient therapeutic targets for ccRCC.

Leukemia inhibitory factor (LIF) is a multifunctional cytokine belonging to the interleukin-6 superfamily, which was first reported in a study regarding M1 murine myeloid leukemic cells (6). LIF was initially defined by its ability to induce macrophage differentiation in M1 murine myeloid leukemic cells and inhibit their proliferation (7). Emerging evidence suggested that LIF plays an important and complex role in human cancers, although LIF has shown tumor-suppressive function in some types of cancers, including leukemia. LIF has been found to be overexpressed in more types of cancers in the past and has played a carcinogenic role. Currently, the detailed function of LIF in ccRCC has not been reported.

In the present study, we investigated the expression of the LIF gene and its potential role in renal cell carcinoma. In addition, a predictive model with prognostic significance based on LIF-related genes was constructed and validated. This study can lay a foundation for further research on the individualized treatment of ccRCC.



Materials and methods


Clinical data acquisition and extraction

The mRNA expression of LIF and clinical data for ccRCC patients were downloaded from The Cancer Genome Atlas (TCGA) database (https://www.cancer.gov/tcga). For TCGA dataset, RNA sequencing data (FPKM values) were normalized into log2 (FPKM + 1). The microarray datasets GSE15641, GSE46699, GSE53757, and GSE66272 were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The method for extracting microarray gene expression values is based on our previous research (8).

The gene expression data of ccRCC used for the validation cohort were obtained from the International Cancer Genome Consortium (ICGC) (https://icgc.org/) and ArrayExpress (https://www.ebi.ac.uk/arrayexpress). The accession number of ICGC is RECA-EU, including 91 who had follow-up information. The accession number of ArrayExpress is E-MTAB-1980, including 106 who had follow-up information.



Patients with ccRCC recruitment

In the research, 30 ccRCC specimens from the patients of Fujian Provincial Hospital were selected. The study was performed with the approval of the Ethics Committee of Fujian Provincial Hospital and complied with the Helsinki Declaration. The written informed consent was obtained from all participating ccRCC patients.



RT-PCR

TRIzol was performed to extract total RNA. Then, RNA was reverse transcribed with mRNA Reverse Transcription Kit (Takara, Japan). RT-PCR was performed using SYBR Green Kit (Vazyme, China). The primer sequences were shown as follows: LIF forward primer 5′-CTTGGCGGCAGGAGTTGT-3′, LIF reverse primer 5′-TTGTGACATGGGTGGCGTAT-3′; GAPDH forward primer 5′-GGAAGGACTCATGACCACAGTCC-3′; GAPDH reverse primer 5′-TCGCTGTTGAAGTCAGAGGAGACC-3′. GAPDH was used as the loading control. Gene expression levels were determined by the 2-ΔΔCT method.



Validation of protein expression of the LIF gene

The Human Protein Atlas (THPA) provides cell and tissue distribution information for 26,000 human proteins. It uses specific antibodies to identify protein expression in tumor tissues and normal tissues. In the research, we explored the protein expression of the LIF gene in ccRCC tissues and normal tissues.



Weighted gene correlation network analysis

Weighted gene correlation network analysis (WGCNA) is a common algorithm used to build gene co-expression networks (9). The WGCNA R package was employed to execute WGCNA analysis. A power of β = 6 and a scale-free R (2) = 0.87 were selected as soft-threshold parameters to ensure a signed scale-free co-expression gene network. A cluster dendrogram was created based on the topological overlap matrix with a minimum cluster size of 20.



Gene ontology and kyoto encyclopedia of genes and genomes pathway enrichment analyses

Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment were calculated by functional enrichment tool DAVID. DAVID bioinformatics resources provide an integrated biological database and a repository of analytic tools for systematic exploration of the biological meaning of gene set DAVID. The default parameters in the tool were used, and enriched pathways were ranked according to their enrichment scores. A p-value of <0.05 was identified as enriched functions.



LASSO analysis

The Least Absolute Shrinkage and Selection Operator (LASSO) was used to construct an LIF-related-gene risk-predictive model with the help of “survival” and “glmnet” packages in R software. LASSO is a common method used in high-dimensional data regression, which can select prognosis-related gene pairs of ccRCC by shrinking regression coefficients. The optimal penalty weight of the Lasso–Cox model was found in a grid search manner in a 10-fold cross-validation process. Then, the coefficients of most gene pairs were reduced to zero, and a small number of gene pairs with non-zero coefficients were closely correlated with the prognosis of ccRCC.



Cell lines, cell culture, and transfection

The ccRCC cell lines 786-O and ACHN cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). 786-O cells and ACHN cells were respectively cultured in PRMI 1640 (Gibco by Life Technologies, Grand Island, NY, USA) and DMEM (Gibco by Life Technologies, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS, BI, Kibbutz Beit Haemek, Israel) at 37°C in a humidified incubator with 5% CO2. The sequences of shRNA1 and shRNA2 targeting LIF were respectively cloned into pLVX vectors. The following shRNA sequences were used: LIF shRNA-1, 5′-GGGTAAGGATGTCTTCCAGAA-3′; LIF shRNA-2, 5′-GGAAGTATAAGCAGATCATCG-3′. The PEI transfection system (Invitrogen) was used for transfection according to the manufacturer’s guidelines.



Cell counting kit-8 assay

Cell proliferation was detected by Cell Counting Kit-8 (CCK-8) assay. 786-O cells and ACHN cells were prepared into cell suspension with a density of 1 × 104 cells/ml, respectively. Cell suspension (0.2 ml) was added to four 96-well plates (2 × 103 cells/well) and cultured in a 5% CO2 incubator at 37°C. The culture was repeated for 24, 48, and 72 h. Ten microliters of CCK-8 solution was added in 1 h before measuring the absorbance. After incubation, the absorbance was measured at 450 nm with a microplate reader.



Scratch assay

The transfected 786-O cells and ACHN cells were inoculated on six-well plates (1 × 106 cells/well), respectively. The cells were serum-starved for this assay to avoid the effects of cell viability. When cell convergence reached ~90%, a scratch was made in the monolayer with the tip of a 10-µl pipette perpendicular to the bottom of the hole, which was then washed with PBS twice to remove unattached cells. Images were taken at 0 and 24 h, of which 0 h was recorded as the starting point. The cells were photographed for evaluation of wound closure under an inverted microscope. ImageJ software was used to process the image and calculate the migration area. The following formula was used: Change rate of scratch area (%) = (0 h scratch area-24 h scratch area)/0 h scratch area.



Transwell assay

Cell migration assay was performed using an 8-μm cell culture insert (Falcon). Cell invasion was examined using polycarbonate membrane Transwell inserts (Costar; Corning Inc.). After 48 h of transfection, cells were added to the upper chamber (2 × 104 cells/well) with 200 µl serum-free medium. The upper chamber was incubated for 24 h in a 24-well plate chamber with 200 µl complete medium containing 10% FBS. After the cells at the top of the upper cavity were wiped with a cotton swab, the transplanted cells at the bottom of the cavity were stained in 0.1% crystal violet solution at room temperature for 10 min. The migrated and invading cells were photographed under an inverted microscope and counted in four random fields.



Single-cell analysis

CancerSEA depicts single-cell functional status maps that contain 14 functional states obtained from 41,900 individual cells (http://biocc.hrbmu.edu.cn/CancerSEA/) (10). In the study, CancerSEA was used to evaluate the potential roles of LIF genes in ccRCC.



DepMap

The Cancer Dependency Map (https://depmap.org/portal/) developed CERES to estimate gene-dependency levels on the survival of cells (11, 12). Dependency scores for the LIF gene in ccRCC cells were calculated using CERES.



Drug sensitivity evaluation

GSCALite is a website used for drug sensitivity analysis (http://bioinfo.life.hust.edu.cn/web/GSCALite/). In the study, we used the GSCALite database to evaluate the drug sensitivity of LIF-related genes to identify potential molecular compounds for targeted therapy.



