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Abstract

:

Approximately 30% of clear cell renal cell carcinoma (ccRCC) patients develop metastatic spread at the first diagnosis. Therefore, identifying a useful biomarker to predict ccRCC metastasis or therapeutic effectiveness in ccRCC patients is urgently needed. Previously, we demonstrated that lactotransferrin (LTF) downregulation enhanced the metastatic potential of ccRCC. Here, we show that LTF expression conversely associates with the mTORC1 activity as simulated by gene set enrichment analysis (GSEA). Moreover, Western blot analyses revealed that the LTF knockdown promoted, but the inclusion of recombinant human LTF protein suppressed, the phosphorylation of Akt/mTOR proteins in the detected ccRCC cells. Kaplan–Meier analyses demonstrated that the signature of combining an upregulated mTORC1 activity with a downregulated LTF expression referred to a worse overall and progression-free survival probabilities and associated with distant cancer metastasis in TCGA ccRCC patients. Furthermore, we found that the LTF-suppressed Akt/mTOR activation triggered an increased formation of autophagy in the highly metastatic ccRCC cells. The addition of autophagy inhibitor 3-methyadenine restored the LTF-suppressed cellular migration ability of highly metastatic ccRCC cells. Receiver operating characteristic (ROC) analyses showed that the expression of the LTF and MTORC1 gene set, not the autophagy gene set, could be the useful biomarkers to predict 5-year overall survival rate and cancer progression in ccRCC patients. Significantly, the signature of combining mTORC1 upregulation and LTF downregulation was shown as an independent prognostic factor in a multivariate analysis under the progression-free survival condition using the TCGA ccRCC database. Finally, the treatment with mTOR inhibitor rapamycin predominantly reduced the formation of autophagy and ultimately mitigated the cellular migration ability of ccRCC cells with LTF knockdown. Our findings suggest that LTF downregulation is a biomarker for guiding the use of mTOR inhibitors to combat metastatic ccRCC in the clinic.
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1. Introduction


Renal cell carcinoma (RCC) accounts for approximately 90% of kidney cancers and is classified into three major subtypes clear cell RCC (ccRCC), papillary RCC (pRCC) and chromophobe RCC (chRCC). ccRCC is the main subtype (>75%) and correlates with the leading cause of deaths in patients with kidney cancer [1]. Approximately 30% of ccRCC patients with localized disease ultimately develop distant metastases after nephrectomy, which are linked to a high risk of mortality [2]. Recently, receptor tyrosine kinase inhibitors (TKIs) pazopanib and sunitinib have been used to treat metastatic ccRCC via suppressing the function of vascular endothelial growth factor and mechanistic target of rapamycin (mTOR), respectively. However, the therapeutic effectiveness of these TKIs on metastatic ccRCC still needs to be improved [3]. As a result, identifying a useful biomarker is urgently needed to guide the administration of TKIs in combating metastatic ccRCC clinically.



Lactotransferrin (LTF), also name lactoferrin, was firstly detected in mammary secretions and then also reported to be synthesized by most mammalian tissues [4,5,6]. In addition to iron-binding protein, LTF has been thought to be a multifunctional protein [7]. Previous studies demonstrated that LTF possesses antifungal [8], antibacterial [9,10], antiviral [11,12], anti-inflammatory [13], immune regulatory activities [14,15] and anticancer properties [16,17,18]. The interaction of LTF and its receptors, such as LDL receptor-related protein 1 (LRP1/CD91) [19] and C-X-C-motif cytokine receptor 4 (CXCR4), has been shown to regulate several physiological activities. Recently, several lines of evidence have indicated that LTF has anticancer properties and suppresses cancer metastatic potentials. In breast cancer, LTF inhibited G1 cyclin-dependent kinases to trigger cell growth arrest [20] and selectively induced cell apoptosis of metastatic breast cancer cells [21]. The addition of LTF has also been found to reverse programming of epithelial-to-mesenchymal transition to mesenchymal-to-epithelial transition in oral squamous cell carcinoma [22]. Moreover, LTF appeared to suppress the cell growth of highly metastatic HT-29 colon cancer cells [23]. In our previous report, we have demonstrated that LTF downregulation forces the metastatic progression of ccRCC probably via activating several intracellular signaling cascades, e.g., the Akt/mTORC1 axis [24]. However, the comprehensive mechanism still needs to be further explored.



As a result, this study attempts to investigate the effect of LTF expression on the activation of Akt/mTOR signaling axis. We found that LTF knockdown promoted cellular migration ability and enhanced the activity of Akt/mTOR in the poorly metastatic ccRCC cells. Conversely, the inclusion of recombinant human LTF protein suppressed cell migration and the activation of Akt/mTOR in the highly metastatic ccRCC cells. Importantly, the combination of low-level LTF and high-level MTROC1 gene set expression strongly predicted a shortest time period for cancer progression after the first treatment in ccRCC patients. These findings suggest that LTF downregulation might be a useful biomarker to predict the therapeutic effectiveness of mTOR inhibitors on combating metastatic ccRCC in the clinic.




2. Materials and Methods


2.1. Clinical and Molecular Data for RCC Patients


All of clinical data for TCGA ccRCC patients, were collected from the UCSC Xena website (UCSC Xena. Available online: http://xena.ucsc.edu/welcome-to-ucsc-xena/, accessed on 1 February 2021). The transcriptional profiles obtained by RNAseq (polyA þ Illumina HiSeq, San Diego, CA, USA) experiments in TCGA ccRCC database were also downloaded from the UCSC Xena website.




2.2. Cell Culture


The human renal adenocarcinoma cell lines ACHN, Caki-1, 786-O and A498 were purchased from American Type Culture Collection (ATCC) and cultivated by the procedure according to the ATCC guideline. All cell culture components were purchased from Gibco Life Technologies (Thermo Fisher Scientific Inc., Waltham, MA, USA). The 293T cells were cultured in DMEM with 10% fetal bovine serum (FBS). Cells were incubated at 37 °C with 5% CO2.




2.3. Cellular Migration Assays


Boyden chamber trans-well assay (NeuroProbe, Gaithersburg, MD, USA) was used to detect cellular migration ability. Cells (1.5 × 104) re-suspended in serum-free medium were seeded into the upper chamber of the device on a membrane (NeuroProbe) precoated with fibronectin (Sigma-Aldrich, Burlington, MA, USA), and the lower chamber was contained the conditioned medium. After a 3 h incubation, the membrane was soaked in methanol for 10 min and stained with Giemsa for 1 h. The membrane was then attached to slides. The cells on the upper side of the membrane were carefully removed with a cotton swab. The migrated cells were counted in three random areas under a microscope at 400× magnification.




2.4. Lentivirus Production and Transduction


Nonsilencing control and LTF shRNAs were purchased from the RNAi Core of Academia Sinica (Taipei, Taiwan) and then contransfected with envelope plasmids (pMD.G) and packaging plasmids (pCMV-dR8.91) of lentivirus into 293T cells. The lentiviral particles were harvested from the culture media posttransfection for 48 h. Green fluorescent protein (GFP) and GFP-LC3 fusion-expressing lentiviral particles were purchased from Cell Biolabs (San Diego, CA, USA). RCC cells were transduced with the lentiviruses at a multiplicity of infection of 10 in the presence of polybrene (Santa Cruz, Dallas, TX, USA) and selected using puromycin after infection to generate a stable clone.




2.5. Reverse Transcription PCR (RT-PCR)


Total RNA was extracted from the tested cells using a TRIzol extraction kit (Thermo Fisher Scientific Inc.). cDNA was converted from the aliquots (5 μg) of total RNA by M-MLV reverse transcriptase kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) and then amplified with Taq-polymerase (Protech, Taipei, Taiwan) using paired primers (for LTF, forward-GACCTGTGGAAGGATATCTTGCTGTGGCGG and reverse-CACCGCCACAGCAAGATATCCTTCCACAGGTC; for GAPDH, forward-AGGTCGGAGTCAACGGATTTG and reverse-GTGATGGCATGGACTGTGGTC).




2.6. Dot Blot Assay


Aliquots of culture media (200 μL) were blotted on the nitrocellulose membrane by suction through the dot blot equipment. The membrane was then blocked with 5% bovine serum albumin (BSA) in the wash buffer (Tris-buffered saline (TBS) containing 0.1% Tween-20) overnight at 4 °C with a gentle agitation. After washing 3 times, the membrane was incubated with an LTF-specific antibody (Elabscience, Houston, Texas, USA) for 2 h at room temperature. The membrane was further incubated with a peroxidase-labeled secondary antibody for another 1 h at room temperature after several washing steps. The dot blots were visualized by using an enhanced chemiluminescence system (Amersham Biosciences, Tokyo, Japan).




2.7. Western Blotting Assay


Whole cell lysates (100 μg) from the designated experiments and TD-PM10315 TOOLS Pre-Stained Protein Marker (10–315 kDa) (BIOTOOLS Co., Ltd., Taipei, Taiwan) were loaded into each well of an SDS gel, separated by electrophoresis and then transferred to PVDF membranes. The membranes were incubated with blocking buffer (5% skim milk in TBS containing 0.1% Tween-20) for 2 h at room temperature. The samples were incubated with primary antibodies against phosphorylated Akt (p-Akt), Akt, p-mTOR, mTOR and LC3-I/II (Cell Signaling, Danvers, MA, USA), GAPDH (AbFrontier, Seoul, Korea) as well, overnight at 4 °C with gentle agitation. After several washes, the membranes were incubated with a peroxidase-labeled secondary antibody for 1 h at room temperature. Immunoreactive bands were analyzed by an enhanced chemiluminescence system (Amersham Biosciences, Tokyo, Japan). The original, uncropped and unadjusted images of Western blot analyses are shown in Supplementary Materials Figures S2 and S3.




2.8. Fluorescent Microscopic Observation


GFP- or GFP-LC3-expressing cells were cultivated in the serum-free media overnight prior to the addition of recombinant human LTF (Sino Biological Inc., Beijing, China) at 300 ng/mL. The punctate formation of autophagosomes in GFP-LC3-expressing cells was observed at the designated time points after the addition of LTF and counted from 5 different fields (>25 cells) in three independent experiments under a fluorescent microscope [25].




2.9. Statistical Analyses


Statistical analyses were performed by using SPSS 17.0 software (Informer Technologies, Roseau, Dominica). Spearman’s correlation test was performed to estimate the correlations between the expression of LTF and the autophagy gene set obtained from the Molecular Signatures Database (MSigDB, Available online: http://software.broadinstitute.org/gsea/msigdb, accessed on 1 February 2021) and to evaluate the coexpression of LTF with somatic genes in the TCGA ccRCC cohort. Survival probabilities were determined by a Kaplan–Meier analysis and log-rank tests. A nonparametric Mann–Whitney test and Kruskal–Wallis one-way ANOVA using a post hoc Dunn’s test was used to analyze data from 2 and more related samples, respectively. p values <0.05 in all analyses were considered statistically significant.