Statistical analysis

The statistical analysis was evaluated by t-test in this study. Paired samples used the paired t-test, and unpaired samples used the unpaired t-test. Correlations between LIF expression and clinicopathological characteristics were performed by the chi-squared test. The Kaplan–Meier method was used for overall survival (OS), and the log-rank test was used for comparison of survival curves. Cox regression analysis was performed for univariate and multivariate survival analyses. All p values smaller than 0.05 were considered to be significantly different from each control.




Results


High expression of LIF was correlated with poor prognosis of ccRCC

In order to evaluate the mRNA expression of LIF mRNA in ccRCC, paired renal carcinoma and paracancer tissues obtained from TCGA and GEO databases, including GSE15641, GSE46699, GSE53757, and GSE66272, were selected for analysis. GSE15641 consisted of 23 pairs of adjacent normal kidney tissue and ccRCC tissue. GSE46699 consisted of 63 pairs of adjacent normal kidney tissue and ccRCC tissue. GSE53757 consisted of 72 pairs of adjacent normal kidney tissue and ccRCC tissue. GSE66272 consisted of 27 pairs of adjacent normal kidney tissue and ccRCC tissue. As shown in Figures 1A,B, mRNA levels in ccRCC tissues were significantly upregulated compared with normal kidney tissues (GSE15641, p < 0.001; GSE46699, p < 0.05; GSE53757, p < 0.001; GSE66272, p < 0.05; TCGA, p < 0.001). In TCGA database, 263 and 264 patients were in LIF low and LIF high expression groups, respectively. The results showed that the LIF high expression group had remarkably more patients with stage T III and IV (p = 0.001) and stage IIIandIV (p = 0.046) than the LIF low expression group (Table 1). Meanwhile, we measured LIF mRNA levels in 30 clinical ccRCC samples using quantitative RT-PCR. The results showed that the expressions of LIF in ccRCC tissues were significantly higher than those in adjacent tissues (p < 0.001; Figure 1C).




Figure 1 | The mRNA expression of LIF in ccRCC. (A) The mRNA expression of LIF for normal tissues and ccRCC tissues in GSE15641, GSE46699, GSE5375, and GSE6627. (B) The mRNA expression of LIF for ccRCC patients in TCGA database. (C) The mRNA expression of LIF for ccRCC patients in 30 ccRCC patients.




Table 1 | Characteristics of ccRCC patients and their LIF expression level.



Next, we examined the protein expression for LIF using immunohistochemistry images from the Human Protein Atlas database. In specimens from normal human kidney tissue, immunohistochemical examination revealed that LIF protein was weakly expressed in the glomeruli and moderately in the tubules (Figure 2A), while LIF protein was strongly expressed in ccRCC tissues (Figure 2B). Collectively, these results implicated that the mRNA and protein expression levels of LIF in ccRCC tissues were higher than those in normal tissues.




Figure 2 | The protein expression of LIF in ccRCC. The LIF protein expression in normal tissues (A) and ccRCC tissues (B) was analyzed through the Human Protein Atlas database.



Based on Kaplan–Meier survival analysis, we evaluated the overall survival (OS) of ccRCC patients to explore the clinical significance of LIF. The results demonstrated that a high LIF expression correlated with poor prognosis in ccRCC patients based on TCGA and E-MTAB-1980 databases (Figure 3).




Figure 3 | The OS of LIF for ccRCC patients. Overall analysis for the prognostic value of LIF expression for OS in ccRCC patients by Kaplan–Meier analysis based on TCGA (A) and E-MTAB-1980 (B). The Kaplan–Meier method was used to draw survival curves.



Univariate and multivariate analyses were performed to determine the predictors for OS. In univariate analysis, high expression levels of LIF, stage IIIandIV, stage T3and4, stage M1and4, stage N0, and age >60 were revealed to be associated with a poor OS rate of patients with ccRCC. Furthermore, to evaluate the independent impact of the LIF expression level on OS, a multivariate Cox’s regression model was performed. The results demonstrated that a high LIF expression level was a poor independent prognostic factor for OS in patients with ccRCC. In addition, stage M1and4, stage III and IV, and age >60 revealed independent prognostic value in the multivariate analysis (Table 2).


Table 2 | Univariate and multivariate Cox proportional hazard model for OS in ccRCC patients based on TCGA database.





Knockdown of LIF suppressed migration and invasion of ccRCC cells

In order to further investigate the functions of LIF in ccRCC, CancerSEA was used to determine whether LIF was related to the carcinogenic process in ccRCC, and it was found that the functional phenotype of LIF was positively related to angiogenesis, differentiation, quiescence, metastasis, inflammation, and cell cycle (Figure 4A). DepMap is a website used to identify genes critical for the survival and proliferation of tumor cells. A negative score for CERES indicates that the knockout gene inhibits tumor cell survival and proliferation, while a positive score indicates that the knockout gene promotes survival and proliferation. A CERES score <-1 was defined as an essential gene for tumor cell survival. From the DepMap website, we obtained the CERES scores of nine ccRCC cell lines. The CERES scores of LIF in nine ccRCC cell lines ranged between -0.296 and 0.1, and the mean CERES score was -0.149 (Figure 4B). These results indicated that LIF might influence ccRCC cell metastasis but has no effect on proliferation.




Figure 4 | The role of LIF in ccRCC cells (A) Data from CancerSEA demonstrated that LIF mRNA expression was positively correlated with angiogenesis, differentiation, quiescence, metastasis, inflammation, and cell cycle. (B) Gene effect scores of LIF in ccRCC cells from RNAi and CRISPR/Cas9 screens. (C, D) The LIF expression changes was confirmed by real-time PCR in the 786-O (C) and ACHN (D) cells after transfecting LIF-shRNAs. (E, F) The proliferation ability of 786-O (E) and ACHN (F) cells were measured after transfecting LIF-shRNAs. (GandH) The migration ability of 786-O (G) and ACHN (H) cells was measured after transfecting LIF-shRNAs. (IandJ) The invasion ability of 786-O (I) and ACHN (J) cells was measured after transfecting LIF-shRNAs. *p < 0.05; **p < 0.01.



Using RT-PCR, we found that the expression of LIF mRNA was significantly higher in 786-O and ACHN ccRCC cell lines than in the HEK-293 normal renal cell line (Supplementary Figure 1). Then, 786-O cells and ACHN cells were transfected with LIF-shRNA1 and LIF-shRNA2 to knock down LIF expression (Figures 4C, D). Compared with the corresponding negative control, CCK8 assay indicated that the effect of LIF knockout on the proliferation of 786-O cells and ACHN cells was not significant (Figures 4E, F). Cell migration assay showed that LIF knockdown significantly arrested the migration of 786-O cells and ACHN cells (Figure 4G, H). Additionally, the Transwell assay indicated that LIF knockdown inhibited the invasion abilities of 786-O cells and ACHN cells (Figures 4I, J). In summary, LIF promotes the migration and invasion abilities of ccRCC cells.



Identification of key modules and co-expression-related genes of LIF

To identify highly associated genes with LIF in ccRCC patients, we constructed a gene co-expression network using the “WGCNA” R package. Database from TCGA was used to build WGCNA. We calculated the network topology for soft-thresholding powers from 1 to 30 to choose the best threshold. A power of β = 6 and minimum module size = 20 were set as per the standard scale-free networks (Figures 5A, B). Dynamic Tree Cut represents the original module, while Merged Dynamic means the final module. Dynamic Tree Cut yielded a total of 38 modules with different colors identified. Among them, the violet module is the gene co-expressed with LIF, which contains 97 genes (Figure 5C).




Figure 5 | Identification of co-expression module genes associated with LIF using the WGCNA. (A) Relationship between scale-free topology model fit and soft thresholds (powers). (B) Relationship between the mean connectivity and various soft thresholds. (C) Dendrogram of modules identified by WGCNA. (DandE) GO-BP (D) and KEGG pathway (E) network for the target genes in green model.