3. Results


3.1. LTF Downregulation Enhances mTORC1 Activity and Cellular Migration Ability and Associates with a Poor Prognosis in ccRCC Patients


In our previous report [24], we have demonstrated that a low-level LTF expression is associated with a high risk for cancer metastasis and poor prognosis in TCGA ccRCC patients. To ascertain a possible mechanism underlying the metastatic progression of ccRCC with LTF downregulation, here we firstly performed a computational simulation using the Gene Set Enrichment Analysis (GSEA) program. Prior to the simulation, we generated two LTF-related gene sets derived from the TCGA ccRCC database and GSE36972 dataset. We generated one of LTF-related gene sets by performing LTF coexpression status that was ranked by Spearman’s correlation test with other somatic genes included in RNA sequencing experiment against primary tumors derived from TCGA ccRCC patients stratified as a low LTF-expression group in a Kaplan-Meier analysis [24] and recorded as lymph node metastasis (Figure 1A). On the other hand, we generated the other LTF gene set which was ranked by a log2 fold change of mRNA levels for all somatic genes in the LTF-overexpressing cells as compared to vector control cells in the GSE36972 dataset (Figure 1A). The GSEA simulation revealed that the gene set generated from TCGA ccRCC with a lower LTF expression and lymph node metastasis positively while the gene set from the mRNA fold-change of somatic genes after LTF overexpression in the GSE36972 dataset negatively correlates with the MTORC1 gene set (Figure 1B). Moreover, in the poorly metastatic A498 cells, LTF knockdown predominantly repressed the endogenous LTF mRNA levels (Figure 1C) and suppressed the secreted LTF protein levels (Figure 1D), but dramatically enhanced the cellular migration ability (Figure 1E) and the phosphorylation Akt/mTOR proteins (Figure 1F). Conversely, the inclusion of recombinant human LTF protein concentration-dependently inhibited the cellular migration ability (Figure 1G) and the phosphorylation Akt/mTOR proteins (Figure 1H) in the highly metastatic ACNH cells. Similar views were also found in the other metastatic ccRCC cell line Caki-1 (Supplementary Materials Figure S1A,B).



Kaplan–Meier analyses demonstrated that a lower level of LTF transcript but a higher mRNA level of the mTORC1 gene set was associated with the poorer overall and progression-free survival probabilities in the TCGA ccRCC cohort (Figure 2A). Notably, another Kaplan–Meier analysis revealed that the signature of combining a low-level LTF with a high-level mTORC1 gene set expression predicted worse prognosis under overall or progression-free survival condition in TCGA ccRCC patients (Figure 2A). Furthermore, the chi-square test showed that the proportion for the signature of combining a low-level LTF with a high-level mTORC1 gene set expression according to the stratification under either overall or progression-free survival condition is relatively higher in ccRCC patients over 60 years of age, advanced pathologic T status (T3 and T4), distant metastasis (M1), advance pathologic stage (III and IV) or higher neoplasm grade (G3 and G4) (Figure 2B). These findings suggest that LTF downregulation might restore mTORC1 activity to promote the metastatic progression of ccRCC.




3.2. LTF Promotes Cellular Migration Ability via Triggering Autophagy Formation in ccRCC


Our previous research has shown that LTF induced autophagy in human kidney proximal tubular cells [26]. Furthermore, previous reports demonstrated that Akt/mTOR pathway is able to negatively regulate the formation of autophagy [27,28]. Hence, we measured the levels of LC3-II which is a phosphatidylethanolamine-conjugated form of LC3-I and acts as a key initiator for autophagy formation. Western blot analyses showed that the protein levels of LC3-I are relatively lower in the highly metastatic ACHN cells compared to the poorly metastatic A498 cells cultivated in either conditioned or serum-free media (Figure 3A). Moreover, the inclusion of recombinant human LTF dramatically elevated the levels of LC3-II in ACHN cells (Figure 3B) and Caki-1 cells (Supplementary Materials Figure S1C). To visualize the autophagosome formation, we further stably transfected the construct harboring the GFP or GFP-LC3 fusion gene into ACHN cells. The fluorescent microscopic observation showed that the incubation with recombinant human LTF for 24 h significantly (p < 0.001) enhanced the formation of autophagosome as judged by the increased GFP-LC3 puncta formation in the ACHN cells stably transfected with the GFP-LC3 fusion gene (Figure 3C,D). Accordingly, a Western blot analysis showed that the addition of recombinant human LTF time-dependently elevated the protein levels of GFP-LC3-II in ACHN cells (Figure 3E). Robustly, the pretreatment with autophagy inhibitor 3-methyadenine (3-MA) suppressed the intracellular protein levels of LC3-II but rescued the cellular migration ability of ACHN cells in a dose-dependent manner (Figure 3F–H).



Under the progression-free survival condition, Kaplan–Meier analysis revealed that a low-level autophagy gene set expression associated with poor prognosis in the TCGA ccRCC cohort even though there was no statistical significance (Figure 4A). A Spearman correlation test indicated that the mRNA levels of LTF and autophagy gene set were positively correlated in the primary tumors derived from TCGA ccRCC patients (Figure 4B). Significantly, another Kaplan-Meier analysis indicated that the signature of combining low-level LTF and autophagy gene set refers to a poorer progression-free survival probability in TCGA ccRCC patients (Figure 4C). Besides, the Fisher’s exact test revealed that this signature was extensively detected in ccRCC derived from patients who were recorded as having a higher pathologic T status (T3 and T4), pathologic M1, higher pathologic stage (III and IV) or higher neoplasm grade (G3 and G4) (Figure 4D).




3.3. LTF Downregulation Combined with an Enhanced mTORC1 Activity Serves as an Independent Factor to Predict Cancer Progression in ccRCC Patients


To understand the predictive value of LTF, MTORC1 gene set and autophagy for 5-year overall survival and cancer progression, we next performed receiver operating characteristic (ROC) analyses against the TCGA ccRCC cohort. The data showed that compared to the LTF and autophagy gene set, the MTORC1 gene set acted as a stronger predictive biomarker for 5-year overall survival (Figure 5A) and cancer progression (Figure 5B). Importantly, in comparison with the combination of low-level LTF and autophagy gene set, as well as other clinicopathological confounders, the signature of combining the low-level LTF and high-level MTORC1 gene set appears to be an independent prognostic factor in the multivariate analysis of a Cox regression test (Figure 5C).



To evaluate the therapeutic effectiveness of targeting mTOR activity on the metastatic ccRCC with LTF downregulation, we next cultivated A498 cells with LTF knockdown in the absence or presence of mTOR inhibitor rapamycin (RAPA). The data showed that the addition of RAPA dose-dependently suppressed the enhanced cellular migration ability due to LTF knockdown (Figure 6A,B) but reinforced the protein levels of LC3-II (Figure 6C) in A498 cells. Because PTEN is an upstream regulator of Akt/mTOR pathway and frequently mutated in ccRCC, we next employed the PTEN-deleted ccRCC cell line 786-O to evaluate the LTF effects. The data showed that the addition of recombinant human LTF did not affect the cellular migration ability (Figure 6D) and the protein levels of LC3-I/II (Figure 6E) in 786-O cells. These findings suggest that therapeutic targeting of mTOR activity by its inhibitors, e.g., RAPA, could be a good strategy to combat the metastatic ccRCC with wild-type PTEN and LTF downregulation (Figure 6F).





4. Discussion


It has been shown that approximate 20% of ccRCC patients are frequently diagnosed at the metastatic stage and the 5-year overall survival rate is about 40% [29]. Recently, nonspecific immunotherapy with high-dose interleukin-2 and novel immune checkpoint inhibitors have been employed to treat metastatic ccRCC. In addition, the inhibitors (sunitinib and pazopanib) against the tyrosine kinase activity of vascular endothelial growth factor (VEGF) are the most effective first-line options for patients with metastatic ccRCC [30]. In the poor-risk patients, the combination of dual checkpoint inhibitors nivolumab and ipilimumab was considered as the preferred first-line therapy [31,32]. In addition to VEGF and immune checkpoints inhibitors, mTOR inhibitors were also used to combat metastatic RCC [33]. Indeed, the mTOR signaling axis was found to be activated in approximately 60% of ccRCC [34]. In fact, the United States Food and Drug Administration and the European Medicines Agency have approved the mTOR inhibitor temsirolimus as a first-line to treat metastatic ccRCC in 2007 and temsirolimus is listed as a category 1 drug for front-line treatment of poor-risk patients in the National Comprehensive Cancer Network (NCCN) Kidney Cancer Panel, which is based on the phase III NCT0065468 trial for temsirolimus. In this trial, patients receiving temsirolimus achieved longer progression-free and overall survival [35]. Nevertheless, identifying better biomarkers and predictive models used in patient selection to increase response is urgently needed. In this study, our data show that LTF downregulation is accompanied with an enhanced activity of the mTORC1 pathway in metastatic ccRCC. This finding suggests that metastatic ccRCC patients with LTF deficiency might be sensitive to temsirolimus therapy.



Previous reports have demonstrated that LTF downregulation refers to a poor 5-year survival rate in breast cancer patients [36] and correlates with the biochemical recurrence in the hormone-resistant prostate cancer patients receiving radical prostatectomy [37]. Besides, we recently reported that LTF downregulation drove the metastatic progression of ccRCC [24]. Here, we show that the signature of combining low-level LTF and a high-level MTORC1 gene set at their mRNA expression correlates with a worse progression-free survival condition and serves as an independent prognostic factor for cancer progression in a multivariate analysis against clinicopathological confounders and the combination of LTF and autophagy gene set mRNA levels in ccRCC patients. According to a Kaplan–Meier analysis, approximately 9% of ccRCC patients were stratified as low-level LTF and high-level MTORC1 gene set expression using progression-free survival probability and had a shortest time period for cancer progression after the first treatment. Nevertheless, this subpopulation of ccRCC patients might be sensitive to targeted therapy against mTOR activity. Indeed, our results showed that LTF knockdown robustly promoted the metastatic potentials of ccRCC cells but conversely rendered those cells sensitive to the treatment of mTOR inhibitor rapamycin. Similar views were also found in a previous report that LTF inhibited cell growth of highly metastatic triple-negative breast cancer cell lines MDA-MB231 and Hs578t via suppressing the mTOR activity [38].



The requirement of autophagy activity during cancer metastasis is still controversial. It has been reported that autophagy activity is required for cancer metastasis [39]; however, several studies have also claimed that autophagy formation is restrained during the metastatic progression in the different types of cancer [40, 41 and 42]. In RCC cells, autophagy induction was found to promote epithelial–mesenchymal transition and cellular invasion ability [43,44]; however, the opposite views were also reported in other studies [45,46]. In this study, we showed that the restrained autophagy initiation was detected in highly metastatic ccRCC cells with LTF downregulation. Therefore, further studies are needed to elucidate whether the discrepancy is associated with LTF expression in metastatic RCC.