To clearly determine biological processes and cellular pathways dependent on the Violet module, we used the DAVID functional classification tool to analyze Gene Ontology (GO) and KEGG pathways (Figures 5D,E). The terms of biological processes (BP) were positive regulation of nucleobase, containing compound metabolic process, positive regulation of biosynthetic process, cell population proliferation, apoptotic process, cell cycle, regulation of cell differentiation, regulation of cell death, positive regulation of transcription by RNA polymerase II, and negative regulation of transcription by RNA polymerase II. The terms of KEGG pathway terms were MAPK signaling pathway, TNF signaling pathway, human T-cell leukemia virus 1 infection, hepatitis B, Kaposi sarcoma-associated herpesvirus infection, osteoclast differentiation, oxytocin signaling pathway, Jak-STAT signaling pathway, colorectal cancer, IL-17 signaling pathway, and C-type lectin receptor signaling pathway.



Prognosis model of LIF-related-gene construction and validation

We next performed a univariate Cox survival analysis on these 97 LIF-related genes. Furthermore, the results indicated that nine LIF-related genes were associated with the prognosis of ccRCC patients. The high levels of six LIF-related genes (LIF, RGS2, RND3, RRP12, SOCS3, and PIM3) were significantly correlated with shorter OS for ccRCC patients, whereas the remaining three LIF-related genes (TOB2, MEPCE, and KLF6) were significantly associated with longer OS for ccRCC patients (Figure 6A). The results of the expression analysis showed that the expressions of KLF6, RND3, and SOCS3 in ccRCC tissues were significantly higher compared with those in adjacent normal tissues, whereas the expressions of RGS2 and TOB2 were significantly reduced in ccRCC tissues. However, the expressions of PIM1 and MEPCE were not significantly different between ccRCC tissues and adjacent normal tissues (Supplementary Figure 2). It has already been demonstrated that multiple genes can better predict patient prognosis. Thus, we ran the LASSO-Cox regression model and calculated the regression coefficient based on the aforementioned nine LIF-related genes. Cross-validation was applied to overcome the overfitting effect, and the optimal λ value of 0.0085 was selected (Figure 6B). An ensemble of eight genes remained with their individual LASSO coefficients, and the distribution of LASSO coefficients of the gene signature is shown in Figure 6C. Risk score = (0.1112 * RRP12) + (0.0138 * RND3) + (0.0114 * LIF) + (0.0054 * RGS2) + (0.0023 * SOCS3) + (-0.0059 * KLF6) + (-0.0276 * TOB2) + (-0.0374 * MEPCE). Each ccRCC patient was divided into high-risk and low-risk groups according to the risk score. The Kaplan–Meier curve analysis result showed that the high-risk group correlated with the poor prognosis of ccRCC patients (Figure 6). The distribution of risk score, survival time, and the LIF-related gene level of ccRCC patients in TCGA database are shown in Figure 6E. The ROC analysis demonstrated that the LIF-related risk score had a powerful ability to predict OS in ccRCC patients (1 year (AUC = 0.75), 3 years (AUC = 0.72), 5 years (AUC = 0.72); (Figure 6). To further assess the robustness of the risk score model, we stratified the ccRCC population based on age, gender, stage, and TMN. After stratification of age ≤60 (Figure 7A), age >60 (Figure 7B), gender = male (Figure 7C), gender = female (Figure 7D), stage = 1and2 (Figure 7E), stage = 3and4 (Figure 7F), stage T = 1and2 (Figure 7G), stage T = 3and4 (Figure 7H), stage M = 0 (Figure 7I), stage M = 1and4 (Figure 7J), stage N = 0 (Figure 7K), and stage N = 1and4 (Figure 7L), respectively, the risk score based on the eight-mRNA signature was an independent prognostic indicator, and patients with high risk scores had a poorer prognosis. These results further confirmed the relatively good stratification ability of the prognostic model.




Figure 6 | Identification and screening of the prognosis-related genes. (A) Univariate Cox regression analysis was used to assess the genes that related to prognosis. (B) Partial likelihood deviance of OS for the LASSO coefficient profiles. (C) LASSO coefficient profiles of the TOB2, MEPCE, LIF, RGS2, RND3, KLF6, RRP12, and SOCS3 expression for OS. (D) Kaplan–Meier curves to compare overall survival of low-risk and high-risk groups. (E) The distribution of risk score, survival status, and mRNA expression levels of ccRCC patients in TCGA database. (F) ROC curves compare the prognostic accuracy of the classifier in ccRCC patients using AUCs at 1, 3, and 5 years to assess prognostic accuracy.






Figure 7 | Kaplan–Maier survival curves of overall survival of ccRCC patients according to risk score model in different subgroups. (A, B) Prognosis analysis of the ccRCC patients with age ≤60 (A) and age >60 (B) subgroup. (C, D) Prognosis analysis of the ccRCC patients with gender = male (C) and gender = female (D) subgroup. (E, F) Prognosis analysis of the ccRCC patients with stage = 1and2 (E) and stage = 3and4 (F) subgroup. (G, H) Prognosis analysis of the ccRCC patients with T = 1and2 (G) and T = 3and4 (H) subgroup. (I, J) Prognosis analysis of the ccRCC patients with M = 0 (I) and M = 1and4 (J) subgroup. (K, L) Prognosis analysis of the ccRCC patients with N = 0 (K) and N = 1and4 (L) subgroup. The Kaplan–Meier method was used to draw survival curves.



To further verify the validity and stability of the prognostic model, we respectively downloaded 101 and 91 samples with complete clinical information from the E-MTAB-1980-ccRCC database and the ICGC database. Each patient was brought into the previous prognostic model to calculate the risk score. Patients were divided into high-risk and low-risk groups. Kaplan–Meier curve analysis showed that ccRCC patients with low-risk scores had a better OS than those in the high-risk-score group (Figure 8), indicating good accuracy.




Figure 8 | Validation of the prognosis risk model The prognosis risk model was validated using E-MTAB-1980-ccRCC (A) and ICGC (B) databases.





Construction of a clinical prognostic prediction model

Finally, a nomogram was constructed by incorporating four prognostic indicators from the database, including age, sex, stage, and risk score, into the final model. In the nomogram, the probability of survival at 1, 3, and 5 years in this particular population was as shown in Figure 9A. The ROC curve was used to verify the diagnostic effect, and AUC was found to be greater than 0.7 regardless if it is 1 year (AUC, 0.86; 95% CI, 0.91–0.82), 3 years (AUC, 0.82; 95% CI, 0.87–0.77), and 5 years (AUC, 0.79; 95% CI, 0.85–0.74) (Figure 9B), suggesting that this nomogram was reliable and robust. Calibration plots showed excellent calibration of the nomogram (c-index 0.79) (Figure 9C). We hold the opinion that the nomogram may have good accuracy for survival prediction in ccRCC patients.




Figure 9 | Nomogram risk prediction and validation of ccRCC patients based on risk score. (A) Nomogram for predicting 1-, 3-, and 5-year events that combine clinical data with age, gender, stage, and risk score. The line segment corresponding to each variable is marked with a scale, which represents the value range of the variable, and the length of the line segment reflects the contribution of the factor to the outcome event. The point in the figure represents the individual score corresponding to each variable under different values, and the total score of the corresponding individual scores after all variables was taken. (B) ROC curve was used to verify the diagnosis with AUC at 1, 3, and 5 years. (C) The validation plots for predicting overall survival.





The relationship of LIF-related genes and drug sensitivity

The relationship between LIF-related genes and drug sensitivity was explored based on the data from the Cancer Therapeutics Response Portal (CTRP) database by using the GSCA website. High LIF, SOCS3, RND3, and KLF6 expressions were associated with higher drug resistance to PX-12, apicidin, mitomycin, BI-2536, and vorinostat, etc. (Figure 10).




Figure 10 | Drug sensitivity of the LIF-related genes from CTRP. The correlations between the LIF-related gene expression and drugs. The positive Spearman correlation coefficients indicate that high gene expression is resistant to the drug, and vice versa.