5. Conclusions


Our results demonstrated that LTF downregulation triggers the metastatic progression in ccRCC via recruiting the activity of the Akt/mTORC1 pathway. Because the mTOR inhibitor temsirolimus has been approved as a first-line drug to treat metastatic ccRCC, LTF downregulation may serve as a good biomarker to guide the medication of temsirolimus in clinics to treat metastatic ccRCC without PTEN mutation. However, further experiment regarding the restoration of functional PTEN expression in 786-O cells is needed to validate the negative regulation of the Akt/mTOR pathway by the LTF–PTEN signaling axis.
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Figure 1. LTF expression negatively regulates the activity of mTORC1-related pathway and the cellular migration ability of ccRCC. (A) Flowchart for the generation of LTF-related gene signatures using TCGA ccRCC database and GSE36972 dataset in order to performing an in silico analysis using the GSEA program. (B) GSEA plots of Hallmark_mTOC1_signaling in the LTF coexpression signatures derived from metastatic ccRCC with low-level LTF (left) and LTF-overexpression cells (right). ES, NES and FDR denote enrichment score, normalized enrichment score and false discovery rate, respectively. (C,D) RT-PCR (C) and Dot blot (D) analyses for LTF mRNA and secreted protein levels, respectively, in parental (PT), nonsilencing (NS) control and LTF-knockdown (LTF-KD) A498 cells. GAPDH mRNA levels were used as an internal control for RT-PCR experiment. (E) Giemsa staining (top) and data from three independent experiments (bottom) for the migrated cells in the 3 h transwell assay for the A498 cell variants. (F) Western blot analysis for the protein levels of phosphorylated Akt (p-Akt), Akt, p-mTOR, mTOR and GAPDH in the indicated A498 cell variants. (G) Giemsa staining for the migrated cells (top) and histogram for the migrated cell number from three independent experiments (bottom) in the 3 h transwell assay for ACHN cells in the presence of the designated recombinant human LTF (rec hLTF) protein. In (E,G), Kruskal–Wallis test was use to estimate the statistical significance of three independent experiments. The symbol “***” denotes the statistical significance at p < 0.001. (H) Western blot analysis for the protein levels of p-Akt, Akt, p-mTOR, mTOR and GAPDH in ACHN cells treated with various rec hLTF concentrations for 2 h. In (F,H), GAPDH was used as an internal control of protein loading. 
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Figure 2. The signature of combining an upregulated mTORC1 activity and downregulated LTF level predicts a worse prognosis and associates with the metastatic progression in ccRCC. (A) Kaplan–Meier analyses against the individual or combined mRNA levels of LTF and MTORC1 gene set under the overall survival (OS, upper panel) and progression-free survival (PFS, lower panel) probability. The stratification was performed under a minimized log-rank p value. (B) Fisher’s exact test for the combined signature of MTORC1 gene set and LTF mRNA levels and pathologic variables including age, gender, pT, pN, pM, stage and grade from the TCGA ccRCC database. The signature “others” represents the low/low and high/high mRNA levels of MTORC1 gene set and LTF. 
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Figure 3. LTF expression modulates autophagy initiation in ccRCC cells. (A,B) Western blot analyses for LC3I/II and GAPDH proteins in whole cell lysates derived from the ACHN and A498 cells (A) and ACHN cells treated with rec hLTF at 300 ng/mL for the indicated time intervals (B). (C) The fluorescent microscopic observation of ACHN cells that were stably transfected with gene encoding GFP or GFP-LC3 fusion protein cultivated in the presence of rec hLTF at 300 ng/mL on 0 and 24 h. Two representative pictures captured from GFP (blue region) and GFP-LC3 (red region)-expressing ACHN cells were used to highlight the punctate distribution of autophagosomes in GFP-LC3-expressing, not GFP-expressing, ACHN cells. (D) The histogram represents the percentage for the punctate formation of autophagosomes in GFP-LC3-expressing ACHN cells treated with rec hLTF at 300 ng/mL for 0 and 24 h. Error bars represent the mean ± SEM of data obtained from three independent experiments and the statistical differences were analyzed by Mann–Whitney test. (E) Western blot analyses for GFP-LC3-I/II and GAPDH proteins in whole cell lysates derived from GFP-LC3-expressing ACNH cells treated rec hLTF at 300 ng/mL for the indicated time intervals. (F) Western blot analyses for LC3-I/II and GAPDH proteins levels in the untreated ACHN cells and ACHN cells treated with rec hLTF at 300 ng/mL for 24 h combined without or with the pretreatment with 3-MA at the designated concentrations for 1 h. In (A,B,E,F), GAPDH was used as an internal control of protein loading. (G,H) Giemsa staining (G) and cell number (H) of the migrated ACNH cells in the designated treatments. Data obtained from three independent experiments are presented as the mean ± SEM. Alphabets a, b and c indicate the significant differences at p < 0.01 analyzed by nonparametric Kruskal–Wallis test. 
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Figure 4. LTF downregulation combined with a reduced autophagy activity correlates with a worse prognosis in ccRCC patients. (A) Kaplan–Meier analyses for autophagy gene set mRNA levels using progression-free survival probability in TCGA ccRCC patients. The stratification was performed under a minimized log-rank p value. (B) Scatchard plot for LTF and autophagy gene set mRNA levels from the TCGA ccRCC database. Spearman’s correlation test was used to determine the statistical significance of LTF and autophagy gene set coexpression in TCGA ccRCC. (C) Kaplan-Meier analyses for the combined autophagy gene set and LTF mRNA levels under progression-free survival condition in TCGA ccRCC patients. (D) Fisher’s exact test for the signature of combining autophagy gene set and LTF mRNA levels and pathologic variables including age, gender, pT, pN, pM, stage and grade from the TCGA ccRCC database. The signature “others” denotes the low/high and high/low mRNA levels of autophagy gene set and LTF. 
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Figure 5. The signature of combining an upregulated mTORC1 activity and downregulated LTF level is an independent prognostic biomarker in ccRCC. (A,B) the receiver operating characteristic (ROC) plot for the mRNA levels of LTF, MTORC1 gene set and autophagy gene set against the 5-year overall survival rate (A) and cancer progression probability (B) using TCGA ccRCC database. The AUC is the abbreviation of area under the curve. The dashed lines indicate the nonpredictive value. The inserted values denote the strongest cutoff of mRNA levels for LTF, MTORC1 gene set and autophagy gene set in the ROC analyses to discriminate 5-year survival and cancer progression. (C) Cox regression test using univariate (left) and multivariate (right) modes for pathological variables including age (median = 60 years, elder vs. younger), gender (male vs. female), pathologic T (pT, T1/T2 vs. T3/T4), pN (N1 vs. N0), pM (M1 vs. M0), stage (III/IV vs. I/II) and grade (III/IV vs. I/II) and the mRNA levels of MTORC1/LTF (high/low vs. low/high) autophagy gene set/LTF (low/low vs. high/high) under the condition of progression-free survival probability for TCGA ccRCC patients. 
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Figure 6. Pharmaceutical inhibition of mTORC1 activity by rapamycin restores autophagy function but compromises the cellular ability of LTF-silencing A498 cells. (A,B) Giemsa staining (A) and the migrated cell number (B) in 3 h transwell cultivation for the parental and nonsilencing control A498 cells and LTF-KD A498 cells pretreated with rapamycin (RAPA) at the designated concentrations for 24 h. Data obtained from three independent experiments are presented as the mean ± SEM. Alphabets a, b and c indicate significant differences at p < 0.01 analyzed by nonparametric Kruskal–Wallis test. (C) Western blot analysis for LC3I/II and GAPDH proteins in whole cell lysates derived from parental and nonsilencing control A498 cells and LTF-KD A498 cells pretreated with rapamycin (RAPA) at designated concentrations for 24 h. (D) Giemsa staining for the migrated cells (top) and histogram for the migrated cell number from three independent experiments (bottom) in the 3 h transwell assay for 786-O cells in the presence of the designated recombinant human LTF (rec hLTF) protein. (E) Western blot analyses for LC3I/II and GAPDH proteins in whole cell lysates derived from the 786-O cells treated without or with rec hLTF at 300 ng/mL for 8 h. (F) The illustration for the status of LTF expression and the activities of mTORC1 and autophagy in the metastatic progression of ccRCC. 