Discussion

LIF is a multifunctional cytokine that affects cell growth by inhibiting differentiation (13, 14). LIF is involved in a number of key processes in cancer growth and progression, including immune tolerance (15), chemotherapy (16) and radiation (17) resistance, maintenance of cancer stem cell-like phenotypes, and EMT (18). Targeting LIF has been actively investigated as a novel strategy for cancer therapy (19). Many studies have proved that LIF plays an important role in breast cancer (20), pancreatic cancer (21), gastric cancer (22), and ovarian cancer (23). For instance, LIF promotes the proliferation, invasion, and metastasis of breast cancer. This promotion occurs through the activation of AKT, which activates the downstream mTOR signaling pathway (24). At the same time, LIF was reversed to promote tumor formation and metastasis (25). However, the role of LIF in ccRCC has not been studied.

In this study, we observed the mRNA and protein of LIF to be highly expressed in ccRCC, and a high expression of LIF was associated with poor prognosis in ccRCC patients. Functional experiments revealed that LIF knockdown did not affect ccRCC cell growth, and suppressed migration and invasion of ccRCC cells was observed. It indicates that the malignant potential of LIF in ccRCC is reflected in promoting tumor migration.

Next, we analyzed the genes highly associated with LIF in ccRCC patients by WGCNA and found that these 97 LIF-related genes were enriched in MAPK signaling pathway, JAK/STAT signaling pathway, and so on. Recent studies have shown that LIF can selectively activate a variety of signaling pathways, including JAK/STAT (26), PI3K/Akt (27), MAPK (28), and mTOR (24), depending on cell type and tissue-specific modalities. The JAK/STAT pathway was originally defined as a signal transduction pathway downstream of the cytokine receptor, which is involved in many important biological processes such as cell proliferation, differentiation, apoptosis, and immune regulation (29). The JAK family consists of four members: JAK1, JAK2, JAK3, and TYK2 (30). Experiments using overexpressed components initially showed that LIF receptors bind to at least three members of the JAK family (JAK1, JAK2, and TYK2). Activation kinetics of JAK1 was found to be significantly faster after LIF exposure compared to JAK2 and TYK2, again suggesting that it was the kinase initially targeted by LIF (31). Activation of JAK1 catalyzed phosphorylation of tyrosine residues on the receptor, and these phosphorylated tyrosine sites and surrounding amino acid sequences formed docking sites to which STAT proteins containing the SH2 domain were recruited. STAT3 was considered to be the most important signal sensor after LIF stimulation and mediates most cellular effects (32). STAT3 docks to phosphorylated tyrosines in both the gp130 and LIFRβ chains of the LIF receptor at YxxM motifs (33). JAK1 catalyzes phosphorylation of STAT3 protein bound to the receptor, and the activated STAT protein enters the nucleus in the form of dimer to bind to target genes and regulate gene transcription.

The MAPK signaling pathway is a basic pathway in mammalian cells, which is closely related to physiological activities such as cell proliferation, differentiation, apoptosis, and angiogenesis. Studies have shown that an abnormal activation of certain proteins in the MAPK pathway is an important cause of many cancers. MAPK is an evolutionarily conserved group of silk/threonine protein kinases that, similar to STAT activation, are activated by activated LIF receptors (34). Two chains of the LIF receptor, GP130 and LIFR, both contain phosphorylation sites that recruit SHP2 (35). Activated SHP2 induces Ras/Raf signaling pathways, which in turn activate MAPK and eventually transcriptional activators such as ELK to transmit signals from the cell membrane to the nucleus (36). Even if the MAPK signaling is induced by LIF, it obeys STAT3 and PI3K signaling in this system (28).

Using Cox univariate analysis and Lasso regression, we constructed a prognostic risk model including eight LIF-related genes (RRP12, RND3, LIF, RGS2, SOCS3, KLF6 TOB2, and MEPCE). To assess the reliability of the risk prognostic model, we conducted external validation and subgroup analysis. The AUC values of the ROC curves of the 1-, 3-, and 5-year survival of the model were all greater than 0.7, which indicated that the signature composed of eight LIF-related genes had good performance in predicting the prognosis of ccRCC.

To date, only SOCS3 has been reported to be regulated by LIF. SOCS3 is an inducible negative feedback inhibitor of cytokine signaling and widely reported to be regulated by LIF.

RRP12 is an RNA-binding protein mainly involved in the extranuclear transport of the 40S and 60S subunit precursors of ribosomes. RRP12 regulates yeast cell cycle and DNA damage response (37). In osteosarcoma cells, RRP12 can enhance cell resistance to chemotherapy drugs, and p53 expression was significantly upregulated after interfering RRP12 expression (38). RRP12 knockout can inhibit the proliferation, invasion, and metastasis of HCC (39) and GC cells.

RND3/RhoE is an atypical member of the Rho-Gtpase family (40) and is involved in functions normally regulated by rho-GTPase as well as many basic cellular processes. The regulation of Rnd3 varies in different cancers. RND3 is under-expressed in gastric cancer (41), hepatocellular carcinoma (42), and prostate cancer (43), while it is overexpressed in pancreatic cancer (44) and non-small cell lung cancer (45).

There have been many reports on the regulation of RGS2 in tumors, and the abnormal expression of RGS2 can be seen in a variety of tumors, such as colon cancer (46), ovarian cancer (47), and prostate cancer (48). RGS2 inhibits the growth of melanoma cells by inhibiting MAPK and AKT. RGS2 inhibits melanoma cell growth by inhibiting MAPK and AKT, but this effect depends on the genetic structure of the overall cell (49).

KLF6, a gene that encodes a zinc finger DNA-binding transcription factor, is one of the strongest superenhancers in ccRCC cells (50). In addition, KLF6 has both growth-suppressive and supportive functions in different cancers. For instance, overexpression of KLF6-SV1 in prostate cancer cell lines leads to increased proliferation (51).

The human Tob proteins (Tob1 and Tob2) are encoded by paralogous genes belonging to the mammalian BTG/Tob family of anti-proliferative factors that regulate cell growth in a variety of cell types (52, 53). In human primary HCCs, inhibition of Tob2 reproduces mir-362-3p overexpression, thereby increasing cell proliferation and anchorage-independent soft agar growth (54). In adipose tissue, Tob2 negatively regulates adipogenesis by inhibiting PPARγ2 expression (55).

7SK RNP was associated with high elongation of RNA polymerase II. The basic structure of 7SK RNP includes LARP7, MEPCE, and 7SK RNA. 7SK RNA has a special 5-terminal phosphate monomethyl cap catalyzed by a phosphomethylation capping enzyme (MePCE) (56), which is also a stationary component of 7SK RNP. In addition, MEPCE is also involved in miRNA targeting and regulation. MEPCE, for example, has been identified as the targeting and negative regulation of Mir-338, which is associated with the migration and invasion of HCC cells (57).

Additionally, we performed a drug sensitivity analysis on LIF-related genes and found that LIF, RND3, SOCS3, and KLF6 have closely related sensitivity to numerous drugs. These findings provide a new reference for drug treatment of ccRCC.

However, our study had limits that should be acknowledged. We conducted and validated the LIF-related prognostic risk mode by utilizing general databases, and the outcomes require in-depth confirmation by prospective research. In future work, studies to clarify the specific mechanisms of LIF in ccRCC are warranted.



Conclusion

In summary, high expression of LIF is an important factor for poor prognosis of ccRCC patients. Inhibition of LIF can suppress the migration of ccRCC cells. The risk score model including LIF-related genes can be used to predict the prognosis of ccRCC patients, leading to improved monitoring of the present patient population.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author/s.



Ethics statement

This study was approved by the Research Ethics Committee of Fujian Provincial Hospital and complied with the Helsinki Declaration. Written consent was obtained from all study participants.



Author contributions

WTZ and QW contributed to the conception and design. HL, FL, YoL, YY, LX, SL, HC, CL, and YuL contributed to the development of methodology. WZ, YaL, and QW contributed to the writing, review, and/or revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the National Natural Science Foundation of China (82003095), Natural Science Foundation of Fujian Province (2022J01173, 2022J01273, 2022J011015, and 2020J01311402), and Young and Middle-Aged Talent Training Project in Fujian Provincial Health System (2020GGA008).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.934128/full#supplementary-material

Supplementary Figure 1 | The expression of LIF in HEK-293, 786-O and ACHN cell.

Supplementary Figure 2 | The heat map analysis of LIF related genes based on TCGA database.



References

1. Cohen, HT, and McGovern, FJ. Renal-cell carcinoma. N Engl J Med (2005) 353(23):2477–90. doi: 10.1056/NEJMra043172

2. Kovacs, G, Akhtar, M, Beckwith, BJ, Bugert, P, Cooper, CS, Delahunt, B, et al. The Heidelberg classification of renal cell tumours. J Pathol (1997) 183(2):131–3. doi: 10.1002/(SICI)1096-9896(199710)183:2<131::AID-PATH931>3.0.CO;2-G

3. Ricketts, CJ, De Cubas, AA, Fan, H, Smith, CC, Lang, M, Reznik, E, et al. The cancer genome atlas comprehensive molecular characterization of renal cell carcinoma. Cell Rep (2018) 23(12):3698. doi: 10.1016/j.celrep.2018.06.032

4. Chowdhury, N, and Drake, CG. Kidney cancer: An overview of current therapeutic approaches. Urologic Clinics North America (2020) 47(4):419–31. doi: 10.1016/j.ucl.2020.07.009

5. Cheville, JC, Lohse, CM, Zincke, H, Weaver, AL, and Blute, ML. Comparisons of outcome and prognostic features among histologic subtypes of renal cell carcinoma. Am J Surg Pathol (2003) 27(5):612–24. doi: 10.1097/00000478-200305000-00005

6. Ichikawa, Y. Differentiation of a cell line of myeloid leukemia. J Cell Physiol (1969) 74(3):223–34. doi: 10.1002/jcp.1040740303

7. Gearing, DP, Gough, NM, King, JA, Hilton, DJ, Nicola, NA, Simpson, RJ, et al. Molecular cloning and expression of cDNA encoding a murine myeloid leukaemia inhibitory factor (LIF). EMBO J (1987) 6(13):3995–4002. doi: 10.1002/j.1460-2075.1987.tb02742.x

8. Li, F, Lai, L, You, Z, Cheng, H, Guo, G, Tang, C, et al. Identification of UBE2I as a novel biomarker in ccRCC based on a Large-scale CRISPR-Cas9 screening database and immunohistochemistry. Front Mol Biosci (2022) 9:813428. doi: 10.3389/fmolb.2022.813428

9. Langfelder, P, and Horvath, S. WGCNA: an r package for weighted correlation network analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559

10. Yuan, H, Yan, M, Zhang, G, Liu, W, Deng, C, Liao, G, et al. CancerSEA: a cancer single-cell state atlas. Nucleic Acids Res (2019) 47(D1):D900–d908. doi: 10.1093/nar/gky939

11. Meyers, RM, Bryan, JG, McFarland, JM, Weir, BA, Sizemore, AE, Xu, H, et al. Computational correction of copy number effect improves specificity of CRISPR-Cas9 essentiality screens in cancer cells. Nat Genet (2017) 49(12):1779–84. doi: 10.1038/ng.3984

12. Tsherniak, A, Vazquez, F, Montgomery, PG, Weir, BA, Kryukov, G, Cowley, GS, et al. Defining a cancer dependency map. Cell (2017) 170(3):564–76. doi: 10.1016/j.cell.2017.06.010

13. Mathieu, ME, Saucourt, C, Mournetas, V, Gauthereau, X, Thézé, N, Praloran, V, et al. LIF-dependent signaling: New pieces in the Lego. Stem Cell Rev Rep (2012) 8(1):1–15. doi: 10.1007/s12015-011-9261-7

14. Yue, X, Wu, L, and Hu, W. The regulation of leukemia inhibitory factor. Cancer Cell Microenviron (2015) 2(3):e877. doi: 10.14800/ccm.877

15. Pascual-García, M, Bonfill-Teixidor, E, Planas-Rigol, E, Rubio-Perez, C, Iurlaro, R, Arias, A, et al. LIF regulates CXCL9 in tumor-associated macrophages and prevents CD8(+) T cell tumor-infiltration impairing anti-PD1 therapy. Nat Commun (2019) 10(1):2416. doi: 10.1038/s41467-019-10369-9

16. Yu, H, Yue, X, Zhao, Y, Li, X, Wu, L, Zhang, C, et al. LIF negatively regulates tumour-suppressor p53 through Stat3/ID1/MDM2 in colorectal cancers. Nat Commun (2014) 5:5218. doi: 10.1038/ncomms6218

17. Liu, SC, Tsang, NM, Chiang, WC, Chang, KP, Hsueh, C, Liang, Y, et al. Leukemia inhibitory factor promotes nasopharyngeal carcinoma progression and radioresistance. J Clin Invest (2013) 123(12):5269–83. doi: 10.1172/JCI63428

18. Viswanadhapalli, S, Dileep, KV, Zhang, KYJ, Nair, HB, and Vadlamudi, RK. Targeting LIF/LIFR signaling in cancer. Genes Dis (2022) 9(4):973–80. doi: 10.1016/j.gendis.2021.04.003

19. Shi, Y, Gao, W, Lytle, NK, Huang, P, Yuan, X, Dann, AM, et al. Targeting LIF-mediated paracrine interaction for pancreatic cancer therapy and monitoring. Nature (2019) 569(7754):131–5. doi: 10.1038/s41586-019-1130-6

20. Pei, J, Li, Y, Su, T, Zhang, Q, He, X, Tao, D, et al. Identification and validation of an immunological expression-based prognostic signature in breast cancer. Front Genet (2020) 11:912. doi: 10.3389/fgene.2020.00912

21. Wrona, E, Potemski, P, Sclafani, F, and Borowiec, M. Leukemia inhibitory factor: A potential biomarker and therapeutic target in pancreatic cancer. Archivum immunol therapiae experimentalis (2021) 69(1):2. doi: 10.1007/s00005-021-00605-w

22. Bian, SB, Yang, Y, Liang, WQ, Zhang, KC, Chen, L, and Zhang, ZT. Leukemia inhibitory factor promotes gastric cancer cell proliferation, migration, and invasion via the LIFR-Hippo-YAP pathway. Ann New York Acad Sci (2021) 1484(1):74–89. doi: 10.1111/nyas.14466

23. Chen, LL, Ye, F, Lü, WG, Yu, Y, Chen, HZ, and Xie, X. Evaluation of immune inhibitory cytokine profiles in epithelial ovarian carcinoma. J Obstetrics gynaecol Res (2009) 35(2):212–8. doi: 10.1111/j.1447-0756.2008.00935.x

24. Li, X, Yang, Q, Yu, H, Wu, L, Zhao, Y, Zhang, C, et al. LIF promotes tumorigenesis and metastasis of breast cancer through the AKT-mTOR pathway. Oncotarget (2014) 5(3):788–801. doi: 10.18632/oncotarget.1772

25. Ghanei, Z, Mehri, N, Jamshidizad, A, Joupari, MD, and Shamsara, M. Immunization against leukemia inhibitory factor and its receptor suppresses tumor formation of breast cancer initiating cells in BALB/c mouse. Sci Rep (2020) 10(1):11465. doi: 10.1038/s41598-020-68158-0

26. Kamohara, H, Ogawa, M, Ishiko, T, Sakamoto, K, and Baba, H. Leukemia inhibitory factor functions as a growth factor in pancreas carcinoma cells: Involvement of regulation of LIF and its receptor expression. Int J Oncol (2007) 30(4):977–83. doi: 10.3892/ijo.30.4.977

27. Morton, SD, Cadamuro, M, Brivio, S, Vismara, M, Stecca, T, Massani, M, et al. Leukemia inhibitory factor protects cholangiocarcinoma cells from drug-induced apoptosis via a PI3K/AKT-dependent mcl-1 activation. Oncotarget (2015) 6(28):26052–64. doi: 10.18632/oncotarget.4482

28. Nicola, NA, and Babon, JJ. Leukemia inhibitory factor (LIF). Cytokine Growth Factor Rev (2015) 26(5):533–44. doi: 10.1016/j.cytogfr.2015.07.001

29. Bromberg, JF. Activation of STAT proteins and growth control. BioEssays News Rev Molecular Cell Dev Biol (2001) 23(2):161–9. doi: 10.1002/1521-1878(200102)23:2<161::AID-BIES1023>3.0.CO;2-0