Figure 6. Pharmaceutical inhibition of mTORC1 activity by rapamycin restores autophagy function but compromises the cellular ability of LTF-silencing A498 cells. (A,B) Giemsa staining (A) and the migrated cell number (B) in 3 h transwell cultivation for the parental and nonsilencing control A498 cells and LTF-KD A498 cells pretreated with rapamycin (RAPA) at the designated concentrations for 24 h. Data obtained from three independent experiments are presented as the mean ± SEM. Alphabets a, b and c indicate significant differences at p < 0.01 analyzed by nonparametric Kruskal–Wallis test. (C) Western blot analysis for LC3I/II and GAPDH proteins in whole cell lysates derived from parental and nonsilencing control A498 cells and LTF-KD A498 cells pretreated with rapamycin (RAPA) at designated concentrations for 24 h. (D) Giemsa staining for the migrated cells (top) and histogram for the migrated cell number from three independent experiments (bottom) in the 3 h transwell assay for 786-O cells in the presence of the designated recombinant human LTF (rec hLTF) protein. (E) Western blot analyses for LC3I/II and GAPDH proteins in whole cell lysates derived from the 786-O cells treated without or with rec hLTF at 300 ng/mL for 8 h. (F) The illustration for the status of LTF expression and the activities of mTORC1 and autophagy in the metastatic progression of ccRCC.



[image: Biomedicines 09 01896 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
TCGA Clear Cell Renal Cell Carcinoma (ccRCC) database (n = 533)

Proportion (%)

1.01 log-rank p=2.0 x 102 1.0- log-rank p=8.2 x 10-® 1.0 log-rank p=9.0 x 10-°
£0.8 0.8- 0.8-
806 0.6 | 08
S 0.41 | 0.4- 0.4
N LTF expression MTORC1 gene
O 9-21—low (n=136) 0.2 _iow (n=397) 0.21— others (n =
0.0 —high (rn = 397) ‘ ' 0.0 —high ('n = 136) . l 0.0 —hlgh/Iow (n= 41) .
0 50 100 150 0 50 100 150 0 50 100 150
o 1.01 log-rank p= 3.9 x 10 1.0- log-rank p= 4.9 x 10-° 1.0 log-rank p= 1.8 x 10-*
=0.8 0.8 0.8-
§ 0.6- 0.6- 0.6- R
a 0.4+ 0.41 0.4{MTQRCH1 gene set/LTF
7)) LTF expression MTORC1 gene s& — low, 91)
L 0.21 _low (n = 136) 0.21 _jow (n = 380) 0.2 others (n = 1
0.0 —high (n 397) ' 0.0 —high (ln = 153) ' ' 0.0- —hngh/low (n=47) ‘
0 50 100 150 0 50 100 150 0 50 100 150
B Time (months)
Overall Survival Progression-Free Survival
MTORC1 gene set/L TF M low/lhigh = others Il high/low MTORC1 gene set/L TF M low/lhigh = others I high/low
age -0 0025 age - 10021
9 .60 [ L 60 | -
DS, :n :]O'Ss i :a e :]o.42
T4 ] 32 10 o1+ p— s 123210
w10 e — =l
B m? —-]”’”w PM m — —-]1'1“0‘3
siage in —.] 23x10% mw T e m]52x10°
e 12 e e S
0 20 40 60 80 100 0 20 40 80 100

60
Proportion (%)





nav.xhtml


  biomedicines-09-01896


  
    		
      biomedicines-09-01896
    


  




  





media/file2.png
GSE36972 B GSEA_Hallmark genesets

LTF 'OE A!::Icmmm plot: HALLMARK_MTORC1_SIGNALING ﬁ!r:lem.m plot: HALLMARK_MTORC1_SIGNALING
vector only : a5

R R S e A s : -m E =g g
Se=' FDR g =0.002
Coexpression Lag2 Wlm | I" W” |||||"I‘I|| ’W
(Spearman’s test) fold change o :

Feanhed bt retse (Prefanee
b o ®
.- = 5 =
Ratked b metsc (PreRanisd)
5ol

| Enicrment prote u‘u """"':0‘:’:‘w xnm] ~—Em:m<lmme "‘::"'“""“::::m smvn]. |
C A498 cells E A498 cells G rechLTF (ng/mL)
PT NS LTF-KD PT NS LTF-KD ) D 300 1000 |
Geimsa stain Gelmsa staln (ACHN cells)
RT'PCR g 40 ek “’100'
! 80-
D PT NS LTF-KD g gg f 60-
Exp 1 " © © 40- ek kK
- e S R
= i

Exp2 @ @& ©

“

0-
PT NS LTF-KD Hrec hLTF 0 300 1000

Exp3 @@ @& @& PT NS LTF-KD rechLTF 0 300 1000

Dot pl -Akt [ -Akt
s, DO I -

9 Akt s w— — Akt e—— —
>100- o .

.*Z; 5 P-mTOR S p-mTOR? — ——
Q 3 ok % .

B MTOR S S S (1TOR e e

PT NS LTF-KD GAPDH”” GAPDH S SN S—





media/file5.jpg
— B

Conatonsd_secmioe m1LTE 300 ngimL (ACHN
AGHN A498 ACHN A498 N S rme )
—_—— e e

& Z=aza==3
- o - G170
tscomsantten LIF 30t D AcHN cate
7‘" rechLTF
_ Ry
§ 10,
H
£
e
540
g g% x|
T g
¢ oM
§ ° o
& o ndiy
__rec hLTF 300 ngimi. FrocnF - + + + +
T e i B Tmery  MAWM - = 0 03 1
grpical ST
bk b L LRt EESET
- cre0n - e

‘Goimsa sain (ACHN cols)

Megratd ce (%)

o

menTF S 1 % 3 4
SMAMM = 003 1






media/file3.jpg
A

TCGA Clear Cell Renal Cell Carcinoma (ccRCC) database (n = 533)

1O oorenkp=20x10:| MR ogramkpmazxros| 10
Zos 0.8 0.8
Sos iy 06 06
204 e X | 04 04
802|"iow(n= 136 02] 02;

0.0{=henin=2m) o0.0f—hen(n=136) 00

0 5 100 10 0 5 100

150

10 10
ogrankp= 30X 107

Eovs\‘_ 0s8;

206 \\\— 06

logrank p= 4.9 x 10

1.0
08

~ | o8
Sodl osf > ot
oz Twiorie b | 02{TorG S 02
0.0f=henin=3n 0.0f=hen(n=153) 00,
0 50 100 150 o 50 100 150 o 50 100 150
Time (months)
Overall Survival Progression-Free Survival
ot g e g et B Lron s 7 o e
T oo
loss o |, Jou
TR Jase e
o w1 Jow

v 2
S
J17er0: onn

I
e

100 0

20_40 60 80 100
Proportion (%)





media/file1.jpg
A__TccA cseeor2 B GSEA_Halimark genesets
LTF-0E

vs.
Veckoc only 7% E?s )

[o] Adg8 cells E 498 cells G_rechLTF (ngimt)
PT NS LTEKD  PT NS LTFKD 300
LTF_ - ;
. — — —|
Geimsa stain
D REPCR 240 e
e @ & g |
2 ol 2%
20 @ @ F F1 NSILTEND) LumGHIF Ao 0051000
3I® @ @® PT NS LTF-KD rechLTF 0 300 1000
Dot ot A T - - -
= » v oo S
£ Akt Ak ——
S
5 o —————
52 mTOR S M B (1TOR w— w— —

PT NS LTF-KD GAPDH s s s GAPDH i s





media/file7.jpg
ogank p= 0074

Autophagy gene set
—iow(n= 137)
—high (n= 306)

H

Spearman ho = 0265
253, pa53x 0%

Autophagy gene set
8

0 S0 100 150
‘Time (months)

g log-rank p= 0.00021

Autophagy gene setLTF.

—lowtow (n=35)
others (= 204)

—nighiigh (1= 284)

o ey

[ S0 100 150
Time (months)






media/file10.png
100

o
o

60-

Sensitivity (%)

)
Q

o
O

Jf,,--

s LTF
AUC = 0.561

pvalue = 0.016

100 80 60 40 20 O

100

o
o

601

Sensitivity (%)

N
Q

o
s

o
=

0 v

A LTF
AUC =0.589
p value = 9.8 x 10+

100 80 60 40 20 O

age
gender
pT
pN
pM
stage
grade

MTORC1_H/LTF_L

ATG_HILTF_H

5-year overall survival

100 80 60 40 20 0

| 1001 7100 yd
',;/" ‘/«‘
80 I 80- r
60 Jg-"'f/_'v.,f 60 FJT_.;;-‘
7.51?_’9—- L 64, 409 .
400 40
| ;/ “ MTORC1 gene set | Autophagy gene set
201 / - auc=0638 20 f’_--" AUC = 0.529
0 o pvalue = 1.1 x 10°® 0 y p value =0.16
100 80 60 40 20 O 100 80 60 40 20 O
Specificity (%)
5-year cancer progression
7100 ~1100
) ,/ ) rd
80/ A 80/ Ve
60| 5285, - 60 52.189 -
4 40
f ) -~ MTORC1 gene set f Autophagy gene set
200 © - Auc=oes 201 7 Auc=0516
‘ pvalue = 1.0 x 10 |~ ) p value = 0.29

100 80 60 40 20 O

Specificity (%)

Univariate analysis Cox-p Multivariate analysis Cox-p
+— 0.11 +— 0.16

—— 0.024 —— 0.032

—— <0.001 —— 0.59

e <0.001 ote 0.58
. <0.001 —&—  <0.001
—— <0.001 ——— <0.001
. <0.001 e <0.001

e <0.001 e 0.01

—— 0.002 - 0.2

1.0 100
HR (95%Cl, lower-upper)