30. Stahl, N, Boulton, TG, Farruggella, T, Ip, NY, Davis, S, Witthuhn, BA, et al. Association and activation of jak-tyk kinases by CNTF-LIF-OSM-IL-6 beta receptor components. Science (1994) 263(5143):92–5. doi: 10.1126/science.8272873

31. Ernst, M, Oates, A, and Dunn, AR. Gp130-mediated signal transduction in embryonic stem cells involves activation of jak and ras/mitogen-activated protein kinase pathways. J Biol Chem (1996) 271(47):30136–43. doi: 10.1074/jbc.271.47.30136

32. Raz, R, Lee, CK, Cannizzaro, LA, d'Eustachio, P, and Levy, DE. Essential role of STAT3 for embryonic stem cell pluripotency. Proc Natl Acad Sci USA (1999) 96(6):2846–51. doi: 10.1073/pnas.96.6.2846

33. Stahl, N, Farruggella, TJ, Boulton, TG, Zhong, Z, Darnell, JE Jr., and Yancopoulos, GD. Choice of STATs and other substrates specified by modular tyrosine-based motifs in cytokine receptors. Science (1995) 267(5202):1349–53. doi: 10.1126/science.7871433

34. Schaper, F, Gendo, C, Eck, M, Schmitz, J, Grimm, C, Anhuf, D, et al. Activation of the protein tyrosine phosphatase SHP2 via the interleukin-6 signal transducing receptor protein gp130 requires tyrosine kinase Jak1 and limits acute-phase protein expression. Biochem J (1998) 335(Pt 3):557–65. doi: 10.1042/bj3350557

35. Heinrich, PC, Behrmann, I, Haan, S, Hermanns, HM, Müller-Newen, G, and Schaper, F. Principles of interleukin (IL)-6-type cytokine signalling and its regulation. Biochem J (2003) 374(Pt 1):1–20. doi: 10.1042/bj20030407

36. Neel, BG, Gu, H, and Pao, L. The 'Shp'ing news: SH2 domain-containing tyrosine phosphatases in cell signaling. Trends Biochem Sci (2003) 28(6):284–93. doi: 10.1016/S0968-0004(03)00091-4

37. Dosil, M. Ribosome synthesis-unrelated functions of the preribosomal factor Rrp12 in cell cycle progression and the DNA damage response. Mol Cell Biol (2011) 31(12):2422–38. doi: 10.1128/MCB.05343-11

38. Choi, YJ, Lee, HW, Lee, YS, Shim da, M, and Seo, SW. RRP12 is a crucial nucleolar protein that regulates p53 activity in osteosarcoma cells. Tumour Biol (2016) 37(4):4351–8. doi: 10.1007/s13277-015-4062-2

39. Wei, C, Wang, B, Chen, ZH, Xiao, H, Tang, L, Guan, JF, et al. Validating RRP12 expression and its prognostic significance in HCC based on data mining and bioinformatics methods. Front Oncol (2022) 12:812009. doi: 10.3389/fonc.2022.812009

40. Aspenström, P, Ruusala, A, and Pacholsky, D. Taking rho GTPases to the next level: the cellular functions of atypical rho GTPases. Exp Cell Res (2007) 313(17):3673–9. doi: 10.1016/j.yexcr.2007.07.022

41. Chen, J, Zhou, H, Li, Q, Qiu, M, Li, Z, Tang, Q, et al. Epigenetic modification of RhoE expression in gastric cancer cells. Oncol Rep (2011) 25(1):173–80.

42. Grise, F, Sena, S, Bidaud-Meynard, A, Baud, J, Hiriart, JB, Makki, K, et al. Rnd3/RhoE is down-regulated in hepatocellular carcinoma and controls cellular invasion. Hepatol (Baltimore Md.) (2012) 55(6):1766–75. doi: 10.1002/hep.25568

43. Bektic, J, Pfeil, K, Berger, AP, Ramoner, R, Pelzer, A, Schäfer, G, et al. Small G-protein RhoE is underexpressed in prostate cancer and induces cell cycle arrest and apoptosis. Prostate (2005) 64(4):332–40. doi: 10.1002/pros.20243

44. Gress, TM, Müller-Pillasch, F, Geng, M, Zimmerhackl, F, Zehetner, G, Friess, H, et al. A pancreatic cancer-specific expression profile. Oncogene (1996) 13(8):1819–30.

45. Zhang, C, Zhou, F, Li, N, Shi, S, Feng, X, Chen, Z, et al. Overexpression of RhoE has a prognostic value in non-small cell lung cancer. Ann Surg Oncol (2007) 14(9):2628–35. doi: 10.1245/s10434-007-9457-x

46. Jiang, Z, Wang, Z, Xu, Y, Wang, B, Huang, W, and Cai, S. Analysis of RGS2 expression and prognostic significance in stage II and III colorectal cancer. Biosci Rep (2010) 30(6):383–90. doi: 10.1042/BSR20090129

47. Cacan, E. Epigenetic regulation of RGS2 (Regulator of G-protein signaling 2) in chemoresistant ovarian cancer cells. J chemother (2017) 29(3):173–8. doi: 10.1080/1120009X.2016.1277007

48. Patanè, S. Regulator of G-protein signaling 2 (RGS2) in cardiology and oncology. Int J Cardiol (2015) 179:63–5. doi: 10.1016/j.ijcard.2014.10.088

49. Lin, SJ, Huang, YC, Chen, HY, Fang, JY, Hsu, SY, Shih, HY, et al. RGS2 suppresses melanoma growth via inhibiting MAPK and AKT signaling pathways. Anticancer Res (2021) 41(12):6135–45. doi: 10.21873/anticanres.15433

50. Syafruddin, SE, Rodrigues, P, Vojtasova, E, Patel, SA, Zaini, MN, Burge, J, et al. A KLF6-driven transcriptional network links lipid homeostasis and tumour growth in renal carcinoma. Nat Commun (2019) 10(1):1152. doi: 10.1038/s41467-019-09116-x

51. Narla, G, DiFeo, A, Yao, S, Banno, A, Hod, E, Reeves, HL, et al. Targeted inhibition of the KLF6 splice variant, KLF6 SV1, suppresses prostate cancer cell growth and spread. Cancer Res (2005) 65(13):5761–8. doi: 10.1158/0008-5472.CAN-05-0217

52. Mauxion, F, Chen, CY, Séraphin, B, and Shyu, AB. BTG/TOB factors impact deadenylases. Trends Biochem Sci (2009) 34(12):640–7. doi: 10.1016/j.tibs.2009.07.008

53. Winkler, GS. The mammalian anti-proliferative BTG/Tob protein family. J Cell Physiol (2010) 222(1):66–72. doi: 10.1002/jcp.21919

54. Shen, H, Li, W, Tian, Y, Xu, P, Wang, H, Zhang, J, et al. Upregulation of miR-362-3p modulates proliferation and anchorage-independent growth by directly targeting Tob2 in hepatocellular carcinoma. J Cell Biochem (2015) 116(8):1563–73. doi: 10.1002/jcb.25110

55. Takahashi, A, Morita, M, Yokoyama, K, Suzuki, T, and Yamamoto, T. Tob2 inhibits peroxisome proliferator-activated receptor γ2 expression by sequestering smads and C/EBPα during adipocyte differentiation. Mol Cell Biol (2012) 32(24):5067–77. doi: 10.1128/MCB.00610-12

56. Yang, Y, Eichhorn, CD, Wang, Y, Cascio, D, and Feigon, J. Structural basis of 7SK RNA 5'-γ-phosphate methylation and retention by MePCE. Nat Chem Biol (2019) 15(2):132–40. doi: 10.1038/s41589-018-0188-z

57. Zhang, B, Liu, Z, Liu, J, Cao, K, Shan, W, Wen, Q, et al. Long non−coding RNA ST8SIA6−AS1 promotes the migration and invasion of hypoxia−treated hepatocellular carcinoma cells through the miR−338/MEPCE axis. Oncol Rep (2021) 45(1):73–82. doi: 10.3892/or.2020.7864