'100.0 0.1

1.0
HR (95%ClI, lower-upper)





media/file12.png
A

Geimsa stain (A498 cells)

LTF-KD

+ RAPA 30 uM
LTF-KD

+ RAPA 100 pM

parental

nonsilencing

LTF-KD
+ RAPA 0 pM

250+

200+
150+
100-

50-

Migrated cells (%)

PT NS 0 30 100

LTF-KD
+ RAPA (M)

LTF-KD
+ RAPA (uM)

PT NS O 30 100

- — - —— GAPDH

E

Geimsa stain

0-
rechLTF 0 300 1000

rec hLTF
(300 ng/mL)

— +
LC3-l

— 3]

A PDH

Metastatic ccRCC (PTEN'")

@1
1

? I ——RAPA

&1

)






media/file9.jpg
5-year overall sunvival

HR (85%CI, lower-upper)

100 ] 100f 1100 7
Z 80 ~ 80 80 J
iso P #
e .

2 757, o
Fo w s *
ur MIORCH gene set 7 hutophagy genesat
® 20 f Auc=oser | 20 Auc=0ss | 20| Auc =052
o/ puake=00te| o puestixiot ol puan =016
100 80 60 40 20 O 100 8Q 60 40 20 O 100 80 60 40 20 O
Speciicly (%)
B 5-year cancer progression
100 100 100 7
w0 ) S w y
g ) B i
z60 6 sof s,
340 w0 w0 /
5 e /- roRc geneset / Acpnagy gene set
BB aceoss 2 aceosw 2] Rctdse
ol pvwesosrio ol pumesionior ol L pezozm
100 8 60 40 20 0 100 8 60 40 20 6 100 8 60 40 20 ©
Speciicty (%)
Univariate analysis cap Multvariate analysis  cocp
e - 017 = 016
Pl . oo . oo
o . <0 059
4 — pr —f— 058
o - prey —— 0001
e - <o v o0t
orde - <00 —— om

MTORCT HLTE L el < — 001

AOHLTEH e o002 - 02
To 700 1060 off 100

10
HR (95%CI, lower-upper)





media/file0.png





media/file8.png
- 1.09 log-rank p = 0.074
= 0.8
=
8 0.6-
o
a 0.4
w | Autophagy gene set
& 0.2 —low (n=137)

0.04 —high (n = 396)

0 50 100 150
Time (months)
1.0

log-rank p = 0.00021

Autophagy gene set/LTF

— low/low (n = 35)
others (n = 204)

—high/high (n = 294)

0 50

100
Time (months)

D

— 200
©
w
® 100+
)
(@)
5 0
)
L C )
-100 Spearman rho = 0.265
5 +N=533 p=53x10"
< e
-200 - . : .
-10 -5 0 10
LTF mRNA
Autophagy gene set/LTF Mlow/low © others Ml high/high
age 0 Jo.12
gender :; |0.44.
I;:g 0.036
PN mg |10.26
pM mg’ — 02
stage | "\ —— 0024
grade g;:gi S ]0.048
0 20 40 60 80 100
Proportion (%)





media/file11.jpg
L p—"

2
193 LTE-.0(:300:1000,

3

e e
o rgial)
Lea

e
==
- caron
E
Metastatic ccRCC (PTEN™)

TN O % 100
@1

+ RAPA (4M)

o
c
LTEKD .
_*RAPA (M) _ s
am, |
SR s
====i
i !






media/file6.png
Conditioned Serum-free rec hLTF 300 ng/mL (ACHN)
ACHN A498 ACHN A498 0 2 8 16 24 Time (h)
— — w— | C3-I LC3-I
LC3-II — AW s s s | C3-|
S S R s GAPDH S . e e e CAPDH
C recombinant human LTF 300 ng/mL D ACHN cells
rec hLTF
- (300 ng/mL)
% 100,
€ gol p < 0.001
O~
T2 60l
o8
3“\?: 40
GFP- 3= 301
LC3 3
o 0-
'-(5 0 24
Time (hours)
rec hLTF 300 ng/mL Frecnitr — + + + +
0 2 8 16 24 Time (h) 3S-MA(mMM) — — 0 03 1
~-GFP-LC3-I - —_— -~ LC3-I
W W - GEP-LC3-l -ee s LC3-Il
W == == == @ GAPDH S e W s W= GAPDH
G 7Ge|msa stain (ACHN cells) H
P A TR 1201
£ A $J oV iy - ] . s i. a a
L B, PR # -y o\o 1001
Lo < 2 ey Sl 4o SR =
DR RGET SECT Pabel S g & <
I AR LY Sl O
L % .o ® -~ g N e a o 60- b b
'-n; 4 ;,.’.h\:.\" & - toe 4 y ! -oq-'o)
e sl ating W RTAO NS WY - D 40-
-6 ; .". ,‘: T @ W ,‘- “ 9
.r‘..- ‘ ..’ :.“;,o,'.i,'.: o Fa Hyy 2t e = 204
".= "; :" ’ o - .f.‘— _o" Y “ ,‘:;. '.—
F o N ey SR e S
rec hLTF '.i. _.:‘r’f .\ ‘A;‘”' ‘;' rec hLTF - + + + +
untreated | Lamaomm . ui,;fv""“;:._'f 3-MA(MM) — — 0 03 1
rec hLTF ."‘.’ N ’.";,‘.' >
rec hLTF + 3-MA 0.3 mM ' of:u‘;.". e ‘-:’ 2:
rec hLTF y "’:-.’ <« £ B
+ 3-MA 1 mM &' “:‘ @:'c;,.q‘