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhong, Liu, Li, lin, Ye, Xu, Li, Chen, Li, Lin, Zhuang, Lin and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2022.934128_cover.jpg
, frontiers ‘ Frontiers in Oncology

Elevated expression of LIF
predicts a poor prognosis
and promotes cell migration
and invasion of clear cell
renal cell carcinoma





OEBPS/Images/fonc-12-934128-g007.jpg
A Age<=60 B Age>60 c Gender=Male D Gender=Female
Lo RiskScore Lo RiskScore 1.0 RiskScore 10 RiskScore
M Low M Low M Low \ M Low
Tos M High | Tos BHigh | Fos Wigh | Fos W High
= 2 2 2 <
: : : :
Dos @05 305 ® o5
T T : g T =5
o o E 9] 1] S
>03 > 03 P 03 Qo3 g
8 9] = 3 é —\
p<0.001 p<0.001 — p<0.001 \
0.0 00 00 00
7 £ T R = T L] o P e H &= 7 B B
Time(Days) Time(Days) Time(Days) Time(Days)
E Stage=182 F Stage=384 G T=18&2 H T=384
Lo RiskScore L0 RiskScore Lo RiskScore Lo RiskScore
W Low M Low M Low Wiow
g = M High Sos B High o \  High Tos W High
z Y 2 s —_—" s
Eus ‘._L Eus Eor L Bos
® ] e ] b = %
Qs \ §u; R Qo3 \ E”—‘ e
© | p<0.001 ‘ © | pe0.001 o © | p<0.001 © | p<0.001 s
0.0 0.0 : 0.0 p ° 0.0 p i
L
0 e 1688 2532 337 0 mw 1440 2180 280 4 1688 252 337 o u 2880
Time(Days) Time(Days) Time(Days) * ﬁme‘;lnjays) ”
| M=0 J M=184 K N=0 L N=1&4
1.0 RiskScore 1.0 RiskScore 1.0 RiskScore 1.0 RiskScore
W Low M Low M Low W Low
Sos W High Tos “ W High Tos B High Tos M High
s s S < 3
305 B o5 305 @05
= I, = = =
© ey © © ]
[T LY Qo3 - Dy Qo3 TEETEE
3 3 e g E
p<0.001 p<0.001 p<0.001
0.0 0.0 0.0 0.0
7 e o B3 B H = A ) B £ e B3 B = - 2 B
Time(Days) Time(Days) Time(Days) Time(Days)





OEBPS/Images/fonc-12-934128-g009.jpg
A B !
2 0 10 20 30 40 50 60 70 80 90 100
Points [ T Y Y Y Y S S S E—
RiskScore T T T T T T T T T 1
-3.5 3 25 -2 -5 -1 -05 0 05 1 15 084
<=60
AGE !
>60
o
MALE L0°
Gender e S
FEMALE =
[72]
c
o)
Stage Stage Il Stage IIl 2
9 Stage | Stage IV 04+
Total points S A AU RSN S S —— —
0 20 40 60 80 100 120 140 160
Linear Predictor | S AU I R S S S N N . S R —
3 25 2 15 1 05 0 05 1 15 2 25 3 35 4 024
- 0,
Probability of 1 year T T T 1T T 17 T 1 K Time:AUC(95%Cl)
095 09085 075 0.60450.3 0.150.05 ’ —1 year:0.86(0.91-0.82)
Probability of 3 year T T T T T T T ——3 year:0.82(0.87-0.77)
095 09085 0.75 0.6 0.450.3 0.150.05 ——5 year:0.79(0.85-0.74)
Probability of 5 year — T 00
095 09085 0.75 0.6 0.450.3 0.150.05 00 02 o 08 1.0

4 06
1-Specificities

C
1.0
® Probability of 1 year
® Probability of 3 year
0.8 4® Probability of 5 year
S
§ 0.6 <8
> il
Q
2 /
o »
0.4 /
02 /
T T T T T 1
0.70 0.75 0.80 0.85 0.90 0.95

Nomogram-predicted(%)





OEBPS/Images/fonc-12-934128-g010.jpg
Symbol

SOCS3 A

RND3 1

L

1_1

(A 0]O]0]0]0]0]0]01e]0]0]0]0]0]0(0]0]0]0]0]0XX0l010]0]0]0]0]0)
RGS241 O
TOB2
RRP124 O Q0000000000000 O0O0O0OO0DOODOOOOOOO
MErcEI QO 0O 0000000000000 000000000O0OO00O0
O PG P TS G B\ ‘L"‘QO'L%‘*’V\”\@*\\éo‘%‘\“@\\ > 9% 0 P a0 5
+o\ q,\o\b’\; ,\‘b\/‘b,'\ Q @° S ,5»\@,,51/9‘
AT R & X S o Cc}o%@c(;/ \,Qf" @i@{\d 2 Q@’\‘;\\ AN f&oci;*e‘: f&o&\,\o"’ e::: EOENES OQ & 0‘\40‘0
& 6\(@“ (\Q,de & &4»
&° S
&OQQ}
&

Correlation between CTRP drug sensitivity
and mRNA expression

0000000000000 O0O0O0O0O0O0O0OO000O0O0000
O0000O000O00000O00000000000000000

Correlation
e _03

0.0

i 0.6

FDR

o <=0.05
>0.05

FDR

O 0.05
O o0.01
O 0.001
O <=0.0001





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Elevated expression of LIF predicts a poor prognosis and promotes cell migration and invasion of clear cell renal cell carcinoma

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Clinical data acquisition and extraction

          



          		

            Patients with ccRCC recruitment

          



          		

            RT-PCR

          



          		

            Validation of protein expression of the LIF gene

          



          		

            Weighted gene correlation network analysis

          



          		

            Gene ontology and kyoto encyclopedia of genes and genomes pathway enrichment analyses

          



          		

            LASSO analysis

          



          		

            Cell lines, cell culture, and transfection

          



          		

            Cell counting kit-8 assay

          



          		

            Scratch assay

          



          		

            Transwell assay

          



          		

            Single-cell analysis

          



          		

            DepMap

          



          		

            Drug sensitivity evaluation

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            High expression of LIF was correlated with poor prognosis of ccRCC

          



          		

            Knockdown of LIF suppressed migration and invasion of ccRCC cells

          



          		

            Identification of key modules and co-expression-related genes of LIF

          



          		

            Prognosis model of LIF-related-gene construction and validation

          



          		

            Construction of a clinical prognostic prediction model

          



          		

            The relationship of LIF-related genes and drug sensitivity

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-934128-g005.jpg
Scale Free Topology Model Fit,signed R"2

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Soft threshold (power)

Height

0.5
Dynamic Tree Cut I m

Merge Dynamic

D GO-BP terms

B 2000
1,800
1,600
1,400
1,200
1,000

800

Mean Connectivity

600

400

200

2 4 6 8

10 12 14 16 18 20 22 24 26 28 30
Soft threshold (power)

Positive regulation of nucleobase containing compound
metabolic process

Positive regulation of biosynthetic process

Cell population proliferation

Apoptotic process

Cell cycle

Regulation of cell differentitation

Regulation of cell death

Positive regulation of transcription by RNA polymerase 1

Negative regulation of transcription by RNA polymerase 1

025 0.30 035
GeneRatio

040

-log10(pvalue)
10

E KEGG pathways terms

MAPK signaling pathway
TNF signaling pathway
Human T-cell leukemia virus 1
infection
Hepatitis B
Kaposi sarcoma-associated herpesvirus
infection
Osteoclast differentiation
——— -log10(pvalue)
Oxytocin signaling pathway 55
Jak-STAT signaling pathway 40
45
Colorectal cancer 50
55
IL-17 signaling pathway 60
C-type lectin receptor signaling
pathway

010 012 014 016 0.18 020 022

GeneRatio





OEBPS/Images/table2.jpg
Variables

Age

<60

>60

Gender

Male

Female
Pathologic M
MO

Mland4
Pathologic N
NO

Nland4
Pathologic T
Tland2
T3and4

Stage

Stage T and IT
Stage IIT and IV
LIF expression
Low

High

Univariate

HR (95% CI)

Reference

1.75 (1.27-2.44)

Reference

0.95 (0.68-1.32)

Reference

4.07 (2.94-5.62)

Reference

0.81 (0.59-1.11)

Reference

3.62 (2.62-5.00)

Reference

4.33 (3.08-6.08)

Reference

2.06 (1.50-2.84)

<0.001

>0.05

<0.001

<0.05

<0.001

<0.001

<0.001

Multivariate

HR (95% CI)

Reference

1.56 (1.12-2.17)

Reference

2.21 (1.50-3.25)

Reference

0.77 (0.56-1.07)

Reference

1.01 (0.52-1.96)

Reference

2.95 (1.40-6.23)

Reference

1.86 (1.34-2.58)

<0.01

<0.001

>0.05

>0.05

<0.01

<0.01





OEBPS/Images/fonc-12-934128-g003.jpg
Overall survival

TCGA

p<0.001

844

1,688

Time (Days)

2,532

3,376

Overall survival

05

o
by

0.0

E-MTAB-1980

6
Time (Years)






OEBPS/Images/fonc-12-934128-g001.jpg
The relative mRNA of LIF

(9]

The relative mRNA of LIF

14

12

10

p<0.001 p<0.05
TISSUE

GSE15641 GSE46699

p<[001 p<0.05

GSE53757  GSE66272

adjacent normal tissue

ccRCC tissue

The relative mRNA level

of LIF (Log(FPKM))

25

p<0.01

adjacent normal tissue

ccRCC tissue





OEBPS/Images/fonc-12-934128-g006.jpg
Genes p-value Hazard Ratio(95%Cl) 10 :'slf\;ore
TOB2 6.4e-8 l®1 . 0.94(0.91-0.96) B Hion
MEPCE 9.4e-7 @1 0.92(0.89-0.95)
LIF 5.2¢-6 Sl 1.02(1.01-1.04)
RGS2  6.6e-5 - 1.01(1.01-1.02) 0e
RND3  1.0e-4 L 1.03(1.02-1.05) w
KLF6  1.5e-4 @ 0.99(0.99-1.00) =
RRP12  7.2e-4 R ®------ 1 1.17(1.07-1.27) 3 o
SOCS3  8.0e-4 ® 1.00(1.00-1.01) =
PIM1 _ 89e-4 L] 1.02(1.01-1.03 S
0.900.951.001.051.101.151.201.25 6

Hazard Ratio(95%Cl)

2
w

A=8. Se 3 A= O 1 .
0.0
§ 128 ;
g 0 844 . 1,688 2,532 3,376
2 126 E Time(Days)
el
_§ 124 2
5
T 122
5 c
a_u 120 %
-9 -8 -7 -4 -3 ;c}
IogZ(Iambda) w
RiskScore:
Low
@ High
9] Time:
€ @ Alive
L= @ Dead

Coefficients

| |III|I||HIII\IIIIHIN‘III il

M 0
M M R
AN 00 0 SURRIDA 1
“eaz(amida) I R A 0 | 11 DRI
[N NN R RN
0T AR

Sensitivities

Time:AUC(95%CI)

——1-year:0.75(0.81-0.68)
~——3-year.0.73(0.78-0.67)
——5-year.0.72(0.78-0.65)

04 06
1-Specificities





OEBPS/Images/fonc-12-934128-g008.jpg
E-MTAB-1980 - ccRCC

Overall survival

riskxcore
W Low
W High

Timg(‘{ears)

Overall survival
o

ICGC

p<0.05

riskxcore
M Low
W High

1.1

34
Time(Days)

T
1,701

T
2,268





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-934128-g004.jpg
A B

LIF expression -I-II_...._

Correlation p value et 7680 ®
Angiogenesis 0.52 o E Y Ay é . e Sk g . o SNU-349 ®
g = s HEE : R | v,
HEEE e = sl . Caki-1 o
Differentiation 0.45 i : . g . i i P
[ y . 769-P °
LIF expression ’ LIF expression LIF expression 5
Quiescence LJI'IL'_M 0.38 . g KwRC2 ®
RCC-FG2 8
Melestesis "r"-nnlﬂ“nlr]r‘rlp 037 ¥ . . i " KMRe-t °
2 & - P 5 : . ° ¥ C .
H . H § -8 Sty KMRC-3 [
Inflammation 0.35 * 5 - . s £ 2
[ H o Caki-2 ®

Cell cycle JI‘-IL-I.L-.JI-II—N—.—III.- 0.34 * . - = . 03 02 01 0.0 0.1
LIF expression ¥ ¥ TIF expression LIF expression CERES score of LIF

Cc D E E
15 786-0 ACHN 786-0 g 157 — PLvXNC ACHN
N . 15 8157 — pLVX-NC H — LIF-shRNA1
o S g —— LIF-shRNA1 =) ~— LIF-shRNA2
210 5 g . | ~ UFshrRNA2 © 10
Q g 10 210 5
5 3 9 2
o E g Ky
% 05 i = £ - * 5 2 g
. g ;
© © 08 25 %
2 o ‘% [
F F S 2 p>0.05
00 2o
PLVX-NC  LIF-shRNA1 LIF-shRNA2 PLVX-NC  LIF-shRNA1 LIF-shRNA2 ~ F oh 24h 48h 72h 0 oh 24h 48h 72h
G H §15
18 786-0 2 ACHN
T k)
k=) E
Eo 5
5 . 2
T - . H
2 3
2 05 2o
2 g
2 ]
? 4
200 - - 2y
F 77 RLUXNC  LIF-shRNAT  LIF-shRNA2 E PLVX-NC  LIF-shRNAT LIF-shRNA2

PLVX-NC LIF-shRNA1 LIF-shRNA2 PLVX-NC LIF-shRNA1 LIF-shRNA2

Oh---
24h---

| J g ACHN
H 786-O 8
? Z
8 o
£ k)
: : :
5 2
2 £ 05 .
Los “ 5
]
° s o
° F o0
£ 00 PLVX-NC  LIF-ShRNA1 LIF-shRNA2
PLVX-NC  LIF-ShRNAT LIF-shRNA2

LIF-ShRNA

LIF-shRNA2 LIF-shRNA1

=






OEBPS/Images/table1.jpg
Characteristics

Age

>60

<60

Gender

Male

Female
Pathologic M
Mland4

MO
Pathologic N
Nland4

NO
Pathologic T
Tland2
T3and4
Stage

Stage I and II
Stage III and IV

Low level of LIF (N = 263)

130 (24.67%)
133 (25.24%)

166 (31.50%)
97 (18.41%)

45 (8.57%)
218 (41.52%)

138 (26.19%)
125 (23.72%)

81 (15.37%)
182 (34.54%)

88 (16.79%)
172 (32.82%)

High level of LIF (N = 264)

135 (25.62%)
129 (24.48%)

176 (33.40%)
88 (16.70%)

3 (12.00%)
199 (37.90%)

153 (29.03%)
111 (21.06%)

107 (20.30%)
157 (29.79%)

115 (21.95%)
149 (28.44%)

Total (N = 527)

265 (50.28%)
262 (49.72%)

342 (64.90%)
185 (35.10%)

108 (20.57%)
417 (79.43%)

291 (55.22%)
236 (44.78%)

188 (35.67%)
339 (64.33%)

203 (38.74%)
321 (61.26%)





OEBPS/Images/fonc-12-934128-g002.jpg
HPA018844

Female, age 56
Kidney (T-71000)
Normal tissue, NOS
(M-00100)
Patient id: 1933

Cells in glomeruli
Staining: Low

Intensity:Weak
Quantity: 75%-25%
Location:

Cells in tubules
Staining: Medium

Intensity:Moderate
Quantity->75%
Cytoplasmi
membrano

Location:

Normal

ccRCC

HPAD18844

Female, age 72
Kidney (T-71000)
Adenocarcinoma,

NOS (M-81403)

Normal tissue, NOS
(M-00100)
Patient id: 2067

Tumor cells
Staining: High

Intensity: Strong
Quantity:>75%
Cytoplasmi
membrano

Location:





